Chemical Engineering Journal 480 (2024) 148028

Contents lists available at ScienceDirect

Chemical Engineering Journal

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

ELSEVIER

t.)

Check for

Unveiling the impact of monomer reactivity on the morphology and S|
functionality of thin-film composite membranes

Amirhossein Taghipour “, Mostafa Dadashi Firouzjaei b Carolin Ammann ?, Mark Elliott ",
Pooria Karami® , Ahmad Rahimpour® , Mohtada Sadrzadeh *
& Department of Mechanical Engineering, 10-241 Donadeo Innovation Center for Engineering, Advanced Water Research Lab (AWRL), University of Alberta, Edmonton,

AB T6G 1H9, Canada
b Department of Civil, Construction, and Environmental Engineering, University of Alabama, Tuscaloosa, AL, 35487, USA

ARTICLE INFO ABSTRACT

Keywords:

Nanofiltration

Thin film composite (TFC) membranes
Polyesteramide TFC membrane
Polyester membranes

Dye removal

Separation of divalent ions

This study delves into the impact of monomer selection and reaction pH on the morphology and performance of
thin-film composite (TFC) membranes. The research provides an understanding of how polyamide (PA), poly-
ester amide (PEA), and polyester (PE) membranes can be tailored for specific applications, employing piperazine
(PIP) and glucose as monomers in aqueous solution alongside trimesoyl chloride (TMC) as a monomer in an
organic solution. PEA-based membranes containing glucose demonstrated several notable improvements,
including a reduced contact angle of 60 degrees, a smoother surface, and a more negative zeta potential. These
enhancements underscore their increased hydrophilicity, decreased susceptibility to fouling, and heightened
surface charge. Controlling pH during fabrication significantly changed the membrane surface charge, hydro-
philicity, water flux, and rejection rate. At pH 11, the PA membrane excelled in rejection performance (99.5%
Na2S04, 32% NaCl, and 97.8% methyl orange) with a trade-off in lower water flux (56 LMH). Conversely, the PE
membrane achieved the highest water flux (173 LMH) but lower rejection (58% Na2S04, 10% NaCl, and 97%
methyl orange). The PEA membrane offered notable water flux (82.5 LMH) and high rejection for methyl orange
(99.3%) and Na2S04 (99.2%). Increasing the pH reduced permeation rates but enhanced rejection, especially for
NaCl. The PE and PEA membranes exhibited remarkable antifouling properties, boasting a flux recovery ratio
compared to the PA membrane. This study highlights the pivotal role of monomer selection and pH control in
TFC membrane performance, offering prospects for innovative design and optimization in water treatment
membrane technology.

1. Introduction

With the world’s increasing population and unequal access to safe
water, seawater desalination and wastewater reclamation have become
indispensable [1,2]. The versatility of membrane technology across
these diverse fields underscores its significance in addressing global
water challenges, improving resource management, and contributing to
environmental sustainability [3]. Its high separation performance and
compact design make it economically viable [4], especially for remote
and rural communities. Nanofiltration (NF), a type of membrane tech-
nology, has emerged as a promising solution for water softening, se-
lective ion removal, and dye, chemical, and pharmaceutical separation.
NF relies on semi-permeable membranes, primarily thin film composite
(TFC) membranes, as its central component for efficiently eliminating a
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wide range of water pollutants [5,6]. TFC membranes are typically
synthesized by the interfacial polymerization reaction, which takes
place at the interface of an organic solution containing acyl chlorides, e.
g., trimesoyl chloride (TMC), and an aqueous solution containing amine
monomers, e.g., piperazine (PIP) and m-phenylenediamine (MPD)
[7-9]. While existing polyamide TFC membranes have superior perm-
selectivity, there has been a significant increase in research over the past
decade to discover environmentally friendly monomers. These mono-
mers are sought to either maintain or surpass the performance and
antifouling characteristics of TFC membranes created with conventional
amine monomers [10,11].

The widespread use of monomers derived from crude oil, such as
MPD or PIP, in membrane manufacturing presents environmental
challenges due to their non-biodegradability and the potential for
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contaminating ecosystems. This poses risks to aquatic life [12] and po-
tential ingress into food chains [13,14]. In response, innovative chem-
istries have recently been explored as replacements for the conventional
polyamide structure of TFC membranes to improve permselectivity,
chlorine resistance, and antifouling properties [15-17]. Bio-monomers
like cyclodextrin, tannic acid, catechol, and dopamine have demon-
strated promise in fabricating TFC membranes with improved separa-
tion performance [18-20]. However, these bio-monomers are relatively
rare and require complex extraction procedures, which can raise the
overall cost of membrane fabrication. As a result, there has been
considerable interest in utilizing eco-friendly and renewable sugar-
based materials for the synthesis of NF membranes. Monomers such as
maltose, raffinose, and glucose have garnered significant attention due
to their water solubility, non-toxic nature, and abundance in plant tis-
sues [10]. Crosslinking these bio-monomers with acid chloride mono-
mers makes it possible to create polyester chains with distinctive
properties, including high hydrophilicity and a negative surface charge
[10]. However, due to the low reactivity of acyl chloride and hydroxyl
groups, this process may form loosely structured polyester (PE) NF
membranes, resulting in suboptimal salt rejection. To address this issue,
it is essential to delve into the underlying mechanisms and explore
innovative approaches that can enhance the reactivity of these groups.
One promising avenue involves the manipulation of reaction conditions,
such as increasing the reaction temperature [21] or adjusting the alka-
linity of the reaction environment. These adjustments can facilitate the
consumption of the produced acid molecules in the interfacial poly-
merization reaction and accelerate the shift of the reaction toward the
formation of a more crosslinked PA layer.

Several strategies have been employed to enhance the separation
performance of polyester NF membranes. Shen et al., for example, used a
novel fabrication method known as thermal-facilitated interfacial
polymerization to create high-performance NF membranes with glucose
[21]. Elevating the temperature during interfacial polymerization
improved the diffusion of glucose monomer to the interface and accel-
erated reaction rates, resulting in PE membranes with high crosslinking,
NaySO4 rejection, and water permeability. Concurrently, efforts have
been directed toward developing polyesteramide membranes with
enhanced crosslinking and antifouling properties by incorporating
multiple monomers into the aqueous phase 2218, It’s worth noting that
carbohydrate-based monomers with phenolic branches may exhibit
lower water solubility, possibly necessitating alkaline conditions to
achieve sufficient solubility [23]. Under such conditions, catalysts like
sodium hydroxide are essential to facilitate the polycondensation reac-
tion, improving the final structure and properties of TFC membranes
[24]. Therefore, by judiciously selecting the monomers and carefully
controlling the reaction conditions, it is possible to develop NF TFC
membranes with superior permselectivity and antifouling performance.

The novelty of this work lies in its comprehensive exploration of the
fabrication process for polyesteramide TFC membranes. We first inves-
tigated the effect of the monomer ratio (glucose/PIP) on the perfor-
mance of polyesteramide TFC membranes in terms of water
permeability, salt and dye rejection, and antifouling properties. Upon
identifying the optimal monomer ratio, we broaden our investigation to
examine the role of alkalinity in membrane fabrication. Our findings
unveiled the pivotal roles played by both monomer ratio and pH level in
the performance of polyesteramide TFC membranes. Consequently, this
study contributes novel insights into the membrane fabrication process
and lays the foundation for developing more efficient membrane tech-
nologies. Such advancements align seamlessly with global objectives for
sustainable and superior water treatment solutions.

2. Materials and methods
2.1. Materials

The polyethersulfone membrane support (PES, MWCO: 100 kDa)
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was procured from Sterlitech Corporation. Sodium chloride (NaCl,
>99%), sodium sulfate (NapSO4 > 99%), and sodium hydroxide
(NaOH, > 97%) were purchased from Sigma-Aldrich. Glucose (GL, MW:
182.14 g/mol), PIP (MW: 86.14 g/mol), trimesoyl chloride (TMC, 98 %),
and n-heptane were obtained from Fisher Scientific. Methyl orange
(MO), sodium alginate (SA), and bovine serum albumin (BSA) were
supplied by Sigma-Aldrich and used as a negatively charged dye and
organic foulants in the filtration experiments. Deionized water (DI) was
used to prepare aqueous solutions. All solvents and chemicals were of
reagent grade and used as received.

2.2. Fabrication of the TFC membranes

Polyester (PE), polyamide (PA), and polyesteramide (PEA) TFC
membranes were synthesized by an interfacial polymerization involving
glucose/TMC, PIP/TMC, and PIP-glucose/TMC, respectively. Fig. 1
shows the schematic illustration of the fabrication procedure for these
TFC membranes. First, the PES support was saturated with an aqueous
solution containing different concentrations of PIP and glucose dis-
solved in an alkaline NaOH solution (with a fixed pH of 12). A poly-
methacrylic acid roller removed The excess aqueous solution from the
support surface. Subsequently, an organic solution of 0.2 wt% TMC in n-
heptane was applied to the support to initiate polymerization, and the
reaction was allowed to proceed for 5 min. The resulting TFC membrane
was cured in an oven at 75 °C for 10 min to complete the reaction and
was then rinsed with DI water. In the second phase, a series of mem-
branes were produced by adjusting the pH levels for the optimal mem-
branes (selected based on separation performance) using the same
procedure. Table 1 details the membrane samples’ labeling, composi-
tion, and synthesis pH.

2.3. Characterization of membranes

Morphological characteristics of synthesized membranes were
explored with microscopic analysis, including field emission-scanning
electron microscopy (FE-SEM, Zeiss Sigma 300 VP) and transmission
electron microscopy (TEM, Philips/FEI Morgagni 268). The surface
topography of the fabricated TFC membranes was evaluated using
atomic force microscopy (AFM, Bruker Dimension Icon, USA) analysis
over a surface area of 100 pm?. All AFM measurements were carried out
in tapping mode at a scan rate of 1.0 Hz in ambient temperature and
humidity conditions. The AFM data were analyzed using nanoscope
analysis software. Attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) was utilized to analyze the chemical composition of
the produced membranes. The infrared spectra were recorded at
ambient temperature using Agilent Technologies, Cary 600 series. All
the samples were subjected to 30 scans covering the wavelength range of
400-4000 cm ! with a resolution of 4 cm ™.

A Surpass™ 3 Electrokinetic analyzer (Anton Paar, Graz, Austria)
was utilized to measure the zeta potential of the membranes over the pH
range of 4-9 using a 1 mM KCl solution. To adjust the pH of the KCL
solution, sodium hydroxide and hydrochloric acid were injected into the
solution over the experiments. The surface charge of the membranes was
measured at least three times to evaluate the repeatability, and the ob-
tained values were finally averaged and reported. To evaluate the sur-
face wettability of the membranes, a contact angle analysis (Kruss DSA
100 Gmbh Germany) was performed using the sessile drop method. A 2
pL droplet of DI water was placed on the membrane surface. At least ten
droplets were placed on the surface of each sample, and the resulting
average contact angles were measured and recorded.

2.4. Membrane filtration tests
All filtration experiments were performed using a cross-flow filtra-

tion setup with a feed flow rate of 2 L/m and a transmembrane pressure
of 70 psi. The feedwater temperature was maintained at 25 + 3 °C using
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Fig. 1. The schematic illustration of the membrane’s structures and surface chemistry. Interfacial polymerization of glucose/TMC, PIP/TMC, and PIP-glucose/TMC
produced polyester (PE), polyamide (PA), and polyesteramide (PEA) TFC membranes. Aqueous solution impregnated the PES support first. An aqueous solution of
PIP and glucose in NaOH (pH 12) contained different concentrations. An acrylic roller removed the aqueous solution from the membrane. The support was poured
with 0.2 w.t% TMC in n-heptane to start polymerization. The TFC membrane was treated at 75 °C for 10 min to finish the reaction and washed with DI water. The
second phase involved varying pH levels to create a series of membranes with the best separation performance.

Table 1

Membranes’ composition and labeling information. The last part of the label
shows the pH condition of IP. For PEA membranes, the percentage in the middle
shows the glucose concentration.

Membrane Glucose (wt.%) PIP (wt.%) pH Sample Label
Polyester 10 0 11 PE-11
10 0 12 PE-12
10 0 13 PE-13
Polyesteramide 4 0.1 12 PEA-4 %-12
7 0.1 12 PEA-7 %-12
10 0.1 11 PEA-10 %-11
10 0.1 12 PEA-10 %-12
10 0.1 13 PEA-10 %-13
Polyamide 0 0.1 11 PA-11
0 0.1 12 PA-12
0 0.1 13 PA-13

a Fisher Scientific Isotemp 3013 circulating chiller water bath. The
Sterlitech CF016 cross-flow filtration cell was used with an active
membrane surface area of 20.6 cmz, slot depth of 0.23 cm, and slot
width of 0.39 cm. Before adding solutes/foulant, a pure water filtration
experiment was conducted for 2 h at 70 psi until there was no change in
water flux readings. The permeate water was collected on a digital
balance, and the permeate water flux (Jw) was calculated as follows:

Am

Jy=— 1
AAt M

Where Am is the mass variation of the collected permeate, A is the active

surface area, and At is the time interval. After membrane compaction,

solute/foulant solutions such as salts, dye, and foulant were replaced

with pure water in the feed tank. The rejection percentage (R) was

calculated using the following equation:

R = {ﬁ} x 100 2
%

where C, and C; are the concentrations of solutes in the permeate and
feedwater.

2.5. Antifouling experiments of membranes

To assess the antifouling capabilities of the membranes, fouling ex-
periments were conducted using various foulants, including BSA (100
ppm), SA (150 ppm) with CaCl,, and MO (150 ppm). The pure water flux
was initially measured for 30 min (Jy;). Subsequently, the foulant so-
lution was introduced to the feed solution, and the flux was continuously
monitored for 5 h (Jg). Finally, thorough cleaning was conducted with a
high flow rate of pure water to remove any residual foulant. After
cleaning, the pure water flux was measured again (Jy¢) for 30 min. The
flux recovery ratio (FRR) and flux decline rate were calculated as FRR =
Jwf/Jwi and FD = Jy;-Js/Jwi, respectively [25,26]. To further evaluate
the antifouling characteristics of the membranes, the fouling tests were
repeated in a second cycle, following the same protocol. In both cycles,
the membranes were subjected to the same initial pure water flux (Jyi)
to maintain consistent fouling conditions.

3. Results and discussion
3.1. Membrane surface morphology characterization

The structure of the final thin selective polymer layer can be tuned by
monomer’s reactivity behavior [27]. The high reactivity of PIP and TMC
leads to an immediate and intense reaction at the interface of the two
solutions, where polymerization occurs. Because the polymer chains do
not have enough time to arrange themselves into a smooth and homo-
geneous structure, the surface becomes relatively rough and non-
uniform [28]. Given PIP’s impact in promoting roughness and hetero-
geneity in the synthesized polymer film, the PIP concentration was
deliberately reduced to 0.1 wt% to ensure the uniformity and structural
integrity of the membrane.

Cross-sectional TEM images of the PE-12, PA-12, and PEA-10 %-12
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membranes, prepared at a pH of 12, confirm the formation of thin se-
lective layers on the support membranes, as shown in Fig. 2a. Notably,
PE-12, PEA-10 %-12, and PA-12 membranes showed an average selec-
tive layer thickness of 50 nm. One of the key factors in fabricating high-
performance TFC membranes is to achieve the critical balance between
monomer reactivity and its concentration during polymerization. The
smart adjustment of these parameters will produce a thin and uniform
polymeric layer, thereby enhancing the performance of the resulting
membranes. Further analysis of the surface morphology was conducted
via AFM and SEM analyses.

Shifting from polyamide to polyester structure (PA to PE), the
average and mean square roughness values were reduced from 46 nm

g PE-12 (Polyester)

PEA-10%-12 (Polyesteramide)
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and 57.2 nm to 29.9 nm and 43.4 nm, respectively (Fig. 2). The top SEM
images showed a completely different morphology of the polyester
membrane (PE-12) from that of the polyamide (PA-12). TFC membranes
with polyester linkages showed spherical-like structures, whereas
polyamide displayed nanoscale fiber-like shapes (Fig. 2b). The AFM and
FE-SEM images of the PA-12 membrane revealed a distinct fiber-like
structure (resembling nanoscale stripes [29]). In contrast, the poly-
esteramide TFC membrane (PEA-10 %-12) revealed a hybrid structure of
polyester and polyamide membranes. This included spherical chambers
akin to those found in PE-12, as well as a fiber-like structure reminiscent
of PA-12. Importantly, both the PA and PEA membranes exhibited a
consistent and uniform morphology devoid of irregularities. This

PA-12 (Polyamide)

~40 nm

PEA-10%-12

PA-12 (Polyamide TFC)

2\

PE-12 (Polyester TFC)

PEA-10%-12 (Polyesteramide TFC)

PA-12 (Polyamide TFC)

@a=29.9 nm + 3.1 / Rq=43.4nm 12.2) (Ra=41 nm+ 1.4 /| Rq=50.3nm 12.5) (Ra=46 nm 2.7 | Rq=57.2nm 12.9)

Fig. 2. Images of (a) the cross-sectional TEM and (b) the top surface SEM of the synthesized thin-film composite (TFC) membranes. (c) top view and (d) side view
AFM renders of the membranes. The images demonstrate that all fabricated membranes have a homogeneous formation of selective layers atop the supporting
structure. Despite the inherent challenges posed by the piperazine (PIP) and trimesoyl chloride (TMC) monomers’ rapid reactivity and diffusivity, we achieved
relatively thin and uniformly structured selective layers. Notably, the average thickness of the polyester and polyamide membranes is 40 nm and 60 nm, respectively,
while the polyesteramide composite has an optimum thickness of 50 nm. Such thickness variations reveal the delicate balance between reactant concentration and
reactivity. The visual evidence validates the method’s effectiveness in generating thin, uniform selective layers, a critical determinant of TFC membrane performance.
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observed uniformity is likely due to the compatibility between the TFC
layer and the PES support material. The hybrid PEA membrane
demonstrated intermediate structural features and exhibited roughness
values falling within the range of the corresponding values of PA and PE
membranes. Specifically, the PEA membrane’s average and mean square
roughness were measured at 41 nm and 50 nm, respectively.

The disparities in surface morphology and roughness differences
between PE and PA TFC membranes can be attributed to their respective
monomers’ distinct transport and reaction characteristics. In the case of
the PE-12 membrane, glucose monomers undergo esterification with the
acyl chloride groups of TMC, forming ester bonds (—COO-) that connect
multiple glucose units covalently [21]. This creates a more uniform
polymer network, contributing to smoother surface morphology. Addi-
tionally, the numerous hydroxyl groups in glucose have the potential to
form hydrogen bonds with other monomers or functional groups, further
influencing the organization and packing of polymer chains and
reducing surface roughness. Finally, the larger size of glucose molecules
(MW: 182.14 g/mol) compared to PIP (MW: 86.14 g/mol) decreased
their diffusion to the reaction zone in the organic phase, leading to a
thinner and smoother selective layer [30,31]. In contrast, for the PA-12
membrane, PIP monomers react with the acyl chloride groups of TMC
via amide bond formation, polymerizing into polyamide chains. Chain

Chemical Engineering Journal 480 (2024) 148028

extension reactions in PIP monomers form long, interconnected polymer
chains, contributing to fiber-like surface morphology. In summary, the
specific interplay between monomer transport properties, reactivity,
reaction kinetics, and crosslinking extent in both PE and PA membranes
played a pivotal role in shaping their unique surface characteristics.
Furthermore, the introduction of glucose in the aqueous phase during
the fabrication of the PEA membrane reduced its roughness, indicating
the influence of glucose on regulating the polymerization process.

3.2. Membrane surface chemical and physicochemical characterization

The chemical composition of membranes was characterized by FTIR
and XPS spectroscopy (Fig. 3). The appearance of the characteristic
amide peak at 1610 cm ™! (aromatic amide ring stretching) and the ester
peak at 1728 cm ! (C=0 stretching of ester bonds) confirms the for-
mation of amide and ester linkages over the PES substrate
[21,22,32-34]. Comparing the spectra of PEA membranes shows that an
increase in glucose concentration from 4 to 10 wt% led to a noticeable
decrease in the intensity of the amide peaks, coupled with an increase in
the intensity of the ester peaks. This increased intensity of ester linkages
suggests that glucose played a more substantial role in forming the se-
lective layer at higher glucose concentrations. Furthermore, the peak
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Fig. 3. (a) FTIR spectra of the fabricated membranes. (b) XPS survey spectra of the membranes with their elemental composition. High-resolution (c) C1s and (d) Ols
XPS spectra of the membranes. According to FTIR and XPS spectroscopy analyses, the incorporation of glucose monomers increases the intensity of ester linkages and
hydroxyl groups, indicating their contribution to the selective layer. The amide bond content and hydroxyl groups in membranes synthesized at higher pH levels
decrease, potentially impacting hydrophilicity and crosslinking. Aliphatic and aromatic carbon structure concentrations vary across the membranes, affecting ri-
gidity, mechanical resistance, and water flux. The presence of PIP causes an increase in aromatic character, which may improve membrane resistance.
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corresponding to the hydroxyl groups at 3450 cm ™' also showed an
apparent increase with increasing the glucose concentration, indicating
the presence of more free hydroxyl groups in the selective layer. The
FTIR spectra of the polyesteramide membranes at different pH levels
were also compared. The results revealed a clear drop in the amide peak
intensity (at 1610 em™!) as the alkalinity of the aqueous phase
increased. Additionally, the peak corresponding to the free hydroxyl
group at 3450 cm™! decreased, indicating that more free hydroxyl
groups of the glucose monomer contributed to the reaction at elevated
pH levels.

Fig. 3 shows the survey and high-resolution XPS spectra of the syn-
thesized membranes. Table 2 provides information on the abundance
and intensity distribution of different functional groups of the Cls for
these membranes. Regarding the high-resolution XPS data of carbon, the
PE-12 membrane exhibits the highest concentration of aliphatic carbon
structures (C-C) at 47.45 %, with successive membranes (from PEA-4
%-12 to PA-12) showing a decrease in this component. The prevalence of
aliphatic characteristics in the PE-12 membrane implies that it may
possess lower rigidity than the subsequent membranes. The transition
from PE-12 to PA-12 membranes reveals a significant increase in the
proportion of aromatic carbon structures (C—=C or C-C) within the TFC
layer. Remarkably, the PEA-10 %-12 and PEA-10 %-13 membranes
exhibit the highest aromatic carbon concentration, measuring at 66.57
% and 65.55 %, respectively. This higher aromatic content in these
membranes can affect their permeability and selectivity. Due to their
rigid and planar nature, aromatic carbon structures can impact the
overall packing of molecules within the membrane, potentially influ-
encing the permeability of different solutes through the membrane [35].

The carbonyl (C=0) group content remains relatively stable across
all membranes, with only minor variations observed. The concentration
of carboxylic (O-C—=0) groups in glucose-containing membranes re-
mains mostly constant, except for a notable decrease in PA membranes.
This decrease is associated with an increase in the negative surface
charge of membranes, contributing to their improved rejection.
Comparing PE-11 and PEA-10 %-11 (both with 10 % glucose) to PA-11
(0 % glucose) reveals that the presence of glucose leads to a higher
percentage of hydroxyl groups (C-O bond in C-OH structure) and ether
bonds (C-O-C). This observation suggests that the incorporation of
glucose increases the hydrophilicity of the membrane, which has the
potential to improve water flux performance. Therefore, it is anticipated
that the PEA membranes may exhibit enhanced selectivity and fouling
resistance.

Comparing the membranes with varying pH values, namely PEA-10
%-11 (pH = 11), PEA-10 %-12 (pH = 12), and PEA-10 %-13 (pH = 13), it
can be observed that the percentage of hydroxyl groups (C-O bond in
C-OH structure) and ether bonds (C-O-C) slightly decreases with
increasing pH. Additionally, the content of amide bonds (C-N/C-0),
which form during the reaction of TMC with glucose or PIP, decreases
with an increase in pH. This reduction is evident from the decrease in
content from 2.02 % (PEA-10 %-11) to 1.61 % (PEA-10 %-12) and 1.32
% (PEA-10 %-13). These observations suggest that pH can influence the
hydrophilicity and crosslinking of the membrane. Higher pH values
result in enhanced salt rejection and reduced water flux, possibly due to
the formation of a denser selective layer network. Higher pH values can
lead to increased deprotonation of the amine groups, resulting in a
higher concentration of reactive amine species [36]. This increased
reactivity can promote the formation of a more extensive selective
polymer network with a higher degree of crosslinking. Moreover,
increased pH can accelerate the reaction kinetics between the amine and
acyl chloride groups, leading to faster network formation [24]. This
accelerated reaction may result in a more interconnected and denser
polyamide structure. The pH can also influence the organization of the
polyamide chains within the network. Higher pH values can promote a
more ordered arrangement of the chains, leading to a denser and more
compact structure.

Chemical Engineering Journal 480 (2024) 148028

Table 2
The abundance and intensity distribution of various Cls peaks of the
membranes.

Membrane/ Carbon 1 s Deconvolution Binding Relative

Information Energy (eV) Concentration (%)

PA-11

C=C (Aromatic ring in TMC), C-C (Aromatic 284.92 61.05
ring in TMC), C-N (Piperazine)

C-O (Carboxylic group in TMC) 286.38 25.73

0-C=0 (Carboxylic group in TMC), C=0 288.03 3.86
(Carbonyl group in TMC)

C-N/C-O (Amide bond from the reaction of 288.95 9.36
TMC with water/Piperazine)

PE-11

C-C (Aliphatic carbon structures in glucose 284.86 47.45
or TMC)

C-O (Hydroxyl group in glucose) 286.53 8.09

0-C=0 (Carboxylic group in TMC), C=0 289.04 9.65
(Carbonyl group in TMC), C-O (Amide
bond from the reaction of TMC with
water/glucose or ether bond from
glucose)

C—C (Aromatic ring in TMC) 285.39 12.53

C-C (Carbon backbone in glucose) 286.08 22.28

PEA-10 %-11

C—C (Aromatic ring in TMC), C-C (Aromatic 285.01 62.71
ring in TMC), C-N (Piperazine)

C-O-C (Ether bond in glucose), C-O 286.46 25.38
(Hydroxyl group in glucose)

0-C=0 (Carboxylic group in Trimesoyl 289.09 9.9
Chloride), C—=0 (Carbonyl group in TMC)

C-N/C-O (Amide, and ester bonds 288.19 2.02
respectively from the reaction of TMC
with piperazine and glucose or ether bond
from glucose)

PEA-10 %-12

C—C (Aromatic ring in Trimesoyl Chloride), = 285.07 66.57
C-C (Aromatic ring in Trimesoyl
Chloride), C-N (Piperazine)

C-0O-C (Ether bond in glucose), C-O 286.58 21.9
(Hydroxyl group in glucose)

0-C=0 (Carboxylic group in TMC), C—0 289.12 9.92
(Carbonyl group in TMC)

C-N/C-O (Amide, and ester bonds 288.08 1.61
respectively from the reaction of TMC
with piperazine and glucose or ether bond
from glucose)

C—C (Aromatic ring in Trimesoyl Chloride), 285.07 66.57
C-C (Aromatic ring in Trimesoyl
Chloride), C-N (Piperazine)

C-0O-C (Ether bond in glucose), C-O 286.58 21.9
(Hydroxyl group in glucose)

PEA-10 %-13

C—C (Aromatic ring in Trimesoyl Chloride), = 285 65.54
C-C (Aromatic ring in TMC), C-N
(Piperazine)

C-O-C (Ether bond in glucose), C-O 286.46 23.08
(Hydroxyl group in glucose)

0-C=0 (Carboxylic group in TMC), C=0 288.98 10.06
(Carbonyl group in TMC)

C-N/C-O (Amide, and ester bonds 287.74 1.32

respectively from the reaction of TMC
with piperazine and glucose or ether bond
from glucose)
C=C (Aromatic ring in TMC), C-C (Aromatic 285 65.54
ring in TMC), C-N (Piperazine)

3.3. Wettability and surface charge of the fabricated TFC membranes

Fig. 4 shows that the membrane’s surface becomes more negative as
the concentration of glucose increases. This increase in negative charge
is due to increased carboxyl functional groups and their deprotonation
in water [21]. The higher negative surface charge can enhance the
rejection of negatively charged contaminants [37]. Furthermore, a high
negative charge can reduce membrane fouling by repelling foulants,
often possessing negative charges in water due to electrostatic repulsion
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Fig. 4. Contact angle and zeta potential results of the fabricated membranes with (a,b) different monomer ratios and (c,d) different pH levels. As glucose con-
centration increases, the membrane surface becomes more negatively charged and hydrophilic due to increased hydroxyl functional groups and ester linkages. This
shift can enhance the rejection of certain contaminants and reduce membrane fouling. However, as the pH increases, the formation of amide linkages increases,
altering the surface properties by decreasing the membrane’s negative charge and reducing its hydrophilicity. These changes emphasize the significance of con-
trolling and optimizing pH during the membrane fabrication process to achieve the desired performance.

[38]. The contact angle is a measure of a membrane’s wettability. A
lower contact angle indicates greater hydrophilicity, which improves
water permeability and reduces fouling [39]. The PEA membrane has a
lower contact angle (around 60°) than the PA-12 membrane (71°),
indicating improved hydrophilicity due to the greater amount of hy-
droxyl groups and ester linkages. The similarity in contact angle values
among PE-12, PEA-10 %, PEA-7 %, and PEA-4 % membranes can be
partially explained by Wenzel’s equation. Wenzel’s equation describes
how surface roughness can amplify the wettability influenced by the
surface chemistry. In simpler terms, when a surface is chemically hy-
drophilic, the addition of surface roughness amplifies its hydrophilic
nature. This principle, as elucidated by Wenzel, can be explained as
follows [40,411]:

cos6,, = rcos6, 3

In this equation, 6, represents the measured contact angle, ¢, corre-
sponds to Young’s contact angle, and r signifies the roughness ratio. The
roughness ratio is the ratio between the actual solid surface area and the
projected surface area, with r = 1 denotes a smooth surface and r > 1
indicates a rough surface. In this study, the transition from PA to PE and
PEA membranes resulted in a noticeable reduction in surface roughness.
This reduction would typically lead to an increase in hydrophobicity, as
indicated by higher contact angles. However, this effect is counter-
balanced by the intrinsic hydrophilic nature of the fabricated polyester
and polyesteramide TFC membranes.

Fig. 4c and d show the impact of pH on the wettability and surface
charge of the fabricated TFC membranes. During the interfacial poly-
merization reaction, as the pH of the aqueous solution rises, more amide
linkages form [36], increasing crosslinking density and altering the
surface properties. This increase in amide linkages (or decrease in free
-NH; groups) and a decrease in carboxyl groups make the membrane
less negatively charged. Furthermore, an increase in pH increases con-
tact angle, indicating a reduction in hydrophilicity. This trend is

consistent with the hypothesis that increasing the number of monomer
linkages reduces the number of free-COOH groups, resulting in lower
hydrophilicity. This pH-dependent behavior highlights the importance
of pH control in the membrane fabrication process and emphasizes the
need to optimize the pH to achieve desirable membrane characteristics.

3.4. Transport performance of the fabricated membranes

The transport performance of membranes is presented in Fig. 5. PE
membranes typically provide higher flux values than PA and PEA
membranes. PE-11 has the highest water flux of 173 LMH among the
membranes, while PE-13 has the lowest water flux of 33.6 LMH.
Regarding rejection percentages, PA membranes tend to achieve higher
rejection rates than PE and PEA membranes. In particular, PA-11 ex-
hibits the highest rejection percentages for NaySO4 (99.5 %), NaCl (32
%), and methyl orange (97.8 %). Nevertheless, the PE and PEA mem-
branes also achieve significant rejection rates, with PE-12 and PEA-10
%-13 surpassing 95 % and 65 % rejection rates for Na;SO4 and NaCl,
respectively.

When comparing the three types of membranes, the PEA membranes
fall in between the PA and PE membranes regarding both water flux and
rejection percentages. PEA-10 %-12 exhibits a moderate water flux of 58
LMH and a high Nay;SO4 rejection percentage of 99 %. However, there
are variations within each membrane type depending on specific syn-
thesis conditions such as pH and concentration. When we examine
membranes synthesized at different pH levels, several trends emerge: (i)
The water flux in the PE membranes decreases significantly as the pH
rises from 11 to 13. PE-11 has the highest water flux at 173 LMH, while
PE-13 has the lowest at 33.6 LMH. (ii) Similar trends are observed for PA
and PEA membranes at different pH levels. For instance, when compared
to PEA-10 %-13 (48.9 LMH), PEA-10 %-11 exhibits a higher water flux
at 82.5 LMH. Overall, it is evident that pH variation during membrane
synthesis has a substantial impact on membrane water flux, particularly
for the PE and PEA membranes. Higher pH values tend to result in lower
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Fig. 5. Filtration results of the fabricated TFC membranes at (a) different
monomer ratios and (b) pH levels. There are distinct trends in the performance
of PA, PE, and PEA membranes. PE membranes have greater water flux,
whereas PA membrane has a greater rejection percentage. In terms of perfor-
mance, PEA membranes fall somewhere in the middle. Water flux is signifi-
cantly affected by pH variation during membrane synthesis, with higher pH
resulting in lower flux. Water flux and salt rejection are influenced by the
presence of glucose monomers, with higher glucose concentrations resulting in
higher rejection. Alkalinity increases salt rejection even more. The interaction
of glucose and TMC influences dye rejection.

water flux and higher rejection rates.

To better understand the observed filtration results, it is essential to
consider the principles of size exclusion and Donnan exclusion as the
fundamental mechanisms behind NF separation. In the size exclusion
mechanism, the polymeric layer’s pores hinder the passage of larger
solutes, such as SO%’. Then, to preserve electroneutrality on the
permeate side, the passage of Na' is also hampered. The Donnan
exclusion can be attributed to the negatively charged surface of the TFC
layer, which facilitates electrostatic repulsion, thereby repelling the
negatively charged solutes. Regarding the influence of pH, it was evident
that an increase in alkalinity led to a reduction in water flux across all
samples, simultaneously resulting in an enhancement of salt and dye
rejection. This aligns with previous literature findings, which demon-
strated that elevated alkalinity accelerates crosslinking during poly-
merization [36]. As a result, the synthesized polymeric structure
displayed a higher crosslinking density at elevated pH levels, contrib-
uting to exceptional rejection properties based on size exclusion. The
control of pH plays a pivotal role in our experiments. Elevated pH serves
as a catalyst by consuming the byproduct acid, thereby driving the
polycondensation reaction further to the right side, promoting the for-
mation of more crosslinked structures. In practical terms, elevating the
reaction’s pH within the fixed reaction time of 5 min results in the
contribution of more monomers to the polycondensation reaction.

The critical aspect here is that increasing alkalinity provides more
hydroxyl ions (OH-) in the reaction medium. These ions catalyze the
hydrolysis of ester linkages, effectively increasing the concentration of
reactive species that can participate in crosslinking. This results in a
higher crosslinking density in the resulting polymer. The enhanced
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crosslink density, in turn, contributes significantly to the exceptional
rejection properties observed, primarily based on size exclusion.

The stability and durability of nanofiltration composite membranes
are crucial for filtration applications [42]. In our research, where we
introduced two distinct monomers into the aqueous phase, it is essential
to conduct an extended-term assessment to ensure the long-lasting
performance of the TFC membranes. As a result, we examined the
permeation properties of the TFC membranes for three days, utilizing a
1.0 gL’1 NacCl feed at 70 psi, as depicted in Fig. 6. The results demon-
strate the impressive durability of the TFC membrane, with consistent
permeate flux and rejection characteristics throughout the testing
period, at approximately 59 Lm~2h~! and 35 %, respectively.

Table 3 compares the performance of our membranes with that of the
most recently published works on fabricating polyester and poly-
esteramide membranes for NF applications. One notable advancement
involved using hyperbranched polyester (HPE) in an interfacial poly-
merization process [17]. This method effectively reduced the diffusion
rate of PIP by capitalizing on HPE’s steric hindrance and its ability to
engage in hydrogen bonding interactions, resulting in remarkable pure
water permeability (50.62 Lm~2h~'bar 1) coupled with over 98 %
NaySO4 rejection. This membrane also exhibited long-term stability and
outstanding antifouling properties.

In another research, sugar-based nanofiltration membranes were
created using glucose, maltose, and raffinose as monomers through
interfacial polymerization [10]. These membranes exhibited a remark-
able water permeance of 30-34 Lm~2h~'bar~! at the expense of a slight
reduction in NaySO4 rejection to 95 %. The high permeability of these
membranes was attributed to the highly hydrophilic and thin polyester
layer. Lii et al. introduced a TFC nanofiltration membrane with an
asymmetric separation layer that showed promise for wastewater
treatment in dye and textile industries [43]. Their composite membrane
consisted of a loose poly(piperazine amide) (PA) layer and a tannic acid
(TA) skin. When compared to a membrane with a symmetric PA layer,
their composite membrane exhibited a 28.0 % higher pure water
permeability, significantly increased water fluxes for anionic dyes
(alizarin yellow R, sunset yellow, Congo red) by 50.3 %, 43.9 %, and
36.1 %, and a noteworthy reduction in steady-state flux declines by 27.8
%, 43.4 %, and 23.5 %. Furthermore, the PA/TA-based membrane dis-
played enhanced antifouling properties and alizarin yellow R rejection.
Another notable innovation in this domain involved the synthesis of
antifouling polyester-amide loose nanofiltration membranes by inter-
facial polymerization for zero liquid discharge in dye/salt wastewater
treatment [22]. The membrane provided exceptional water permeability
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Fig. 6. Long-time stability test of TFC membrane (PEA-10 %-12). Testing
conditions: 70 psi, 25 + 3 °C.
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Table 3
Membrane performance of some recent PE and PEA membranes, including the fabricated membranes in current research.
Aq. Phase Org. phase Water permeance Salt ejection (%) Dye rejection (%) Key Feature(s) Reference
Monomer monomer (LMH.bar-1)
Glucose TMC 34.2 NaySO4: 65NaCl: MO: 92 High antifouling performance and a good PE-12 (This
12 option for dye/salt separation Work)
PIP + Glucose TMC 12 NaySOy: MO: 99.5 High Fouling resistance and stability, and a PEA-10 %-12
99.5NaCl: 59 favorable choice for the separation of divalent ~ (This Work)
salts
PIP + HPE TMC 50 NayS04: ~99 - Highly permeable and stable polyester-amide (171
membrane with 99 % Na,SO4 rejection
Glucose, TMC 30-34 NaySO4 9495 — High water permeability and up to 95 % (101
Maltose, Na,SO4 rejection
Raffinose
PIP/Tannic TMC 10.3 NaySO04: Alizarin yellow R 97.5 Sunset ~ Superior pure water permeability, improved [43]
acid 99.4NaCl: 71.2 yellow 99.9 Congo red 99.9 anionic dye removal, and enhanced
antifouling performance
Bis-tris propane ~ TMC 23 NaySO4: ReactiveBlack 5: 98.8 High separation of dye/salt mixtures and [22]
<30NaCl: 11.72 antifouling and stability performance.
Glucose TMC 16.1 NaySO4: 99.5 _ High flux, salt rejection, chlorine resistance, [21]
NaCl: 53.2 and stability compared to conventional PA

membranes

(114.9 Lm’zh’l) and excellent dye rejection (98.83 % RB 5). In yet
another study, a thermal-facilitated interfacial polymerization approach
was employed to create high-performance polyester TFC membranes
[21]. Elevated temperatures expedited monomer diffusion and reaction
rates, developing a PE layer with 99.5 % NaySO4 rejection and 16.1
Lm~2h~'bar~! water permeance. Also, these membranes demonstrated
remarkable chlorine resistance (960,000 ppm h) and maintained their

a

© PA12 (O PEA-10%-12 () PE-12

O PA-12 O PEA-10%-12 (O PE-12

separation efficiency even after exposure to a sodium hypochlorite so-
lution (1000 ppm) for 36 days. It is worth noting that this research
represents a pioneering effort in investigating the impact of monomer
ratio and alkalinity of the aqueous solution on the chemical and
morphological properties of the TFC membranes. As illustrated in Fig. 5,
the NF membranes can be tailored for entirely distinct applications by
modifying the monomer ratio and adjusting the pH of the aqueous

O PA-12 O PEA-10%-12 (O PE-12

B o ¥
o)

ik i i
0.6 i i i 81 :
=<} i 1 ; i i
- {: 13 : . :
i i g i | '
0.4+, < i - i< g L e i
= - 3 = g IS H H - 3
le o o le o o 24 S e o
0.2 s ] ;_; ] 0.2 5 & g g 0.2 5 & 5 &
BSA SA+CaCl2 Mo
0.0+ T T T T T T T 0.0 T T T T T T T 0.0 T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time (min) Time (min) Time (min)
Cycle 1 Cycle 2
d I FRR I FD Y FRR A F e
SA+CaCl, !
100 100
Q PE-12 Q PEA-10%-12
80 - 80 e —
=2
8, 60+ - 60
8
c
@
I~
5 40 40
o
20+ | » 20
0 : - - 0

Zl-vd
Zl-vd
Zl-vd
Zil-3d

Z1-%01-v3ad

Fig. 7. Normalized water flux versus filtration time of PA-12, PEA-10 %-12, and PE-12 during the (a) BSA, (b) SA + CaCl,, and (c) methyl orange solution filtration in
two 6-h cycles. (d) Flux decline (FD) and flux recovery ratio (FRR) of PA-L, PA-X, and PE-7 for all fouling experiments. The concentration of BSA was 100 ppm, and
the concentration of SA and methyl orange was 150 ppm. (e) Pictures of PA-12, PE-12, and PEA-10 %-12 coupons after fouling experiments with methyl orange. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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solution.
3.5. Antifouling properties of TFC membranes

The data presented in Fig. 7 depicts the normalized water flux over
time, the flux recovery ratio, and the flux decline for three different
membranes: PE-12, PEA-10 %-12, and PA-12. When comparing these
membranes, it’s evident that the polyester membrane (PE-12) notably
exhibits a smaller decline in flux during a 5-hour filtration period when
subjected to fouling solutions containing BSA and MO. This underscores
the vital role of glucose monomers in enhancing the membrane’s anti-
fouling properties. In the case of BSA fouling, PE-12 stands out with the
highest flux recovery ratio at 95.5 %, followed by PEA-10 %-12 at 91 %
and PA-12 at 78.5 %. When MO is the fouling agent, PE-12 again out-
performs with a flux recovery ratio of 95 %, compared to 86 % for PEA-
10 % and 77 % for PA-12. This difference can be attributed to the smaller
size of methyl orange, which may facilitate its penetration into mem-
brane pores, leading to fouling. Fig. 7(e) provides a visual comparison of
membrane coupons after undergoing two filtration cycles with methyl
orange. When MO is the fouling agent, PE-12 again outperforms with a
flux recovery ratio of 95 %, compared to 86 % for PEA-10 % and 77 % for
PA-12. This difference can be attributed to the smaller size of methyl
orange, which may facilitate its penetration into membrane pores,
leading to fouling. The superior antifouling properties of polyester and
polyesteramide membranes can be attributed to three key factors:
changes in membrane hydrophilicity, surface charge, and surface
roughness, primarily influenced by the presence of glucose monomers
[44]. The incorporation of glucose enhances the hydrophilicity of the
membranes, thereby preventing foulants from adhering to the mem-
brane surface due to the formation of a hydration layer [45]. Further-
more, glucose-based TFC membranes are more negatively charged,
mitigating the attachment of predominantly negatively charged foulants
due to electrostatic repulsion. Lastly, glucose monomers lead to the
formation of a smoother surface with fewer attachment points for fou-
lants. This, in turn, simplifies the cleaning process, as deep irregularities
that could harbor fouling materials are reduced. Reduced surface
roughness also improves the hydrodynamic conditions on the membrane
surface, allowing for more efficient foulant removal and, as a result,
reduced fouling accumulation [46]. Nevertheless, when exposed to a
fouling solution containing SA + CaCl,, the polyester membrane (PE-12)
exhibits slightly lower FRR and FD values compared to PEA-12-10 %.
This decline can be attributed to the higher concentration of free car-
boxylic groups in the structure of polyester membranes, intensifying
calcium bridging between the membrane surface and foulants, thus
exacerbating fouling [47].

3.6. Discussion

This study has underscored the critical role of monomers in deter-
mining the structure and morphology of TFC membranes. The empirical
evidence presented in our study demonstrates that the rate and intensity
of the polymerization reaction between the aqueous solution monomer
(PIP and glucose) and organic solution monomer (TMC), as well as the
size and mass transfer properties of the monomers, substantially influ-
ence the final structure of the membrane. The reaction rate of PIP and
TMC in the formation of polyamide is typically faster than the reaction
rate of glucose and TMC. This is due to the different molecular structures
and reactivity of the compounds involved, as well as different bond
formations and functional groups. When PIP and TMC react, a poly-
condensation reaction occurs, resulting in the formation of a polyamide.
In this reaction, the amine group of PIP (NHjy) reacts with the acid
chloride functional groups (—COCl) of TMC to form amide bonds
(—CONH-) and release HCI. This condensation reaction occurs relatively
quickly because PIP is a primary amine with high reactivity to the acid
chloride groups of TMC. Furthermore, because both molecules have
multiple reactive sites, the formation of amide bonds is facilitated.
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Glucose, on the other hand, is a larger molecule with multiple hydroxyl
groups (—OH) that reacts with TMC to form a glucose-based TFC in a
similar polycondensation reaction. In comparison to PIP and TMC,
however, the reaction rate of glucose with TMC is generally slower. This
is primarily due to the higher molecular weight of glucose, which can
slow down their reactivity to the TMC.

Based on the preceding discussion, the selective layer formation in
PA membranes occurs via a faster interfacial polymerization process
with TMC than in PEA and PE membranes, respectively. The reaction
rate influences the extent to which polymer chains are formed at a
constant time [48]. A faster reaction rate enables more efficient poly-
merization, which results in longer polymer chains and a higher degree
of polymerization [32]. As a result, the thin film layer formed may be
denser and more selective. Additionally, the reaction rate influences the
molecular weight of the polymer, with faster reaction rates generally
leading to the production of polymers with higher molecular weights
[49]. A slower reaction rate allows the polymer chains more time to
arrange and organize, resulting in a more ordered and smooth mem-
brane surface, as seen in AFM results of the membranes. Furthermore, a
slower reaction rate allows for better reactant mixing and diffusion,
resulting in a more homogeneous TFC layer (in agreement with SEM and
AFM data) [50].

The change in reaction pH was one of the main parameters consid-
ered for this study. The reaction rate between monomers and TMC in-
creases as the pH value rises. In an alkaline environment, the
nucleophilic amine group in PIP and the hydroxyl group in glucose
become more reactive, increasing their interaction with the acid chlo-
ride groups in TMC. At higher pH, nucleophilic groups are more likely to
be deprotonated. For instance, the amine group forms free amine
(RNHy), a stronger nucleophile due to the availability of the lone pair of
electrons, increasing the reactivity and the reaction kinetic in basic
conditions. The acceleration in reaction rate has the potential to
enhance polymerization efficiency, leading to the formation of longer
polymer chains and an increased degree of polymerization. This, in turn,
yields a membrane characterized by enhanced structural stability and
mechanical robustness, which justifies the higher rejection rates and
lower water flux of the membranes synthesized under more alkaline
conditions.

4. Conclusion

This study has demonstrated the significant influence of monomer
choice and reaction pH on the structural and functional characteristics
of TFC membranes. The glucose-based membranes displayed improved
hydrophilicity and a negative surface charge, enhancing their anti-
fouling properties. Adjusting pH during fabrication had distinct effects,
with higher pH values leading to a higher crosslinked TFC layer, which
increased rejection rates but reduced water flux, while lower pH values
had the opposite effect. Moreover, pH variation during membrane
fabrication influenced surface charge and hydrophilicity. In terms of
performance, PA membranes outperformed others, achieving notable
rejection rates. In contrast, PE membranes exhibited the highest water
flux. Notably, TFC membranes with a specific monomer combination
achieved a balanced performance profile, while some exhibited excep-
tional antifouling properties. These findings underscore the practical
significance of tailoring membrane properties for high-performance
water treatment applications by adjusting pH and monomer selection.
This study provides a solid foundation for developing more effective TFC
membranes. In the context of scaling up, it becomes increasingly critical
to confront the challenges associated with high pH conditions. Elevated
pH environments pose safety risks and processing challenges, including
fouling and corrosion, which can profoundly affect the effectiveness and
durability of large-scale TFC membrane production. Hence, conducting
a meticulous risk assessment and choosing materials capable of with-
standing highly alkaline conditions are paramount to guarantee the
success of upscaling TFC membrane fabrication under such alkaline
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conditions.

Future research in this area holds tremendous promise. It could
involve the exploration of more complex chemistries in the TFC layer by
incorporating a wider range of monomers and adjusting the contribution
of each monomer through variations in reaction conditions, such as pH
and temperature. This fine-tuning offers exciting prospects for engi-
neering the TFC layer’s structure, enabling the creation of membranes
tailored for specific applications. By embracing this approach, re-
searchers can strive to optimize key factors such as rejection rates, water
flux, and antifouling properties, aligning the properties of TFC mem-
branes more precisely with the requirements of diverse industries and
water treatment scenarios. The pursuit of enhanced customization and
performance could lead to more efficient and sustainable solutions for
global water purification and resource management challenges.
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