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Nanocomposite Zeolitic imidazolate framework (ZIF-8)@ Active Carbon (AC)-co-Chitosan (CS) was employed to
fabricate polyether sulfone-based nanofiltration membranes. The ZIF-8@(AC-co-CS) nanocomposite was syn-
thesized using a simple co-precipitation method and examined by field emission scanning electron microscope
(FESEM) images, Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) analysis, and X-ray
diffraction pattern (XRD). Membrane properties used analyses such as FESEM, ATR-FTR, atomic force micro-
scopy (AFM), porosity, water content, contact angle measurements, roughness assessment, pure water flux
(PWF), separation efficiency evaluation, and fouling analysis. The surface roughness of the membrane with 0.01
wt% ZIF-8@(AC-co-CS) was nearly half that of the pristine membrane. Investigation outcomes revealed more
excellent hydrophilicity for modified membranes. The water flux measured over three times greater for modified
membranes than pristine ones. All modified membranes exhibited noteworthy rejection of sodium sulfate,
achieving levels exceeding >93 %. The nanocomposite membrane was also assessed for removing two heavy
metal ions, i.e., Cuand Cr. The results indicated a 55.0 % removal for Cu and 62.3 % removal for Cr by the virgin
membrane, while that was >94 % and >97 % for the modified membrane, respectively. Also, higher separation
efficiency was achieved for chromium ions compared to copper ions by the membranes. The nanocomposite
membranes exhibited impressive dye rejection rates: >97 % for Methylene Blue, >95 % for Rhodamine B, >92 %
for RB50, >94 % for RB21, >89 % for RY145, and >86 % for RY39. The FRR parameter significantly increased to
>97 % for the modified samples. The nanofiltration performance of ZIF-8@AC-co-CS nanocomposite membranes
exhibited a remarkable improvement compared to CS-based membranes.

1. Introduction metals, aromatic rings, and other hazardous materials. Moreover, dyes

may harm humans, contributing to disorders of the central nervous

Ensuring superior water quality is crucial in addressing the diverse
requirements of businesses and communities. Water treatment is
necessary to offset shortages (Langbehn et al., 2021, Varma et al., 2024).
In this case, rising urbanization and industrialization, which hasten in-
dustrial emissions of dangerous organic and inorganic pollutants, have
drawn attention to the need for environmentally friendly wastewater
treatment and reuse to supply high-quality, sustainable water (Amiri
et al., 2021, Edo et al., 2024). One of the most problematic types of
polluted wastewater is colored wastewater, which is problematic due to
its hazardous compounds and the high volume of dyes used in various
industries (Hema and Arivoli 2007, Liu and Wang 2024). Dyes, the most
detected pollutant in wastewater, comprises several compounds, such as
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system, liver, and kidneys (Giri and Badwaik 2022). Scientists have
employed various methods to solve this issue, including using nano-
particles and membranes. Recently, the release of heavy metals into the
environment has become another issue associated with industry and
modernization. This pollution is detrimental to humans and may result
in various illnesses, including cancer and genetic problems. One of the
challenges in water purification is the removal of heavy metals at low
concentrations, a task achievable through membrane-based systems. In
this context, researchers are investigating advanced techniques to
improve membrane filtration efficiency (Shukla et al., 2021). Membrane
filtration removes pollution from industrial wastewater. The filtration
membrane does not require high energy or phase change, so it is more
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effective than alternative methods. Reverse osmosis (RO) and nano-
filtration (NF) are the separating membranes that are most often
employed, but lowering operating pressure with appropriate efficiency
is NF’s benefit over RO (Miao et al., 2008, Hosseini et al., 2019, Mor-
gante et al., 2024). Nanofiltration commonly utilizes polymeric mem-
branes due to their advantages, such as ease of production, adaptability,
and the ability to select from various materials. However, the drawback
of using polymeric membranes is fouling, which can reduce the effi-
ciency and lifespan of the membrane. A research study on poly-
vinylidene fluoride (PVDF)-based membrane found a 43 % reduction in
flux due to fouling (Kharraz and An 2020). Fouling not only reduces the
efficiency of the membrane but also increases energy consumption. As
the fouling layer accumulates, the pressure drop across the membrane
increases, requiring higher energy input to keep the desired flow rate. A
study on a polymeric membrane found that a 35 % increase in trans-
membrane pressure was needed to maintain the initial flux due to
fouling (Ullah et al., 2021). A significant challenge for polymeric
membranes is enhancing their anti-fouling properties, which depend on
the surface roughness and hydrophilicity of the membrane. Membranes
with higher hydrophilic properties can absorb more water molecules on
their surface, which helps to remove undesirable particles from the
surface through water flows. Research indicates that membranes with
smoother surfaces and less roughness exhibit better antifouling prop-
erties. Rough surfaces trap various particles, which negatively impacts
the membrane’s performance (Li et al., 2023, Wang et al., 2023).
Polyethersulfone (PES) is an industrial-grade polymer known for its
advantageous physical and chemical characteristics, making it a well-
suited material for fabricating membranes used in wastewater treat-
ment. Its processability, heat resistance, and capacity to endure diverse
environmental conditions collectively make it an apt choice. One of the
critical advantages of PES is its excellent thermal stability. It can tolerate
elevated temperatures without experiencing substantial degradation or
performance loss. This property is crucial in membrane-based separation
that involves elevated temperatures, such as water treatment systems or
industrial processes (Alenazi et al., 2017). Another essential advantage
of PES-included membranes is their outstanding chemical resistance.
They resist various chemicals, including acids, bases, and organic sol-
vents. This makes PES membranes suitable for applications where
exposure to aggressive chemical environments is expected, such as
desalination (Choi et al., 2018, Eskikaya et al., 2024, Oulad et al., 2024).
To better manage the membrane’s hydrophobic and hydrophilic prop-
erties, the structure of the nanofiltration membrane has been modified.
One membrane method is bulk modification, in which structural alter-
ations are made to the polymer in bulk before the membrane is produced
to improve its general qualities. Incorporating nanomaterials to modify
membranes is among the most feasible techniques (Farahani and Hos-
seini 2022, Hosseini et al., 2023). The advantages of combining nano-
materials to modify membranes are numerous and promising. These
modifications enhance selectivity, Permeability, mechanical strength,
stability, and multi-functionality (Goh et al., 2016, Fan et al., 2023).
Researchers commonly enhance blended membranes with various
nanomaterials, including mineral metal nanomaterials, chitosan-based
nanoparticles, and porous substances like metal-organic frameworks
(MOFs). These nanomaterials are integrated into the membranes to
improve their hydrophobic properties, enhance resistance to fouling,
and increase separation capabilities (Sinha Ray et al., 2020, George and
Kumar 2023). MOFs are famous for creating blended membranes
because of their hydrophilic specific surface, which improves the per-
formance of polymer-based membranes like (PVDF) or PES (Sharma
et al., 2023, Zhao et al., 2023, Zheng et al., 2023). In conclusion, MOFs
are nanoporous materials of metal ions and organic ligands, forming a
crystalline structure. These materials are known for their large surface
area, porous structure, and ability to be modified, rendering them highly
versatile across various applications such as drug delivery, gas separa-
tion, and catalysis, as well as adsorptive removal, separation, and pu-
rification. Moreover, MOFs possess qualities that enhance the
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hydrophilicity of membranes (Furukawa et al., 2013, Goh and Ismail
2018, He et al., 2024, Shahid et al., 2024, Shao et al., 2024).

Due to its adsorptive solid properties, chitosan can effectively adsorb
various metal ions and organic dyes through its numerous amine and
hydroxyl groups. Chitosan is a biodegradable substance that is non-toxic
and hydrophilic. Chitosan’s unique qualities facilitate the production of
adsorbents and their use in membrane applications (Batool et al., 2023).
Bagheripour et al. incorporated graphene oxide (GO) /chitosan (CS)
nanocomposite to modify the surface of a polyethersulfone NF mem-
brane, enhancing its ability to separate various metals. They found that
adding 1 % composite nanoparticles to the membrane resulted in a
uniform distribution of nanoparticles, reducing surface roughness and
improving anti-fouling properties (Bagheripour et al., 2018). Due to
their exceptional potential, carbon-based nanomaterials have also
received a lot of interest in manufacturing and modifying membranes.
Active carbon nanoparticles (ACNP) are appropriate for membrane ap-
plications due to their high aspect ratios, specific surface areas, excellent
mechanical properties, partial negative charge, and adsorption
behavior. According to past investigations, adding ACNP to polymeric
membranes improved their suitability for physicochemical applications.
According to past investigations, adding ACNP to polymeric membranes
improved their physicochemical application characteristics, mechanical
stability, and separation performance (Hosseini et al., 2018, Abid et al.,
2022, Natrayan et al., 2022, Khan and Ahmad 2023, Sharma et al., 2023,
Wu et al., 2023). Hosseini and his team developed a PES membrane with
a nanoparticle (Carbon Nanofibers/CS) for surface modification and
metal removal. The modified membrane showed 16 % more sodium salt
sulfate rejection than the unmodified membrane. The nanoparticle-
based membrane also allowed more than three times more flux pas-
sage than the bare membrane. The removal of heavy metals copper,
chromium, and lead was significantly higher than the pristine mem-
brane (Hosseini et al., 2021). Due to the material’s benefits, researchers
are paying increasing attention to using MOF materials in fabricating NF
membranes to create composite membranes. In addition, by modifying
the structure of MOFs with a guest matrix, it is possible to improve pore
selectivity and make an arrangement with high compassion in the mixed
matrix membrane (MMM). Khajavian et al. prepared a CS/Polyvinyl
alcohol/ Zeolitic imidazolate framework (ZIF-8) thin film composite
adsorptive membrane with PVDF membrane support, resulting in an up
to 8 % increase in flux and rejection (Khajavian et al., 2020). In another
study, Moutloali and his colleagues fabricated ultrafiltration (UF)
membranes from the combination of Ag@ZIF-8@GO, Cu@ZIF-8@GO,
Ag-Cu@ZIF-8@GO, and Cu(tpa)@GO with polyethersulfone. The MOF/
PES membranes have the potential for water purification and recovering
heavy metals, such as silver. (Makhetha and Moutloali 2018, Makhetha
and Moutloali 2021). Kamari and his colleagues conducted a study to
investigate the effects of incorporating Fe304@SiO2-CS bio-
nanocomposite as an additive in PES nanocomposite nanofiltration
membranes. The modified membrane effectively removes heavy metals
at 98.11 %, 98.61 %, and 98.86 % for Pb>", Cu®", and Cr*". It also offers
favorable pure water flux and effective resistance to fouling (Kamari and
Shahbazi 2021). Mengjie et al. embedded the UiO-66-NHy/ZIF-8 nano-
composite into the NF membrane to enhance its dye rejection, Perme-
ability, and anti-fouling efficiency. The outcome illustrated good
antifouling capability and high dye rejection for the UiO-66-NHy/ZIF-8/
PES membranes (Fu et al., 2022).

ZIF-8, a variant of MOFs categorized within the family of zeolitic
imidazolate frameworks, possesses several merits, including an expan-
sive specific surface area, a consistent arrangement of pores, chemical
stability, easy customization, and a straightforward synthesis process
(Wang et al., 2019, Shao et al., 2024). Combining ZIF-8, AC, and CS
creates nanocomposites that effectively absorb pollutants with high
performance (Bao et al., 2013, Keshvardoostchokami et al., 2021, Al-
Hazmi et al., 2022).

ince most research has focused on evaluating MOF modifications in
solution-based environments, we expect that integrating the developed
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nanocomposite into PES-based nanofiltration membranes will effec-
tively address various pollutants, inclusive of dyes, heavy metals, and
the facilitation of desalination. Also, previous research on removing
contaminants by ZIF-8, AC, and CS led us to merge and modify the shape
of these materials for amendment and to address PES membrane flaws.
Currently, limited research is available on the impact of ZIF-8@(AC-co-
CS) nanocomposite in the context of membrane separation applied to
water filtration. Additionally, there is insufficient existing literature
concerning the creation and analysis of nanofiltration membranes based
on mixed matrix PES, which has been altered using the ZIF-8@(AC-co-
CS) nanocomposite. Therefore, this study aimed to create the MMM
nanofiltration membranes by incorporating the synthesized ZIF-8@(AC-
co-CS) nanocomposite and to investigate the influence of different
loading ratios of the additive into the membrane structure on their
physicochemical properties, separation performance, and antifouling
capabilities. In this study, various solutions, such as Methylene Blue
(MB), Rhodamine B (RhB), four reactive dyes, heavy metals, NaySO4,
and MgSOg4, were used to evaluate the effectiveness of the prepared
membranes in terms of their separation performance.

2. Experimental
2.1. Material

Zinc nitrate hexahydrate (Zn(NOs3)2-6H20, 99 % purity), 2-methyli-
midazole (Hmim, 99 % purity), and dimethylacetamide (DMAc, pu-

rity > 99 %) were acquired from Merck Co., Germany. Merck Co.,
Germany, supplied NaySO4, MgSO4, CrSO4, and CuSO4. Merck Inc.,
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Germany, Polyvinylpyrrolidone (PVP, Mw = 25) was sourced from
Merck Inc., Germany. Across Inc., USA supplied chitosan (CS, Mw =
100,000-300,000, 90 % deacetylated). Activated carbon nanoparticles
(ACNP, black powder, spherical, specific surface area (SSA) > 1000 m?%/
g, 0.43 g/1) were obtained from US Research Nanomaterial, Inc., USA.
We used distilled water exclusively during the experiment.

Reactive yellow 39 (RY39), reactive yellow 145 (RY145), reactive
blue 50 (RB50), reactive blue 21 (RB21), rhodamine B (RhB), and
methylene blue (MB) were obtained from Saujanya in Mumbai, India.
Table 1 presents the molecular structure, pH, charge, and maximum
absorption wavelength (nm) of each dye.

2.2. Synthesis of activated carbon-co-chitosan composite nanoparticles

Previous literature provides a detailed description of the process for
synthesizing AC-co-CS nanoparticles (Ebrahimi et al., 2019). First, we
prepared two solutions: one with CS in 2 wt% hydrochloride acid at a
concentration of 1 wt%, which was filtered to eliminate impurities, and
the other with 5 wt% in ethanol, relative to the weight of CS. We
vigorously mixed both solutions at ambient temperature. Subsequently,
the ACNP solution was fused with the CS solution and actively mixed for
four hours, with ultrasonic treatment for 30 min, to ensure uniformity of
the nanocomposite. The AC-co-CS composite particles were then
precipitated with a mixture of ethanol and sodium hydroxide, followed
by rinsing with distilled water until neutralizing. We dried the com-
posite at 60 °C for 12 h.

Table 1
The characteristics of the dyes employed in this investigation.
Color pH Charge Maximum Absorption Wavelength (nm) Structure
Reactive Yellow 39 7.00 Anionic 419 cH, cl SO;Na
Br /N CH, I;(
Haci Q NQ /‘LN
(=}
N N=—={ |
‘ —=N
CHj
CH;y
Reactive Yellow 145 6.97 Anionic 418 50,0H,01,080,8a Na03
= — SO;Na
‘ Za M N,/N \
/N/W \( NaO, S
H N 2N NHCONH
Cl
Reactive Blue50 6.39 Anionic 595 SO,Na
/CH3
H
e
CHy
//K'/\Br
(o)
Br
Reactive Blue 21 7.00 Anionic 626 o P .
W«
‘N\ PARR
W e
PPN - P
i e _@si/\ _fon
0555
Methylene Blue 7.00 Cationic 664
Rhodamine B 7.00 Cationic 554
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2.3. Synthesis of ZIF-8@(AC-co-CS) nanocomposite

We produced the ZIF-8@(AC-co-CS) using a simple co-precipitation
method (Cao et al., 2017, Khajavian et al., 2020). Zn(NO3)2-6H20
(2.93 g) was dissolved separately with 10 mg of AC-co-CS composite
nanoparticles, while Hmim (6.48 g) was dissolved in 12.11 gand 48.45 g
of distilled water, respectively. The ratio of ZIF-8 to AC-co-CS in this
study is approximately 0.05. Next, we mixed and agitated both sample
solutions at 30 °C for 30 min. The resulting white precipitate, identified
as ZIF-8@(AC-co-CS), was then separated from the mixture via centri-
fugation. Afterward, the ZIF-8@(AC-co-CS) precipitate was thoroughly
cleaned with ethanol and gently rinsed with distilled water. Finally, we
dried the material at 60 °C for 12 h.

2.4. Fabrication of the MMM

The phase inversion technique creates polymeric nanofiltration
membranes. We added different concentrations of ZIF-8@(AC-co-CS)
nanocomposite at three levels—high (1 wt%), medium (0.01 and 0.1
wt%), and low (0.001 and 0.005 wt%) to DMAc solvent. The mixture
was then exposed to ultrasonic treatment for 20 min to achieve uniform
dispersion of the nanocomposites. Next, we incorporated 1 wt% PVP and
18 wt% PES into the mixture to create a homogeneous solution, which
we stirred for 24 h. The solution was allowed to rest for a day to elim-
inate any trapped air bubbles. Subsequently, the solution was applied
onto a clean glass substrate using a casting knife with a thickness of 170
pm. The MMM was swiftly fully submerged in a non-solvent bath of
distilled water. Finally, we immersed the MMM in deionized water for
an additional day to ensure that all remaining solvents were thoroughly
removed (Moghadassi et al., 2023). Table 2 provides the details of the
polymeric solutions used in the combination.

2.5. Analytical methods

To characterize the synthesized AC-co-CS and ZIF-8@(AC-co-CS)
nanocomposites, we used several techniques, including X-ray diffrac-
tion pattern (XRD, Philips PW 1730 diffract meter), field emission
scanning electron microscope (FESEM, Tescan-Mira III, Check Repub-
lic), dynamic light scattering (DLS, Malvern, Zeta sizes pro and ultra,
United Kingdom), and Attenuated total reflectance-Fourier transform
infrared (ATR-FTIR, ABB Bomem-MB-104, Switzerland. Furthermore,
we used mapping analysis procedures to generate images of the nano-
particles and to illustrate their distribution within the membrane
structure. We examined the membrane morphology and pore shape by
capturing surface and transverse cross-section images using FESEM and
atomic force microscopy (AFM, Dimension Icon, Bruker, Germany). To
prepare the membrane for FESEM analysis, we first froze the sample in
liquid nitrogen, then broke it into pieces. Additionally, from the surface
of the membranes, we captured the AFM images with an 8 x 8 ym
scanning area. We also used the DME-SPM software (version 2.1.1.2) to
calculate the roughness parameters. Additionally, we determined the
overall porosity of both unmodified and modified membranes by
employing the gravimetric method, as described by Equation (1) (Hos-
seini et al., 2019). The pH was measured using a pH meter (Jenway 3510
Standard Digital pH Meter Kit; 230 VAC/UK).

Table 2
The formulation of the casting solution for the membrane samples.

Sample PES (wt%) PVP (wt%) DMAc (wt%) ZIF-8@(AC-co-CS) (wt%)
Mo 18 1 81.000 0.000
M; 18 1 81.999 0.001
M, 18 1 81.995 0.005
M3 18 1 81.990 0.010
My 18 1 81.900 0.100
Ms 18 1 80.000 1.000
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We used Equation (1) to calculate the total porosity of the
membranes.

Wy — Wy

0 = (cd, x L

) x 100 @
Wy and Wy represent the weight of the membranes after drying and
when wet, respectively. In this context, a represents surface area, dy
represents water density, and L stands for the thickness of the
membrane.

We used the Guerout-Elford-Ferry equation (Equation (2), which

takes into account the operating pressure (AP) at 0.4 MPa, permeated
water (Q) in mg/s, and water viscosity (1), which is 8.9 x 10* Pa.s.

/(2.9 -1.75¢) x 89LQ
m= \/ eAAP

(2)

2.6. Permeability, fouling resistance, and separation efficiency of the
MMM

We evaluated the performance of the fabricated membranes by
measuring pure water flux (PWF), permeability of powdered milk so-
lution, and removal of various substances, including Na;SO4 and MgSO4
salt solutions, six different dyes, and heavy metal solutions. The dead-
end modules utilized a functional area of 19.6 cm? to conduct the ex-
periments. Initially, the MMM was exposed to distilled water at a pres-
sure of 5 bar for 30 min to compact the MMM structure. Subsequently,
we lowered the pressure to 4.5 bar to achieve a more consistent flow
during the separation process. To reduce solute accumulation near the
membrane, we stirred the feed solutions at 500 revolutions per minute
(rpm) throughout the experimental process. The pure water flux was
calculated by Eq. (3) (Hosseini et al., 2023).

1
J= AAL 3
In this equation, J represents the net water flux (lit/mz.hr), V (lit) is the
collected water volume (lit), A is the surface area of the membrane (mz),
and At is the filtration process time (h).

The densities of the solutions employed to assess the separation
capability of the membranes were as follows: a saline solution at 1000
ppm, heavy metal solutions at 20 ppm, a dye solution at 100 ppm, and a
milk powder solution at 250 ppm. Following the filtration process, the
efficiency of the membranes in removing these substances was evaluated
using Eq. (4) (Daneshvar et al., 2005). The initial and final concentration
of dye in feed and permeate sides were determined using a UV-2450
model UV-VIS spectrophotometer (Shimadzu, Japan) at different
amax of different dyes (Table 1), and the dyes rejection was calculated
by (Moradi et al., 2021):

R% = (ﬁ) x 100 4)
Ct

The value of C, (mol/L) represents the pollutant amount present in the

feed, while C¢ (mol/L) is the level of pollutants in the permeated stream.

In other words, C, refers to the number of contaminants in the filtered

material, while C¢indicates the degree of contaminant removal achieved

by the filtration process.

To evaluate the anti-fouling properties of the produced membranes,
we conducted a three-step test and employed Equation (6) to calculate
the flux recovery ratio (FRR). In the first step, pure water was allowed to
pass through the membranes at 0.45 MPa for an hour, and we measured
the permeate flux (Jw1, L/m2.h). During the second step of the process,
we filtered a 250 ppm powdered milk solution and recorded the
permeation flux (Jp, L/m2h). In the final stage, the fouled membranes
were rinsed with distilled water for 20 min, and we measured the
permeate flux again to determine its value for an hour (Jw2, L/m2.h)
(Childress and Elimelech 2000). It is important to note that various
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equations exist to investigate membrane fouling, and the FRR calcula-
tion provides insight into the resistance of the membrane against fouling
and its ability to maintain the permeate flux (Karan et al., 2015, Rezania
et al., 2019).

FRR% = (jw—z> x 100 (5)

w,1

Fouling parameters encompassing irreversible fouling (R;;), reversible
fouling (R;), and overall fouling (R;) were quantified utilizing Eqs.6-8
(Low et al., 2018, Farjami et al., 2021).

Ry% = (1 —FRR) x 100 (6)
R% = (@> x 100 @)
Jw.l
)
R%=1-(=2) x100 8)
Jw.l

Irreversible fouling occurs when washing fails to remove contaminant
particles trapped within the pores of the membrane.

For more information, we also calculated the intrinsic resistance of
the membrane (Rp,), the cake resistance (R.), the pore resistance (Rp),
and the total filtration resistance (Ry) for our analysis. These values will
provide a more detailed understanding of the filtration process (Farjami
et al., 2019).

3. Results and discussion

3.1. Characterization of AC-co-CS and ZIF-8@(AC-co-CS)
nanocomposites

To distinguish between AC-co-CS nanoparticles and ZIF-8@(AC-co-
CS) nanocomposites, various analyses were conducted, including ATR-
FTIR, XRD, FESEM, mapping analysis procedure images (MAP im-
ages), EDAX, and DLS have been carried out. Fig. 1 shows the results
obtained from ATR-FTIR and XRD analyses. In Fig. 1(a), the signal

Transmittance

ZIF-8@(AC-co-CS)
AC-co-CS
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identified at 3181 cm™! within AGC-co-GS indicates the existence of
functional groups such as O-H and -NH. Furthermore, the signals noted
at 3000 and 2923 cm ™! substantiate the presence of C-H functional
groups. ATR-FTIR spectra have highlighted diverse functional groups
within the AC-co-CS structure, encompassing C = O and -NHj; groups at
1570 cm ™! and 1422 cm !, Additionally, the peaks observed at 1178
em 11146 cm ™}, 1103 em ™, and 958 cm ™! suggested the presence of
C-O-C bonds, as well as the peaks observed at 684 em™L, 621 em™!
indicate the hydroxyl, amine, and carboxyl functional groups (Ebrahimi
et al., 2019). These wavenumbers correspond to out-of-plane bending
vibrations and complex vibrational modes characteristic of these func-
tional groups. We attribute the presence of these groups to the in-
teractions and structure of the AC-co-CS polymer, which incorporates
multiple functional groups, each contributing to the overall vibrational
spectrum. The peak at 684 cm™! is typically associated with bending
vibrations of hydroxyl groups (-OH) and, in certain contexts, may also
reflect the presence of carboxyl groups (-COOH). Conversely, the peak
at 621 cm ! is primarily attributed to the bending vibrations of amine
groups (-NHj;) and can sometimes overlap with the bending vibrations
of carboxyl groups. This overlapping of absorption bands explains the
apparent presence of multiple functional groups at these wavenumbers
(Farahani and Hosseini 2022). These findings were consistent with
previous studies and supported the proper characterization of AC-co-CS.
Hosseini et al. verified the ATR spectral bands corresponding to AC-co-
CS (Ebrahimi et al., 2019). Fig. 1(a) also displays the ATR-FTIR spec-
trum of the ZIF-8@(AC-co-CS) nanocomposite. The ATR-FTIR spectrum
of ZIF-8@(AC-co-CS) nanocomposites shows vibrational bands in the
ranges of 621-1308 and 1308-1500 cm ™!, which were linked to the
bending and stretching vibrations of the imidazole ring. Furthermore, a
distinct peak at 423.15 cm ™! was attributed to the Zn stretching vibra-
tion, confirming the successful synthesis of the ZIF-8@(AC-co-CS)
nanocomposite and the presence of known functional groups (Xiong
et al., 2022).

Fig. 1(b), (c) illustrates the XRD patterns of AC-co-CS and ZIF-8@
(AC-co-CS) nanocomposites. Fig. 1(c) diffraction pattern shows char-
acteristic peaks that correspond to AC and CS, as reported in previous

3500 3000 2500 2000 1500 1000 s500
Wavenumber (cnr)
AC-co-CS.XRDML
19
1000 (b) 6000 ZIF-8@(AC-co-CA) ( )
5004
0
Active carbon. XRDML
2000 4000
10004
0| Chitosan XRDML 2000
10004
S
500 i SRR W -
0
0

Position(2 theta]

Fig. 1. (a) ATR-FTIR spectrum and (b), (c) XRD patterns of synthesized AC-co-CS and ZIF-8@(AC-co-CS) nanocomposite.
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studies (Ebrahimi et al., 2019). The X-ray diffraction pattern for ZIF-8@
(AC-co-CS) values of 7°, 9°, 11°, 12°, 14°, 16°, 18°, 21°, 22°, 24°, 26°,
27°, 28°, and 29° Fig. 1(c) determines the creation of ZIF-8 as declared
by other investigators (Jacob et al., 2019, Khajavian et al., 2021), and
30°, 38°, and 40° related to peaks of AC and CS (Ebrahimi et al., 2019).
As shown in the FESEM images Fig. 2(a), (b), the nanostructures have
regular diameters and uniform nanostructure. Also, the surface of the
ZIF-8@(AC-co-CS) appears comparatively even, featuring octagonal
formations. FESEM images exhibit the characteristic morphology of ZIF-
8, which is consistent with the rhombic dodecahedron shape observed
by earlier studies (Ahmad et al., 2023). Additionally, the results show
that the diameter of ZIF-8@(AC-co-CS) increases after incorporating the
AC-co-CS nanocomposites. The uniform distribution of nanostructures
in size ranges from 70 to 200 nm. In the MAP images of the nanoparticle
shown in Fig. 2(c), one can observe a uniform dispersion of zinc, carbon,
oxygen, and nitrogen atoms throughout the nanoparticle structure.

The EDAX diagram Fig. 2(d) serves to pinpoint the elements through
peak positioning and quantifies their presence by measuring peak
heights, allowing for accurate elemental analysis. As observed, the
proportion of one component to another in nanoparticles consistently
aligns with the data presented in the relevant literature (Cao et al., 2017,
Bahador et al., 2021, Costa et al., 2023).
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The DLS analysis could determine the size variation of the nano-
structures. Fig. 2(e) shows the particle size distribution of the ZIF-8@
(AC-co-CS) samples. Most ZIF-8@(AC-co-CS) particles range in size
from 100 to 300 nm.

3.2. Characterization of ZIF-8@(AC-co-CS) /PES membrane

To investigate the structural changes in the PES nanofiltration
membrane during the modification process, the ATR-FTIR spectrum was
prepared from the bare membrane and the ZIF-8@(AC-co-CS) blended
PES membrane. Fig. 3(a) shows the ATR-FTIR analysis comparison of
these two samples. In both graphs, you can see the characteristic peaks
related to the structure of PES. The peaks obtained at 3357 cm ™! are
associated with the stretching of sp? C—H bonds attached to the aromatic
benzene ring in the structure of PES. The peaks at 1578 and 1486 cm ™
are related to the presence of C = C double bonds in the benzene ring. At
1241 em ™%, the characteristic peak corresponding to the C-O-C aromatic
ether bond in the structure of PES is observed. The peaks at 1105 and
1151 cm™! correspond to symmetric stretching, while those at 1296 and
1322 cm™! correspond to asymmetric stretching of the sulfone group
(SOy) within the PES structure. Additionally, the peaks observed in the
3500 to 3700 cm ™! range may be attributed to water molecules being

Znle

zrp
Zila

T g T T
100 1000 10000

Size (d. nm)

g
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Fig. 2. The FESEM images for (a), (b) ZIF-8@(AC-co-CS) nanocomposite and (c) MAP images of (O, ZN, N, and C), (d) EDAX analysis, and (e) DLS analysis for ZIF-8@

(AC-co-CS) nanocomposite.
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Fig. 3. (a) The ATR-FTIR spectra of the pristine and ZIF-8@(AC-co-CS) blended PES membranes; and (b) the surface and cross-sectional FESEM images along with

MAP images of (O, ZN, N, and C) for the prepared membrane.

absorbed by the MMM. This occurrence has been corroborated by
findings from previous studies (Halek et al., 2016, Ghiggi et al., 2017,
Rezania et al., 2019). However, within the obtained spectrum of the
modified membrane, a broad peak in the range of 3375 cm™! has
appeared, indicating the presence of an —-OH bond in the membrane
containing the ZIF8@(AC-co-CS) structure. Much like the PES mem-
brane, the spectral bands in the MMM containing ZIF-8@(AC-co-CS)
exhibit noticeable repetition. Nevertheless, we can infer the presence
of ZIF-8@(AC-co-CS) within the membrane structures from the three
analogous bands at 1662, 1304, and 1063 cm™'. These findings are
consistent with the results obtained from the ATR-FTIR analysis of ZIF-
8@(AC-co-CS). After examining the ATR-FTIR outcomes, we received a
MAP to ascertain the nanoparticle distribution within the membrane
structure, as shown in Fig. 3(b). The examination revealed that the
critical components of the nanoparticles, namely zinc, carbon, oxygen,
and nitrogen, were evenly distributed across both the surface and cross-
sectional areas of the MMM containing ZIF-8@(AC-co-CS).

Fig. 4 exhibits FESEM pictures portraying both the surface and cross-
sectional membrane samples. Early examination of all images of FESEM
shows that bare membranes and mixed matrix membranes all have an
asymmetric structure containing a select at the top and a porous layer
with a finger-link structure. As visible in the FESEM depiction of the PES
membrane (MO0), the separation layer exhibits substantial thickness,
while the membrane’s structure is dense. The MMMs containing ZIF-8@
(AC-co-CS) exhibit greater porosity than PES membranes. Table 3

presents the results for porosity. Moreover, the hydrophilic nature of
ZIF-8@(AC-co-CS) has enhanced the size and abundance of surface
pores (Hosseini et al., 2020). Exchange rate fluctuations during the
phase inversion process and the behavior of the casting solution pri-
marily influence pore formation and porosity structure (Vatanpour
et al., 2018, Khosravi et al., 2022). Furthermore, by adding 0.001,
0.005, and 0.01 wt% ZIF-8@(AC-co-CS) nanocomposite to the dope
solution, which gives them stable mechanical strength, no flaw on the
membrane was found (Seidypoor et al., 2023). The migration of nano-
composites toward the membrane’s surface results in a smooth surface
that amplifies the rate at which solvent (DMAc) and non-solvent (water)
interactions occur. Table 3 provides the roughness measurements of the
membrane surfaces. This phenomenon accelerates the transfer of the
non-solvent (water) mass through the membrane, resulting in an
increased deposition rate of PES during membrane fabrication. In turn, it
triggers instantaneous phase separation. The acceleration of a phase
transition generates more channels and cavities (Karami et al., 2023).
However, when incorporating 0.1 % and 1 % by weight of ZIF-8@(AC-
co-CS) nanocomposite into the membranes, the nanoparticles begin to
clump together, which slows down the phase change rate, the nano-
particles start to stick together more, which reduces the phase change
rate. This leads to a denser membrane structure with less porosity, fewer
cavities, and closed-end channels. As a result, a higher concentration of
nanocomposite leads to a denser membrane structure, as shown in
Table 3 (Mirzamohammadi et al., 2021). This study aimed to improve
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Table 3
Examining Membrane Parameters: Total Porosity, Average Pore Radius, and
Roughness Surface Characteristics.

Name Porosity Average pore Contact Roughness
(%) size (nm) angle (°) (nm)

Bare PES 64.2 £0.1 2.29 + 0.4 61.4 + 2.2 8.9

ZIF-8@(AC-co- 71.8 £0.2 246 +0.6 58.14 +£ 0.2 6.94
CS) 0.001 wt%

ZIF-8@(AC-co- 72.3 £0.1 278 +1.1 53.31 + 238 7.5
CS) 0.005 wt%

ZIF-8@(AC-co- 75.9 £0.1 3.3+0.2 51.1+21 4.61
CS) 0.01 wt%

ZIF-8@(AC-co- 69.8+03 29+05 46.4 + 2.4 7.16
CS) 0.1 wt%

ZIF-8@(AC-co- 67.8+0.7 24+1.5 42.17 £ 1.3 12.53

CS) 1 wt%

the effectiveness of a membrane in removing pollutants by introducing
varying concentrations of ZIF-8@(AC-co-CS) nanocomposite in its
structure. The results demonstrated that using ZIF-8@(AC-co-CS)/PES
membranes increased water flux and lower contact angles, improving
pollutant removal.

Table 3 presents the results of various tests on the prepared mem-
branes, including water contact angle (WCA) and porosity. The property
of hydrophilicity is connected to chemical structure and surface mem-
brane geometry. The surface hydrophilicity of the membrane signifi-
cantly affects its ability to allow substances to pass through while
resisting fouling (Hosseini et al., 2019). Calculating the WCA is a widely
used method for gauging the hydrophilicity of a membrane, where a
lower WCA indicates higher surface wettability and hydrophilicity. To
measure the hydrophilicity of the membrane surface, we used a contact
angle measuring device to measure the contact angle between water and
the membrane surface. The probe liquid used was deionized water, and
the contact angle was measured three times for each sample under
typical environmental conditions, with the resulting average angle being
reported. The results indicated that the bare PES membrane had the
highest WCA (61°), whereas incorporating 1 and 0.1 wt% ZIF-8@(AC-
co-CS) in the membranes reduced the WCA to 46° and 42°, respec-
tively. The hydrophilic nanocomposite migration to the membrane
surface through the phase inversion operation could cause a decrease in
WCA. The ZIF-8@(AC-co-CS) nanocomposite contains oxygen-
containing functional groups (—COOH and — OH) that attract water
molecules through strong hydrogen bonding (Cohen-Tanugi and
Grossman 2012). Additionally, these functional groups on the ZIF-8@
(AC-co-CS)/PES membrane play a crucial role in its water flux. Their
high capacity for water uptake enhances the membrane’s hydrophilicity,
leading to increased water flux even under low operating pressures.
Other studies have reported that incorporating CS reduces the WCA and
improves the membrane’s hydrophilic surface (Ganji et al., 2022, Salehi
et al., 2022, Khoerunnisa et al., 2023).

In Table 3, all MMMs containing ZIF-8@(AC-co-CS) exhibited larger
pores than MO. This could be attributed to the increased membrane
heterogeneity caused by the presence of ZIF-8@(AC-co-CS) nano-
composites. Furthermore, the heightened surface energy and efficient
dispersal attributes of the nanocomposites within the membrane struc-
ture potentially change the exchange rate. During the phase change,
interactions between the polymer solution and water molecules lead to
the formation of pores with larger diameters (Kali et al., 2023). The
improved separation performance observed in the MMMs containing
0.01 wt% ZIF-8@(AC-co-CS) compared to the MMMs containing 0.001
wt% and 0.005 wt% ZIF-8@(AC-co-CS) can be attributed to the higher
concentration of nanocomposites in the casting solution, which in-
creases the hydrophilicity and water diffusion rate (non-solvent) into the
developing membrane during the phase inversion process. However,
incorporating ZIF-8@(AC-co-CS) nanocomposite at 0.1 wt% and 1 wt%
into the PES membrane resulted in a noticeable decrease in both the
overall porosity and water flux of the blended membranes. This

Arabian Journal of Chemistry 17 (2024) 105951

phenomenon can be attributed to the pores-filling effect caused by the
nanocomposites, which reduces both membrane porosity. Fig. 5 illus-
trates 2D and 3D AFM pictures of both pristine and MMMs containing
ZIF-8@(AC-co-CS). Loading ZIF-8@(AC-co-CS) into the neat membrane
matrix decreases surface roughness (see Table 3). The ZIF-8@(AC-co-
CS) nanocomposite approaching the MMM surface generates notice-
able peaks and valleys at substantial intervals. The surface roughness of
the MMMs containing 0.001 and 0.005 wt% of ZIF-8@(AC-co-CS)
nanocomposite was decreased to 6.9 nm and 7.5 nm. increasing the
quantity of ZIF-8@(AC-co-CS) in the MMM up to 0.01 wt% results in a
smoother surface with peaks and valleys evenly spaced apart and re-
duces the surface roughness to 4.6 nm. This could be attributed to po-
tential electrostatic interactions between PES chains and NHy groups.
Nevertheless, increasing the ZIF-8@(AC-co-CS) concentration to 0.1 %
and 1 % by weight leads to a more significant accumulation of the
nanocomposite material on the MMM surface. This accumulation leads
to a rougher surface. Nevertheless, according to reports, the effects of
functional groups resulting from the increase in the number of amines
and hydroxyl groups on the membrane surface prevail over the surface
roughness effects, increasing hydrophilicity.

Table 4 displays the zeta potential values for the unmodified mem-
brane and membranes blended with ZIF-8@(AC-co-CS). The pH range of
the contaminants specified in Table 1 is 6-7, during which all mem-
branes exhibit a negative zeta potential. The presence of the ZIF-8@(AC-
co-CS) nanocomposite increases the negative charge on the modified
membrane’s surface due to the hydroxyl and carboxyl groups. This in-
crease in negative charge occurs because of the deprotonation of these
groups in an aqueous environment (Sahu et al., 2023). The surface
charge of pollutants such as dyes can vary depending on the solution pH.
Dyes can have positive, negative, or neutral charges at different pH
levels. Similarly, many metal ions have a positive charge. As a result, the
more excellent opposing surface electrical charge of the entire nano-
composite membrane, combined with the specific surface charges of the
contaminants, leads to improved removal efficiency due to electrostatic
interactions (Dutta et al., 2021, El-habacha et al., 2023, Cigeroglu et al.,
2024).

3.3. Mixed matrix membrane efficiency

3.3.1. Permeability, separation ability, and surface hydrophilicity

This study investigated the efficacy of membranes in filtering various
substances using a dead-end filtration system. We carefully considered
parameters such as permeability and separation ability. The perfor-
mance of the membranes was assessed by measuring factors including
PWF, rejection, and removal efficiency for different materials. Subse-
quently, the membranes underwent compression at a specific pressure
for 15 min after the experiments. During the filtration tests, we applied a
pressure of 0.45 MPa for 60 min. The results unveiled a direct correla-
tion between PWF and the surface’s hydrophilic properties, consistent
with findings from prior studies (Zareei and Hosseini 2019). Addition-
ally, Fig. 6 showed that the trend of PWF corresponded well with the
hydrophilic properties, total porosity, and average pore size of the
membranes. The study found that the PWF of the neat PES membrane
was initially 8 L/rnz.h, but with adding 0.01 wt% of ZIF-8@(AC-co-CS)
nanocomposites, it increased significantly to 28 L/m2.h. This is attrib-
uted to the abundance of amine groups in the ZIF-8@(AC-co-CS) struc-
ture, which increases the membrane’s surface hydrophilicity and mean
pore size and porosity. However, for the MMMs containing 0.1 and 1 wt
% of the nanocomposite, the pure water flux decreased to 21 L/m?h and
19 L/m?.h, respectively. As mentioned earlier, this decrease is attributed
to the reduction in the average pore size of the MMMs, the denser MMMs
structure, and the presence of closed-end channels. These results of the
FRR are illustrated in Fig. 6.

3.3.2. Anti-fouling performances of different the MMM
Membrane fouling is a critical issue in membrane filtration that can
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(a) Bare PES

Uy #

(¢) ZIF-8@(AC-co-CS) 0.005 wt%

(€) ZIF-8@(AC-co-CS) 0.1 wt%
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(b) ZIF-8@(AC-co-CS) 0.001 wt%

(f) ZIF-8@(AC-co-CS) 1 wt%

Fig. 5. The AFM images depict the prepared membranes.

Table 4
Comparing Zeta Potential of unmodified and ZIF-8@(AC-co-CS) blended
membranes.

Zeta Potential (mV)

pH Bare PES ZIF-8@(AC-co-CS)/PES
3 -0.34 1.53
4 -3.11 —3.46
6 —4.04 —4.92
7 -5.17 —6.59
8 —8.59 -9.87
10 -11.85 —15.53
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Fig. 6. The assessed pure water flux and average pore size for the pro-
duced membrane.

significantly impact the performance of the membrane. It reduces the
lifespan of the membrane, increases washing costs, and decreases
filtration efficiency. Addressing membrane fouling is a crucial aspect of
separation and filtration that relies on membranes (Du et al., 2023). One
potential solution to the membrane fouling problem is the incorporation
of hydrophilic nanofillers into the membrane, as suggested by other
researchers (Wang et al., 2022). To evaluate the performance of modi-
fied membranes, various substances, including milk powder solutions,
are used (Bagheripour et al., 2018, Farahani and Hosseini 2022, Khos-
ravi et al., 2022). In one experiment, we added a milk powder solution
with a concentration of 250 ppm to the membrane cell after measuring
the water permeation for 60 min. We assessed the permeate flux for an
additional hour before washing the fouled membrane. Then, the washed
membrane was tested for another hour to measure the pure water flux
again. Fig. 7(a) presents the results, demonstrating a decrease in water
permeability following the introduction of the milk powder solution,
followed by an increase after replacing the fouled solution with pure
water. This pattern occurs due to the elimination of reversible fouling
following membrane cleaning. In this study, we utilized the unique
characteristics of AC-co-CS composite nanoparticles to enhance the
surface area of ZIF-8. As a result, the ZIF-8@(AC-co-CS) nanocomposites
exhibited an improved surface area. This feature traps foulant particles
within the branches of the material and prevents them from passing
through the membrane. It is difficult to avoid this issue despite forming a
protein layer on the surface of the membrane through surface interac-
tion. However, it is possible to alter the composition of this layer by
incorporating nanoparticles into the matrix of the membrane and, or
modifying the surface of the membrane. These alterations result in
multiple active minutiae surrounding the particle, which reduces the
passage of protein molecules and enhances their interaction.
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Fig. 7. (a) The Membrane’s Combined Performance in Water Permeation,
Protein Solution Flux, Subsequent Pure Water, and (b) Flux Recovery Rate
(FRR) in the fabricated PES membrane.

Consequently, this helps to reduce the flux recovery ratio. The result was
previously reported in the literature [12].

As seen in Fig. 7(a) and Table 5, the modified MMMs generally
demonstrated improved permeance flux compared to the PES membrane
matrix. Among all the modified membranes, the membrane containing
0.01 wt% of ZIF-8@(AC-co-CS) nanocomposites showed better per-
meance flux. Enhancing permeability of the membrane relies on its
hydrophilicity and smooth surface.

The degree of FRR is a crucial factor in evaluating membrane anti-
fouling properties (Amiri et al., 2023). The calculated FRR for the pre-
pared membranes is presented in Fig. 7(b). According to the results, the
FRR for the pure PES membrane was 52 %, so it has fragile anti-fouling
properties compared to the modified MMMs. In this case, adding ZIF-8@
(AC-co-CS) nanocomposite up to 0.01 wt% increased the FRR param-
eter. The benefit can be explained by the unique properties of ZIF-8@
(AC-co-CS) nanocomposites, which include regular and hyperbranched
structures, porous spaces, and macromolecule features. These properties

Table 5
The amount of flux for the prepared membrane: Water Permeation(Jw,), Protein
Solution Flux(Jp), and Pure Water Flux for the clean membrane(Jws).

Name Jwy Jp Jwy
Bare PES 8 1 5
ZIF-8@(AC-co-CS) 0.001 wt% 15 2 13
ZIF-8@(AC-co-CS) 0.005 wt% 17 1 14
ZIF-8@(AC-co-CS) 0.01 wt% 28 9 22
ZIF-8@(AC-co-CS) 0.1 wt% 21 4 18
ZIF-8@(AC-co-CS) 1 wt% 19 5 15

11
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promote surface coverage and enhance the overall performance of the
membrane. Furthermore, as previously discussed, this phenomenon may
be attributed to the improvement in separation properties and the
chemical and physical performance of the membrane, such as surface
hydrophilicity and surface roughness. The decrease of FRR at high
nanocomposite concentrations may be due to increased surface rough-
ness and the aggregation of nanocomposites that would promote con-
centration polarization on the membrane surface.

Additionally, when evaluating the anti-fouling attributes of mem-
branes, other parameters such as R, R;, and irreversible fouling are
commonly considered (Moradi et al., 2023, Samari et al., 2024). Fig. 8
(a) depicts the recorded Ry, R;, and R;, values for both the unmodified
and modified membranes. R; originates from concentration polarization
and the buildup of fouling particles on the surface of the membrane, a
condition readily remedied through washing. Conversely, irreversible
fouling results from the permanent adhesion of fouling-agent particles
within the membrane’s pores and along its surface, resisting easy
removal through washing [45, 46]. The introduction of ZIF-8@(AC-co-
CS) at a concentration of 0.01 wt% displayed a higher (R;/R;,) ratio.
This phenomenon can be attributed to the increased hydrophilic nature
of the nanocomposite membrane, resulting from the presence of hy-
droxyl and amine groups within the AC-co-CS structure. Conversely,
protonated terminal groups and the surface of AC-co-CS are active lo-
cations for chemical bonding, generating an increased surface charge of
the nanocomposite membrane (Mohammadifakhr et al., 2020). As a
result, incorporating them into the framework of the ZIF-8 structure has
yielded favorable outcomes, as evidenced by the reduction in WCA and
enhancement in porosity upon introducing these nanocomposites into
the casting solution. Water molecules are more likely to adsorb onto
membranes with higher surface hydrophilicity. These accumulated
water molecules form a protective layer that hinders the foulant depo-
sition on the membrane surface. As illustrated in Fig. 8(b), the amounts
of Ry, Rp, and R, exhibited a substantial reduction in the 0.01 wt% ZIF-
8@(AC-co-CS) nanocomposite membrane compared to the unmodified
membrane. They were notably lower than those observed in other
modified membranes. The compressibility of the cake layer depends on
operational parameters such as volume, duration, surface flux, pressure,
and surface area (Bian et al., 2022). A denser cake layer reduces porosity
and enhances the resistance of the pores to water flow, leading to
decreased fluid permeation (Szczesniak et al., 2018, Nasrollahi et al.,
2019). The cake resistance plays a crucial role in membrane separation
processes, influencing both the longevity and efficiency of the
membrane.

3.3.3. Flux stability in salt solution separation

To assess the stability of flux during salt solution separation, we
repeated the flux experiment multiple times and evaluated the results.
The purpose of these experiments was to measure the membranes’
ability to consistently maintain a high flux rate over an extended period.
For this study, we conducted six flux experiments on the modified
membrane, labeled as experiments 1 through 6. For the flux measure-
ments for each experiment, we recorded the results as follows: 27.4,
26.6,25.4, 25.5, 26.2, and 26.7 L/m2.h, respectively. The results showed
a relatively consistent flux for this sample throughout the filtration
experiment, which is due to its strong recovery capability.

3.3.4. Performance of membrane separation

The research evaluated the effectiveness of both unmodified and
modified membranes in removing various substances, including NaSO4
and MgSOy, salt solutions, dyes, and heavy metals. The separation effi-
ciency of the modified membranes is illustrated in Fig. 9, showing their
effectiveness in removing various types of contaminants. The primary
mechanisms contributing to membrane rejection include Donnan
exclusion, sieving, hydrophobic interactions, adsorption, and solute
dehydration (Gao et al., 2023, Nellur et al., 2023). Charge-dependent
separation results from the Donnan effect of electrostatic phenomena
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Fig. 8. (a) Fouling ratio and (b) Membrane Fouling Resistance Parameters.

(Naik et al., 2021, Sun et al., 2023), while size-dependent separation
occurs through a sieving mechanism. (Zhang et al., 2023). Fig. 9(a) il-
lustrates the outcomes of the separation process for salts such as NaxSO4
and MgSO4. The rejection sequence for all membranes followed the
pattern NaySO4 > MgSO4, which corresponded well with the typical
rejection sequence observed in negatively charged nanofiltration
membranes. Among the prepared membranes, the PES membrane
exhibited the least effective separation performance because, in its
structure, there are no sites for either excretion or adsorption. The ZIF-
8@(AC-co-CS) 0.01 wt% membrane exhibited rejections of 96 % for
NaySO4 and 89 % for MgSO4. This membrane, with larger pores and a
thinner separation layer than other membranes, demonstrated superior
separation efficiency. The results for the thickness of the separation
layer are presented in Fig. 4. Furthermore, the enhanced salt rejection is
primarily attributed to Donnan exclusion facilitated by the negative
charge of the ZIF-8@(AC-co-CS) 0.01 wt% membrane (as provided in
Table 4). The modified membranes, incorporating ZIF-8, AC, and CS,
exhibit enhanced adsorption properties, potentially leading to increased
selective adsorption of divalent salts and higher retention than the bare
membrane (Gowriboy et al., 2022, Sharma et al., 2023). The presence of
amine functional groups on the nanocomposite surface introduces a
negative charge and free electron pairs from nitrogen. This enhances the
interaction between divalent ions and the membrane surface, leading to
a stronger attraction for Mg ions than Na ions (Gao et al., 2022, Moradi
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et al., 2022). Additionally, divalent ions can poison the surface func-
tional groups of the membrane due to their strong interactions. Conse-
quently, the probability of penetration through the membrane increases,
and selectivity decreases. This results in a reduction in the efficiency of
separation for Mg cations compared to Na cations. However, the
decreased salt rejection observed in ZIF-8@(AC-co-CS) 0.1 wt% and ZIF-
8@(AC-co-CS) 1 wt% membrane could be attributed to the aggregation
of nanoparticles at elevated additive concentrations, falling below their
adsorption capacity. In addition, the formation of cracks within the
membrane matrix may contribute to this decline in rejection, leading to
a decrease in salt rejection. The discharge of heavy metals is a significant
environmental concern that can lead to various illnesses and pose risks
to human health. Fig. 9(a) depicts an analysis of the rejection of solu-
tions containing CrSO4 and CuSOg4. The key factor contributing to the
increased rejection is the adsorption mechanism triggered by the satu-
ration of membrane adsorption sites due to adsorbed Cr?t and Cu?*
metal ions on the membrane surface. For all the fabricated membranes,
the order of rejection was Cr?t > Cu?*t. As shown in Fig. 9(a) the ZIF-8@
(AC-co-CS) 0.01 wt% membrane exhibited the highest efficiency in
separating and removing CrSO4 (96.04 %) and CuSO4 (94.36 %),
compared to the bare membrane, which only achieved 62 % and 55 %
removal, respectively. This improvement results from nitrogen and ox-
ygen atoms in the amine, carboxyl, and hydroxyl end groups within ZIF-
8@(AC-co-CS). Additionally, the synergy of a negatively charged
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Fig. 9. (a) Salt solutions retention and (b) the results of dye rejection for the prepared MMMs.

membrane surface and the effective adsorption of nanostructures play a
crucial role in excluding heavy metal ions through electrostatic inter-
action (see Table 4) (Zareei et al., 2021). This mechanism leads to the
rejection of these ions. However, the marginal decrease in heavy metal
ion rejection in the ZIF-8@(AC-co-CS) 0.1 wt% and 1 wt% membrane
compared to the ZIF-8@(AC-co-CS) 0.01 wt% membrane can be attrib-
uted to the aggregation of nanocomposites at higher concentrations of
ZIF-8@(AC-co-CS) within the membrane structure and available
adsorption sites of the nanocomposites. Typically, the removal effi-
ciency of ions increases when the co-ion possesses a higher valence and a
larger hydrated radius, as these factors contribute to heightened repul-
sion between ions. Moreover, a high hydrated radius coupled with a low
ionic radius leads to diminished ion diffusion into the nanocomposites
and membrane surface. Consequently, Cr2", with its larger hydrated
radius and smaller ionic radius, exhibits a higher capacity for removal
than Cu?*. This disparity can be attributed to the effects of steric hin-
drance and the difficulty of ions passing through the nanocomposites
(Bandehali et al., 2019, Seidypoor et al., 2023).

The results depicted in Fig. 9(b) illustrate the removal percentage for
different dyes. The primary factors influencing separation in nano-
filtration systems are the charge and size of the particles or molecules
involved. These mechanisms play pivotal roles in the ability of the
membrane to reject various substances and facilitate the purification
process. This membrane demonstrated superior separation efficiency
due to its larger pores and thinner separation layer compared to other
membranes. Filtration experiments were conducted using solutions of
MB, RhB, and reactive dyes, including RY39, RY145, RB21, and RB50,
each at a concentration of 20 ppm. These experiments were performed at
room temperature and a pressure of 4.5 bar. The dye rejection outcomes
for the composite membranes are displayed in Fig. 9(b). The figure
demonstrates that the enhanced ZIF-8 @(AC-co-CS) membrane exhibited
an elimination efficiency ranging from 67 % to 97 % for MB, RhB, and all
four reactive dyes, underscoring its superior performance. Furthermore,
the improved effectiveness of the modified membranes in eliminating
pollutants may be attributed to electrostatic repulsion between the
negatively charged membranes and the reactive anionic dyes, all four of
which are negatively charged, particularly under normal pH conditions.
The zeta potential of the modified membrane, measured at pH 7, was
found to be —6.59. Enhancing the hydrophilicity of the membrane also
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tended to facilitate the diffusion of water molecules while inhibiting the
diffusion of polar organic compounds, such as dyes. The removal effi-
ciency for methyl blue and Rhodamine B dyes was Superior to all
reactive dyes. We assessed the best membrane for its ability to remove
various dyes. The membrane containing 0.01 wt% nanocomposites
performed best in removal efficiency and flux for reactive blue 50 and
21, the former due to its lower molecular weight and the latter for its
higher molecular weight compared to other reactive anionic dyes with
similar molecular weight. This indicates that the capacity of the mem-
brane to filter dyes is influenced by both molecular weight and chemical
structure. Furthermore, the shape of the dyes was noted to play a crucial
role in determining both the percentage of removal and the passing flux.
Specifically, spherical dyes demonstrated higher removal efficiency
compared to dyes with a straight structure (Khosravi et al., 2022). So, in
contrast, RB21 and RB50 have spherical structures, while RY39 and
RY145 have bar structures, exhibiting a lower degree of removal capa-
bility. The composite membrane containing 0.01 wt% nanocomposites
showed the highest dye retention, with rates of 97.8 % for MB, 96.2 %
for RhB, 94.6 % for RB50, 91 % for RB21, 89.8 % for RY145, and 86.7 %
for RY39. It is important to note that as the concentration of ZIF-8@(AC-
co0-CS) nanocomposite in the membrane structure increased from 0.1 %
to 1 %, the rejection of the studied dyes decreased. This decrease was
likely due to changes in surface charge and pore size.

4. Comparison with other literature

A summary of different research studies investigating the removal of
contaminants such as dye, heavy metals, and salt is presented in Table 6.
These studies, including the current research, indicate that incorpo-
rating hydrophilic nanoparticles into the PES membrane matrix is a
highly effective approach for reducing these pollutants. Moreover, the
results of this study provide evidence that enhancing the PES membrane
through the utilization of MOF and nanostructure methods can signifi-
cantly improve its performance in pollutant removal. The modified PES
membrane exhibited a removal efficiency exceeding 80 % for salts and
over 90 % for heavy metals and reactive dyes. Table 6 compares the
separation efficiency of the ZIF-8@(AC-co-CS)/PES membrane with
those reported in some recently published articles. The data show that
the membrane synthesized in this study achieved the highest rejection
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Table 6

Performance Comparison: ZIF-8@(AC-co-CS)/PES membrane vs. reported results.
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Polymer and Concentration (wt %) Membrane type

Additive

Solute rejected (%)

Ref

PES20 NF

PES20 NF
PES21 NF

PAA-MWCNT 0.1 wt%

Tannin acid/ boehmite
GO/TiO2 0.1 wt%

Nay504:93.20
NaCl: 40.56

Direct Red 16: >96
Green 19:95.50

(Daraei et al., 2013)

(Zhang et al., 2014)
(Safarpour et al., 2016)

PES 21 NF NH2-MWCNT

PES21 NF NCDs

PES15 UFended ZIF-8@MXene
PES20 NF
PES20 NF
PES20 NF Fe304@Si02-CS

PES18 NF

PES20 NF Cu-MOF@CA

PES21 NF Mil-Den 0.2 wt%

PES 18 NF Cu0

PES 18 NF
PES NF
PES NF

Ui0-66-NH,
Ag/Cu

PES18 NF

amine-functionalized boron nitride 1 wt%
PVA-GO-NaAlg 1 wt%

Uio-66-NH2 0.01 wt%

Fumarate-alumoxane

ZIF-8@(AC-co-CS) 0.01wt%

Yellow 12:93.30

Blue 21:79.72
NayS04:36.71
NaCl:95.72
NayS04:80.3
MgS04:63.5
NaCl:20.7

RR198: > 99.2
NayS04:10
Rhodamine B:98
Reactive Blue 19:>99
Lanasol blue 3R:88.90
NayS04:97.75
Methylene Blue:38.25
Nay504:93.20
MgS04:89.27

NaCl: 40.56
MgCl,:52.5

Blue 21:83.60
Rhodamine B:94.20
HA:79

BSA:85

NayS04:65.21
Pb(NO3): 97.36
Cefixime:80.04
Green 19:99.31

Blue 50:85.18

Blue 21:98.20
Yellow 145:94.67
Yellow 160:82.49
Yellow 39:79.05
Nay504:66.94
Pb(NO3), :85.08
CrS04 :79.38
Cu(NO3)2:81

Direct red 16: 99
Reactive Blue 50: 98.5
Pb(I1):92.6

reactive black 5:96.4
reactive red:98.4
NayS04:96.85
MgS04:86.05

CrSO4 : 97.50
Cu(NO3),:94.30

Blue 50:92.20

Blue 21:94.89
Yellow 145:89.49
Yellow 39:86.05
Rhodamine B:95.18
Methylene Blue:97.33

(Zinadini et al., 2017)

(Wang et al., 2017)

(Yao et al., 2022)
(Vatanpour et al., 2020)
(Amiri et al., 2020)

(Kamari and Shahbazi 2021)

(Farahani and Hosseini 2022)

(Gowriboy et al., 2022)

(Khosravi et al., 2022)

(Moghadassi et al., 2023)

(Moradi et al., 2023)
(Yu et al., 2024)
(Vatanpour et al., 2024)

This work

rates for various contaminants, including MB, RhB, RB50, RB21, RY145,
RY39, NayS04, MgS04, CrSO4, and CuSO4, among different MMMs. The
specific solute rejection rates were 96.85 % for NaySO4, 86.05 % for
MgSO4, 97.50 % for CrSO4, and 96.30 % for CuSOy4. This performance
improvement is attributed to incorporating the ZIF-8@(AC-co-CS)
nanocomposite. The exceptionally high separation efficiency of the
ZIF-8@(AC-co-CS)/PES membrane, compared to similar membranes,
underscores its cost-effectiveness in filtration processes.

5. Conclusion

This study prepared a new nanocomposite ZIF-8@AC-co-CS/PES
membrane for water treatment. The ZIF-8@(AC-co-CS) nanocomposite
was synthesized using a co-precipitation method and examined using
FTIR, FESEM, and XRD analyses. These analyses confirm that my
nanocomposite, ZIF-8@(AC-co-CS), was synthesized with uniform size.
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FTIR and XRD decisively confirm the formation of ZIF-8@(AC-co-CS).
PES/ZIF-8@(AC-co-CS) membrane properties were also investigated
by FESEM, porosity analysis, water content measurement, roughness
assessment, water contact angle measurement, flux evaluation, separa-
tion efficiency testing, and fouling analysis. The investigation outcomes
revealed that the modified membranes led to enhanced hydrophilicity.
According to the results, the ZIF-8@(AC-co-CS) nanocomposite was
included due to the NHy and hydroxyl groups present in its unique
structure, improving the hydrophilicity of the membrane. Using a
combination of AC and CS in modifying ZIF-8 structures facilitated the
creation of active sites with a strong affinity to interact with metal ions,
enabling effective contaminant removal. The results obtained from
FESEM and AFM analyses indicated significant increases in permeability
compared to the pristine membrane. Incorporating the nanocomposite
into the casting solutions enhanced total porosity, Mean pore diameter,
and permeability. Notably, the MMM containing 0.01 wt% of ZIF-8@
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(AC-co-CS) demonstrated a substantial increase in water permeability,
reaching three and half times that of the virgin PES membrane. Addi-
tionally, the outcome showed that the membrane with 0.01 wt% ZIF-8@
(AC-co-CS) displayed superior performance in removing various con-
taminants. The surface roughness of the blended membrane containing
0.01 wt% ZIF-8@(AC-co-CS) nanoparticles was nearly half that of the
pristine membrane. The WCA of the membrane was also reduced from
61.4° to 42.17° using ZIF-8@(AC-co-CS) nanocomposite. The anti-
fouling results demonstrated that introducing the modified additives to
the membrane significantly increased the flux recovery ratio (FRR) from
71 % to 97 % compared to the unmodified membrane. Rejection
measured 97 % for MB, 96.2 % for RhB, 94.6 % for RB50, 91 % for RB21,
89.8 % for RY145, and 86.7 % for RY39, 96.85 % for NaySOy4, 86.05 %
for MgS04, 97.50 % for CrSO4, and 96.30 % for CuSOy4. Furthermore,
MMMs exhibit enhanced rejection of cationic dyes compared to anionic
dyes. This finding suggests that the blended ZIF-8@(AC-co-CS)/PES-
based membranes have great promise for water treatment applica-
tions. The ZIF-8@(AC-co-CS)/PES-based membrane is a modified
membrane that offers promising application fields and prospects. Its
excellent filtration properties, selective permeation of gases, biocom-
patibility, and potential uses in water treatment, gas separation,
biomedical engineering, and energy storage make it a versatile and
valuable material. As research and development continue, it is antici-
pated that the ZIF-8@(AC-co-CS)/PES-based membrane will find even
more applications in various fields, contributing to advancements in
technology, medicine, and environmental sustainability.
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