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ABSTRACT

The growth of nanotechnology has sparked a new wave of interest in membrane technologies, particularly due to
the invention of nanocomposite membranes. Zeolitic imidazolate frameworks (ZIF-8), a subclass of metal-organic
frameworks (MOF) materials known for their chemical and thermal stability, were incorporated into polysulfone
(PSU) ultrafiltration membranes for the removal of oil from water. Nanocomposite PSU-ZIF-8 membranes were
prepared by adding varying amounts of ZIF-8 nanoparticles (0.025, 0.05, and 0.075 wt%) into the polymeric PSU
solution. The membranes were characterized by contact angle (CA), X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), field emission scanning electron microscopy (FE-SEM), and porosity analysis. The
highest porosity, 70%, was observed for the PSU/ZIF-8-0.05 wt.% membrane. The porosity was used to assess the
membrane’s performance in terms of fluid passage and selective filtration efficiency. Membranes with and without
ZIF-8 were tested for flux and oil rejection. The PSU membrane without ZIF-8 showed a flux of 50 L/m*-h and 86%
oil rejection. With the addition of ZIF-8, the flux increased, with the PSU/ZIF-8-0.025 wt.% membrane achieving
53.57 L/m*-h and 87% oil rejection. Performance continued to improve with higher ZIF-8 concentrations, with
peak performance reached at 0.05 wt.% ZIF-8, which resulted in enhanced flux and oil rejection efficiency.

Keywords: membrane, metal-organic frameworks, zeolitic imidazolate frameworks, ultrafiltration, oily wastewater.

INTRODUCTION

well for treating wastewater at its primary stage,
separating solid sludge from the wastewater

Oily wastewater comprises fats, oils, greas-
es, and dissolved organic and/or inorganic sub-
stances in suspension (Yu et al., 2017). Various
industries, including metal processing, edible
oil refineries, petrochemical industries, tan-
nery industries, etc., produce oil-contaminated
wastewater. Several methods are used to process
and remove oil from polluted water (Al-Jadir
et al., 2022; Zhao et al., 2021). Include physi-
cal techniques like sedimentation, filtration, and
clarity; chemical techniques like flocculation/
coagulation, chemical disinfection, and distil-
lation; and biological techniques like microbial
treatment to eliminate pollutants (Cococeanu &
Man, 2021). Certain traditional methods work

and removing soil contaminants and naturally
occurring organic matter (G. Li et al., 2018).
Advanced approaches to treatment are required
for substances that cannot be separated using
typical methods during the initial phase of treat-
ment (Parsons, 2004). These techniques include
enhanced oxidation processes, membrane-based
techniques, and adsorption technologies. Ad-
sorption-based methods is the process in which
an ion or molecule from a liquid or gaseous
bulk-phase clings to a solid surface (Rathi &
Kumar, 2021). There are two possible ways that
water contaminants can adsorb on sorbent mate-
rials: chemisorption or physisorption (Mulay &
Martsinovich, 2023). Advanced oxidation refers
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to chemical oxidation using hydroxyl radicals,
which are highly reactive and short-lived oxi-
dants. The radicals must be created on-site in a
reactor where they may interact with the organ-
ics in the waste product (Deng & Zhao, 2015).
Nature-based techniques entail using natural
aggregates to remove pollution. For example, a
natural process is phytoremediation. These ways
utilize layers of organic materials to filter waste-
water (Rozkosny et al., 2014). Membrane-based
methods are further kind based on the type and
size of the membrane. Commercially available
membrane-based processes include nanofiltra-
tion (NF), microfiltration (MF), ultrafiltration
(UF), and reverse osmosis (a pressure-based ap-
proach (Singh & Hankins, 2016). The effective-
ness of membrane-based methods is dependent
on the size of the membrane pores and the size of
the pollutants, the chemical and thermal stabil-
ity of membranes and pollutants, the reusability
of membranes, and their selectivity towards pol-
lutant removal (Nawaz et al., 2016). Membrane-
based techniques are efficient in eliminating
contaminants of various sizes. Although ultrafil-
tration is good at removing viruses and natural
organic matter (NOM), nanofiltration effectively
removes certain salts. It has also been used to
remove color from textile wastewater (Ji et al.,
2017). Microfiltration may be helpful for the re-
moval of some microorganisms, clay particles,
and microplastics (Dasgupta et al., 2015) The
permeability and selectivity of the polymeric
membranes hindered their performance. MOFs,
nano-silica, zeolite 4A etc. can be incorporated
in membrane matrix to improve membrane per-
formance (Al-Furaiji et al., 2018)Therefore,
adding nanofillers such as metal oxides. A sub-
class of MOFs, zeolitic imidazolate frameworks
(ZIFs) are emerging as a novel class of molecu-
lar sieves with extremely variable and diversi-
fied structural characteristics and low cost. ZIFs,
which were made from three-dimensional arrays
of tetrahedral metallic ions joined by organic
ligands, were distinguished by their high crys-
talline nature and porous structure (Beauregard

Table 1. Synthesized membrane composition

et al., 2020) .Several analytical methods, includ-
ing FT-IR, XRD, SEM, AFM, and contact angle
analysis, were used to investigate the physical
and chemical properties of the produced materi-
als. This study aims to enhance the performance
of polysulfone (PSU) ultrafiltration membranes
by adding ZIF-8 nanoparticles and examining
how they affect the shape of membranes and the
effectiveness of oil removal from aqueous solu-
tions. Finding the ideal ZIF-8 concentration to
increase flux and separation efficiency.

MATERIALS AND METHODS

Materials

Polysulfone with a molecular weight of
22,000 g/mol was ordered from Xi'an Lyphar Bio-
tech Co., Ltd., China. N, N-dimethylformamide
(DMF, Mw = 73.1 g/mol), as a solvent, was pur-
chased from Thomas Baker (Chemicals) Pvt. Ltd.
(Mumbai, India). Tween 80 was obtained from
Hopkin & Williams Ltd. (Wolverhampton, UK),
while the midland Iraqi refineries company pro-
vided kerosene. Zinc nitrate hexahydrate from
SRL (Sisco Research Laboratories)-India, Metha-
nol from Hayman-UK, 2-methylimidazole from
Sigma-Aldrich (Kenilworth, NJ, USA) and a lo-
cally fabricated system (Table 1).

Preparation of MOFs-ZIF-8

First, 2-methylimidazole (1.313 g in 10 ml
methanol) and zinc nitrate hexahydrate (0.594
g in 10 ml methanol) were separately dissolved
in methanol. ZIF-8 particle generation was then
carried out in an ice bath while being agitated at
a speed of 250 rpm after 10 mL of zinc nitrate
hexahydrate solution was added to 10 mL of
2-methyl imidazole solution. After ten minutes,
the reaction was stopped by adding 100 milli-
liters of methanol to the reaction mixture. The
generated ZIF-8 particles were separated from
the reaction mixture by centrifugation, which

Membrane PSU wt.% DMF wt.% ZIF-8 (9)
ZIF-8-0 14% 86 0
ZIF-8-0.025 14% 86 0.0025
ZIF-8-0.005 14% 86 0.005
ZIF-8-0.0075 14% 86 0.0075
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was run for 20 minutes at 8000 rpm. To get rid of
the unreacted reactants, the ZIF-8 particles un-
derwent two cycles of centrifugation and meth-
anol washing. In the end, ZIF-8 particles were
created and kept for further use.

Preparation of UF membranes

The PSU UF membranes used in this research
were prepared using the phase inversion method.
Firstly, the casting solution was prepared by dis-
solving the appropriate amount of PSU in DMF
solvent in a weight ratio of 14%. The obtained
mixture was stirred for 6 h at 60 °C and left over-
night for degassing at room temperature. Then, the
casting polymeric solution was poured on a clean
glass plate and cast using a casting Gardner knife
(Filmography: film casting doctor blade) at a thick-
ness of 180 pm. the glass plate with the polymeric
solution was then immersed directly in a water bath
at room temperature. The flat sheet PSU membrane
was detached in a few seconds from the glass plate
and stored in DI water at 4 °C before testing. The
PSU-MOFs ZIF-8 membranes were prepared using
the same procedure, except the appropriate amount
of the MOFs ZIF-8 nanoparticles was added to the
casting solution before the phase inversion method.

Preparation for oily wastewater

0.5 g of kerosene was measured and mixed
with 1000 mL of distilled water to create a kero-
sene-in-water emulsion. A few drops of Tween 80
were added to the mixture to improve emulsifica-
tion. To guarantee that the kerosene droplets were
well distributed throughout the aqueous phase,
the mixture was stirred for five minutes using a
mechanical stirrer.

Characterization

The chemical composition of the generated
membranes was ascertained using the Fourier trans-
form infrared-attenuated total reflection (FTIR)
(Thermo Scientific Nicolet iS20 (USA)) method.
A scanning electron microscope (SEM) (TESCAN
MIRA3 FRENCH) was used to display the morpho-
logical microstructure of the produced membranes
and the ZIF-8 NPs. AFM (Angstrom Advanced
Inc., 2008, U.S.A.) was utilized to determine the
produced membranes’ surface roughness. A gravi-
metric technique was used to assess the membrane
sample’s porosity. The diameters and zeta potentials

of the ZIF-8 NPs were measured using the zeta plus
analyzer, Brookhaven, USA. Powder X-ray diffrac-
tion (XRD) patterns were recorded using an X-ray
diffractometer (XRD 6000/SHIMADZU, Japan),
theta light (TL100 and TL101)-Finland, UV-VIS
from biotech engineering management (UK).

RESULTS AND DISCUSSION

Results of ZIF-8 and UF membranes tests

We successfully generated ZIF-8§ NPs. An
SEM image of the ZIF-8-produced nanoparticles
with a regular shape can be seen in Figure 1. The
ZIF-8 sample is shown in Figure 1, where it is evi-
dent that the particles were dispersed across the en-
tire film thickness. This sample showed both small
and big particles. This investigation revealed a di-
ameter of approximately 59.120, 50.228, 50.139,
and 45.263 nm. The ligand is responsible for the
nitrogen atoms present in the ZIF-8 structure. A cu-
bic crystal system with space group number 217 (I-
43m) is revealed for the compound, and the peaks
showed a good match, confirming that ZIF-8. The
material’s crystallinity was ascertained using XRD
Figure 2, which yielded crystallographic data
typical of zeolitic imidazolate frameworks. The
chemical formula, Zn12.00N48.00C75.60H79.80,
shows a different stoichiometry than the conven-
tional ZIF-8 (Arunachalam et al., 2021). The XRD
result showed that the sample is mostly composed
of carbon and nitrogen with trace levels of zinc.
According to Figure 2, the XRD pattern displays
peaks at 20 of 26.3° and 29.7° that correspond to

SEM MAG: 330 kx | Det: InBeam
WD: 4.63 mm | BI: 7.00 100 nm

View field: 0.629 ym |Date(m/dly): 09/23/24

Figure 1. SEM images of the surface structure and
the morphology
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Figure 2. XRD analysis of ZIF-8 nanoparticles

the reflection planes (011) and (112), respectively.
These peaks are all crystalline features of phase
formation. The size of the formed crystallites (D)
can be calculated by the Debye—Scherrer equation
(Vinila et al., 2014):
D=kA/BCOS O (1)
where: D — the average grain size, k — a numerical
factor frequently referred to as the crys-
tallite-shape factor (taken as 0.9), A — the
wavelength of the X-rays, f — the width
(full-width at half-maximum) of the X-ray
diffraction peak in radians, 6 — the Bragg
angle.

The SEM images demonstrate the formation
of regular-shaped nanoparticles of the synthesized
ZIF-8. This study also revealed that, in addition to
the regular spherical shape, the particles are packed
in a regular spherical shape, and they have a struc-
ture. Figure 3 also shows the findings of the exam-
ination of the atomic energy microscope (AFM),
and it seems that the AFM image of the ZIF-8
particles in two and three dimensions is displayed
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4A5 um
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there. As seen in Figure 4, ZIF-8 nanoparticles
(NPs) exhibit a zeta potential of -39.53 mV, indi-
cating that their dispersion is extremely stable. The
Zeta-Potential measures the electrostatic repulsion
between particles; a high value indicates strong re-
pulsive forces, which often aid in maintaining col-
loidal stability by preventing aggregation. In this
case, ZIF-8 NPs most likely have a strong ability to
remain disseminated in solution due to their posi-
tive surface charge (Costa et al., 2023).

As shown in Figure 5 the morphological evalu-
ation of polysulfone membrane with and without
ZIF-8 shows notable structural variations in cross-
sectional and surface characteristics. The compara-
tively smooth and dense surface appearance of the
polysulfone membranes (A and C) is typical of
phase-inversion membranes. The cross-sectional
SEM picture (C) displays an asymmetric structure
with a porous sublayer made up of spaces that re-
semble fingers and a dense top layer. With the po-
rous support improving mechanical stability and
water transport and the dense skin layer controlling
separation performance, this shape guarantees a

0 50

100 150
Average Size range, nm

200

Figure 3. AFM scan showing top surface topography of ZIF-8 nanoparticles
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Figure 4. Zeta potential of ZIF-8 nanoparticles

Figure 5. SEM images of polysulfone membranes: (A, C) pristine polysulfone membranes without ZIF-8,
(B, D) polysulfone membranes with ZIF-8 incorporation cross section

balance between selectivity and permeability. The
presence of scattered nanoparticles within the poly-
mer matrix causes the surface morphology (B) to
become rougher upon the addition of ZIF-8 (B and
D). The hydrophilicity, water affinity, and antifoul-
ing qualities can all be improved by this increased
surface roughness. In contrast to the pristine mem-
brane, the membrane structure shows bigger and
more linked pores in the cross-sectional image (D).
ZIF-8 promotes pore formation and increases water
permeability by influencing phase separation dur-
ing membrane manufacturing. However, too much
ZIF-8 loading might cause partial pore blockage or
nanoparticle aggregation, which can lower the effec-
tive permeability area and affect filtration efficiency.

These morphological changes suggest that ZIF-8 is
essential for modifying the porosity of membranes,
surface characteristics, and overall filtering effec-
tiveness. To optimize performance without sacrific-
ing membrane integrity, ZIF-8 concentration must
be properly optimized (Mei et al., 2020).

FTIR ANALYSIS

The Fourier transmission infrared spectrometer
is an essential chemical characterization method
for identifying the functional groups contained in
a substance. The surface of the pristine PSU 14%
membrane and the composite membranes with the
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addition of ZIF-8 nanoparticles were compared
using FTIR-ATR analysis, as shown in Figures 6,
7, and 8. As shown in Figure 6 The Zn-N stretch-
ing vibration is identified in the literature as being
about 420.48 cm™ in the FTIR spectra of clean
ZIF-8, followed by the C—N stretching vibration at
1141.86 cm™! and the C—C in-stretching vibration
at 1583.56 cm’!. Peaks at 2926.01 cm™' (aromatic)
and 3126.61 cm™ aliphatic of C-H cm' stretching
and 1583 cm! emerge of C=N (Zhang et al., 2018).

Peaks at 1494.83 cm™ and 1585.49 cm™ (C-C
ring stretching vibration), 1298.09 cm™ (O=S=0

asymmetric stretching vibration), 124.16 cm'
(C-O stretching vibration), 1157.29 cm™ (O=S=0
Ring symmetric vibration), and 1012 cm™ (aryl
groups) are visible in the FTIR spectra of the
polysulfone membranes in Figure 7 (Arunacha-
lam et al., 2021). Figure 8 displays the PSU/ZIF-8
membrane’s FTIR spectra. The primary peaks of
ZIF-8 are situated at 1157 cm’!, ascribed to the
C-N stretching, and 1585.49 cm!, assigned to the
C=N stretching. The distinct stretching of Zn-N
and Zn-o is represented by the 422.41 and 464.84
cm! peaks, respectively (Tsai & Langner, 2016).
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Figure 6. FTIR (ZIF-8) nanoparticles
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Figure 8. FTIR membrane polysulfone with ZIF-8 nanoparticles
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CONTACT ANGLE AND POROSITY
ANALYSES OF MEMBRANES

The contact angle measurements for polysul-
fone (PSF) membranes under different circum-
stances are shown in Figure 9A. The hydrophobic-
ity of the untreated PSF membrane is demonstrated
by its average contact angle of 73,62°. The poly-
mer’s natural chemical structure, which includes
sulfone groups and aromatic rings, gives it hydro-
phobic properties. The observed high contact angle
results from these non-polar components’ poor in-
teraction with water molecules. Nevertheless, PSF
is renowned for its remarkable oxidative, thermal,
hydrolytic, and dimensional stability despite its
hydrophobic character (Eren et al., 2015). Figure
9B show that upon the addition of ZIF-8 a highly
porous structure, the contact angle decreases to
67.29°. The porous structure of ZIF-8 contains
small pores that attract water molecules, thereby

improving the interaction between the membrane
and water. This enhanced interaction effectively
reduces the contact angle, making the membrane
more (Ali et al., 2021). Figure 9C show that with
further loading of ZIF-8, the contact angle decreas-
es to 58.13°. The increase in the number of hydro-
philic functional groups from ZIF-8 continues to
enhance the interaction with water molecules (Sun
et al., 2018). Figure 9D show that at higher ZIF-8
loading, the membrane surface becomes rougher,
which can lead to a slight increase in hydrophobic-
ity (Khan et al., 2020). The porosity of the mem-
brane is influenced by various factors, including
modifications made during manufacturing and the
type of materials used. These factors can lead to an
increase in membrane porosity. As shown in Figure
10, the PSU membrane, which is free from ZIF-8,
has the lowest porosity at 50%. However, poros-
ity increases progressively with the incorporation
of ZIF-8 into the polymer matrix. Specifically, for

Figure 9. A) contact angle membrane without ZIF-8, B) contact angle membrane 0.0025 g from ZIF-8,
C) contact angle membrane 0.005 g from ZIF-8, D) contact angle membrane 0.0075 g from ZIF-8
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Membranes

Figure 10. The porosity percentages of membranes
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PSU/ZIF-8-0.025wt.%, the porosity rises to 60%,
and for PSU/ZIF-8-0.05wt.%, it further increases
to 70%. For PSU/ZIF-8-0.07wt.%, however, the
porosity decreases to 66%As the amount of ZIF-
8 increases, agglomeration or clustering of ZIF-8
particles may occur within the polymer matrix.
This clustering can block the pores or reduce the
available void spaces between polymer chains,
thereby decreasing the overall porosity (Wang et
al., 2020). The agglomeration disrupts the uniform
distribution of the material and forms dense regions
that reduce pore formation (Yasir et al., 2024).

MEMBRANE PERFORMANCE TEST

The current study focused on water flux and
oil rejection to investigate how varying concen-
trations of ZIF-8 affected the filtering perfor-
mance of a 14-weight percent polymer mem-
brane. Membranes loaded with ZIF-8 were com-
pared to membranes devoid of this porous mate-
rial in terms of their mechanical and structural
characteristics. Figure 11 illustrates the effect of
ZIF-8 incorporation on the membrane perfor-
mance. The water flux of the 14-weight percent
polymer membrane without ZIF-8 increased from
50 L/m?-h at O pressure to 66.51 L/m?-h at 4 bar,
while the rejection rate ranged from 86% to 89%.
The membrane’s permeability has increased, but
its ability to reject oil has somewhat decreased,
as evidenced by the improvement in water flow.
Water flux significantly increased from 53.57 L/
m?-h at 0 bar to 75 L/m?-h at 4 bar upon the ad-
dition of 0,025 wt.% of ZIF-8 to the membrane.
The rejection rate went from 87% to 86%, a little
decline in spite of this improvement. This implies
that including ZIF-8 enhances permeability while
having a negligible effect on the membrane’s ca-
pacity to reject oils. The best results came when

=0=0

=0—0.0025

=0=0.005
©0-0.0075

Pressure (bar)

0.05wt.% of ZIF-8 was added; the water flux rose
from 53.57 L/m?-h at 0 pressure to 74.4 L/m*h
at 4 bar, while the rejection decreased somewhat
from 98% to 96%. The large performance gain
can be due to an optimal balance in pore size es-
tablished by this amount of ZIF-8, which enhanc-
es water permeability while retaining a high level
of oil rejection. The water flux increased from 20
L/m?h to just 24.48 L/m?-h. when 0.075wt.% of
ZIF-8 was added, and the rejection rate stayed
between 97% and 96%. This implies that exces-
sive pore expansion results from raising the ZIF-
8 level to 0.075wt.%. decreasing the membrane’s
overall effectiveness. Based on these results, it
can be said that adding 0.05 wt.% of ZIF-8 pro-
duced the best results, achieving the ideal bal-
ance between oil rejection and water flux. These
findings suggest that incorporating ZIF-8 into
polymer membranes is a viable tactic to improve
filtration efficiency in applications involving the
separation of water and oil. When porous ZIF-8 is
added, water flow or transport is improved (Ma-
sibi et al., 2022).

Table 2 shows a comparison between the poly-
sulfone membrane with ZIF-8 and a few previous-
ly published membranes utilized for oil removal.
The variations in the additives employed in these
investigations are also highlighted in the table.
Notably, ZIF-8 was employed as a nanomaterial
in this study to increase membrane performance;
however, no further additives were used to im-
prove flux or oil rejection, which may be a topic for
further investigation. In contrast to other research
that used various chemicals to improve membrane
performance, the membrane in this study demon-
strated a greater water flux and equivalent oil re-
jection. The type of polymeric materials and ad-
ditional nanomaterials greatly influence membrane
performance, as certain materials may enhance oil
resistance or water permeability.
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Figure 11. Water flux and rejection for PSU membranes in oily wastewater under operation conditions of (0 to 4) bar
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Table 2. Comparison of oil/water emulsion separation performance

Material Solvent Concentration of precursor solution Flux Qi r((:‘g/e;: tion Ref.
(1]
: (DMF) and o o g (Caietal,
PAN@ZIF-8 methanol (10wt.%PAN/16wt.%ZIF-8)/DMF >900 >99.95 2017)
: R (DMF), methanol, 16wt.%PAN+0.1wt.%f Au@ZIF- o (Zhang et
Au@ZIF-8@PAN-TD and water 8NPs)/DM >200 97.8% al., 2019)
PVDF/ Z1 (0.1 wt.%) 310 98% (Karimi et
ZIF-8/PVDF DMAc PVDF/ Z2 (0.2 wt.%) 275 76% al,, 2019)
PVDF (Yue et al
ZIF-8/GO TMC 1.5 g/L of ZIF-8/GO 110+6L 99.99% 2020) N
0.15% (w/v) of TMC
Formic and acetic Nylon 6,6 o (Abd Halim
Nylon 6,6 NFM/ZIF-8 acid formic and acetic acid (14:86) 1967 89% etal., 2019)
. (Xie et al.,
RC@PDA/ZIF-8 Tris-HCL 446.4 >99 2020)
(You et al.,
ZIF-8 1411.8 >99.99 2021)
ZIF-8-DMBIM 1643.1 99.95% (You etal.,
' e 2021)
PVDF (3.8 g) and 1.0 g of nano-ZnO,
PVDF-g-ZIF-8 DMAC and DMAC and acetone mixture solution, 1.1 92.93% (Xuetal,
acetone . ) o 2018)
4:1 v/v to a concentration of 12 wt. %
Co - PDMS@ZIF- 8- . . . o (Yang et al.,
coated MWCNT THF (PDMS (, THF a weight ratio of 10:1 170 99.97% 2020)
) . (Q. Lietal.,
Cu(OH),@ZIF-8 Methanol Poly(vinylpyrrolidone) 90,000 97.2% 2018)
Cotton/ZIF-8 @ o (Ye etal,
PDMS Co-PDMS n.d. 95 % 2019)
PSU/ZIF-8 DMF (14wt.%PSU /ZIF-8)/DMF 35.17 98% This work

CONCLUSIONS

Membrane technology has been used in a num-
ber of processes, including oily wastewater treat-
ment, water purification, and desalination. Because
they can be completed quickly and easily. The ma-
jority of research so far has been on creating novel
membranes. Contact angle, FTIR, SEM, and XRD
were used to investigate the generated membrane
and nanomaterial. The ZIF-8 nanomaterial’s inte-
gration and influence on the shape and chemical
structure of the generated membrane were con-
firmed by the characterization results. Measure-
ments of hydrophilicity revealed a noticeable im-
provement, particularly with the increased ZIF-8
concentration of 0.005 g. Overall porosity and
average roughness agreed well with the outcomes
of the ultrafiltration examinations. A rejection
of 98% was observed for membrane 0.05wt.%,
whereas 86%, 87%, and 97% rejection rates were
found in the oil-in-water separation experiments
performed on membranes ZIF-8-0, ZIF-8-0.025
and ZIF-8-0.075. These results show that ZIF-
8-modified membranes have the potential to en-
hance filtration performance in a range of water
treatment applications, providing a viable option
for effective separation procedures.
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