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Abstract

Membrane technology has emerged as a dynamic field of study in academia and industry for treating produced
oily wastewater. ZrO, nanoparticles (ZrO, NPs) filler-based mixed matrix polyethersulfone/cellulose acetate
microfiltration membranes were fabricated and inspected in the oily wastewater remediation. The fabricated bare
PES membrane, PES/CA blended polymers membrane, and PES/CA blended polymers incorporating ZrO2 NPs
(ZrO,@PES/CA) membranes by phase inversion technique were inspected by field emission scanning electron
microscopy, atomic force microscopy, Fourier-transform infrared spectroscopy, and measurement of water
contact angle and porosity. The ZrO,@PES/CA membrane which consisted of 0.5 wt.% ZrO, NPs (0.5%ZrPC)
afforded increased hydrophilicity and reduced water contact angle from 70° for P membrane to 30.23°. Also,
the 0.5%ZrPC membrane gave pure water flux of 88.89 L/m2.h, high oil rejection of 98.2% and showed
remarkable antifouling capacity with a high flux recovery ratio of 89.3% and relative flux reduction of 34.3%.
The effect of transmembrane pressure (1, 2, 3, and 4 bar), feed temperature (25, 40, and 50 °C), and an initial
oil concentration (250, 500, 750, and 1000 mg/L) on the permeation flux and oil rejection of the 0.5%ZrPC
membrane was investigated. The results revealed that ZrO,@PES/CA membranes have a significant potential
for effective oil removal with high permeability and antifouling ability. The 0.5%ZrPC membrane confirmed its
durability and reusability when kept an acceptable oil removal after 5 cycles.

Keywords: Cellulose acetate, Microfiltration, Oily wastewater, Polyethersulfone, Reusability, Zirconium oxide
concentrations of fats, oils, greases, and diverse ranges

of dissolved organic and inorganic components in
suspension  [6]. Oil-contaminated  wastewater

1 Introduction

Wastewater is produced in substantial quantities from

numerous industries, such as petrochemical, textile,
metals, metallurgical, and food processing [1], [2].
The World Water Development Report 2017
published by the United Nations states that the
agricultural, industrial and domestic sectors produce a
considerable amount of wastewater and consume 70,
22 and 8% of the freshwater, respectively that is
available worldwide [3]. According to the United
Nations Educational, Scientific and Cultural
Organization (UNESCO) report, over 80% of
wastewater is not treated prior to it being discharged
into the water body [4], [5]. Oily wastewater is
characterized as wastewater containing significant

represents a significant threat to both human health
and the environment due to the hazardous properties it
possesses. Therefore, treating this wastewater is an
important issue [7], [8]. Various methods are
employed to treat oily wastewater, such as filtration,
flotation, adsorption, electrolysis, biochemistry,
coagulation, gravity separation, skimming, and
membrane separation [9]-[13]. Membrane technology
is a highly promising method for treating wastewater,
specifically oily wastewater [14]. Membrane
technology has several benefits, including minimal
energy usage, a small and efficient design, easy
operation, the ability to be scaled up, and the potential
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for continuous operation [15]. The utilization of a
wide variety of membranes in diverse applications has
demonstrated that the membrane technology is
capable of successful retention of oil from water. The
membrane separation technique, for instance, has been
claimed to be applicable in the oil refining industry for
the purpose of deacidification and degumming [16].
Earlier studies have reported the utilization of
membrane technology for treating oily wastewater in
vegetable oil factories [17], petroleum industries [18],
and other industries that contain oil [19], [20].
Membrane separation methods are commonly
categorized according to their pore sizes and the
pressure at which they are operated. Pressure-driven
membrane processes include microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse
osmosis (RO) [21], [22]. Polymeric and ceramic
(inorganic) materials are typically used in the
manufacturing of simple membranes. Polyethersulfone
(PES), polysulfone (PSf), polyacrylonitrile (PAN),
polyvinylidene fluoride (PVDF), polypropylene (PP),
polyvinyl chloride (PVC) and cellulose acetate (CA)
are frequently used polymers in the synthesis of
polymeric membranes [23]. In general, they are cost-
effective, exhibit an acceptable removal efficiency,
and require low energy. The drawbacks of these
membranes include the occurrence of fouling which
raises the hydraulic resistance, decreases the flux and
filtration capacity, decreases the membrane’s lifetime,
and consequently increases the operation costs [24]—
[26]. The membrane’s properties and overall performance
are adversely affected by fouling, which is defined as
the accumulation of dirt particles such as dissolved
staff, or colloids on the membrane surface or inside its
pores [27]. Therefore, it becomes necessary to develop
the membrane structure to achieve the ultimate duty of
the used membranes. Creating a hydrophilic surface
helps in avoiding fouling either by coating a
hydrophilic layer or alteration of the membrane
structure by hydrophilic additives [28], [29]. To
improve the membrane’s texture, these membranes
have been altered either by incorporation of additives
or blending a polymer with another polymer. Many
fabrication techniques, including phase-inversion,
interfacial polymerization, stretching, track-etching,
and electrospinning are usually used [30]. The phase
inversion method type non-solvent induced phase
inversion technique (NIPS) is the prevalent technique
among other preparation methods of polymer
membranes [31], [32]. The NIPS technique involves
the immersion of the cast film in the coagulation

solution that contains a non-solvent, resulting in an
exchange of solvent and non-solvent [33], [34].

The PES is a suitable polymer type for the
preparation of MF and UF membranes which are used
in pressure-driven filtration processes identified as
potential wastewater treatment methods [35], [36].
PES offers desirable quality membranes for oily
wastewater treatment, but its hydrophobic features
promote organic particle deposition on the membrane
surface, clogging the pores, increasing the energy
requirements and shortening the lifetime of the
membrane [37]. PES possesses sulfone groups and
ether bonds that alternate between aromatic rings. This
molecular structure provides a significant degree of
surface modification resulting in desirable properties
such as creep resistance, high rigidity, strength, and a
stable dimension structure [38]. The incorporation of
hydrophilic polymers like poly(ethylene glycol) (PEG),
poly(vinyl pyrrolidone) (PVP), polyethylenimine (PEI),
polyvinyl alcohol (PVVA), and CA [39] into the polymeric
membranes serves as pore formers improving the
performance of the membranes in terms of their water
permeability and membrane wettability. Enhancing
the hydrophilicity of the membranes is in favor of
reducing their separation performance [40].

Cellulose acetate (CA) has been incorporated
into various membrane types. CA is highly resistant to
contamination because of its hydrophilicity [41].
Furthermore, CA is not favorable to aggressive cleaning
due to its minimal chemical resistance and low
mechanical strength [42]. To solve these problems,
blending the polymer with inorganic additives has
become a common method for developing new
blended membranes with desirable features. There is
an exponential increase in the incorporation of
nanoparticles (NPs) into polymeric membrane matrix
as a result of their distinctive characteristics, including
their large surface area, high reactivity, and degree of
functionalization for the treatment of wastewater [43].
The fabrication of mixed matrix membranes (MMMs)
by integrating hydrophilic nanoparticles with
hydrophobic polymer matrix has gained substantial
attention because MMMs are easy to prepare, and
have long-term operational stability and superior
separation performance in terms of their permeability,
rejection and antifouling properties [44], [45]. Therefore,
the incorporation of inorganic nanoparticles (NPs)
including alumina (Al;O3), titanium oxide (TiOy),
zirconium oxide (ZrO,), silica (SiO), zinc oxide
(Zn0), zeolite, and graphene oxide (GO) [46]-[50]
into the polymeric membranes decreases the membranes
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contact angle and enhances their hydrophilicity, hence
improving the efficiency of pollutants separation.
ZrO,-containing membranes are considered more
suitable for liquid phase applications in severe
environments due to their chemical stability, which
surpasses that of TiO,and Al;Os-containing membranes
[51]. ZrO, NPs-containing PES/CA blended membranes
for treating oily wastewater will be used for the first
time in this study. ZrO, NPs-containing membranes
were used for other specific issues such as the PES-
PAA-ZrO, membrane used for polycyclic aromatic
hydrocarbon removal [37], CA-ZrO, membrane used
for protein removal [52], and PES/ZrO, for membrane
bioreactor application [51].

A new generation of membranes can be obtained
by embedding blended polymers with inorganic
fillers. The resultant membrane from an organic/
inorganic combination would exhibit improved
structure properties in terms of high hydrophilicity,
mechanical strength, separation performance, and
durability. In addition to the development of novel
membrane materials and processes, the future
directions of research should also consider the
significance of the circular economy and sustainability
concepts. Membrane technology can make an
enormous impact on the reusability of water from
various sources, gas separation for carbon capture,
sustainable industrial development, and sustainable
solutions in the health and energy fields [53]-[55].

The current study investigates the strategy of
improving the PES MF membranes for oily
wastewater separation by blending with CA and
adding ZrO; NPs. In this context, the NIPS method
was used to fabricate the polymer casting solution.
The fabricated membranes were characterized by field
emission scanning electron microscopy, atomic force
microscopy, Fourier-transform infrared spectroscopy,
porosity, and water contact angle tests. The efficacy of
the prepared membranes was inspected at ranges of
initial oil concentrations, solution temperature, and
transmembrane pressure (TMP). Also, the reusability
of the fabricated membrane was examined using an
SDS cleaning solution.

2 Materials and Methods
2.1 Materials

PES (C12HgO3S)n, MW, = 58,000 Da) was provided
by O-BASF USA. CA is a hydrophilic polymer

provided by CDH (P) Ltd. (MW, = 30,000 Da. ZrO,
NPs with a mean diameter of 35.9 nm (Figure S1)
purchased from Shanghai Macklin Biochemical Co.,
Ltd. were wused as the inorganic additive.
Dimethylformamide (DMF) (HCON(CHs),, 99.0%
assay) is a solvent provided by Romil. Sodium
dodecyl sulfate (SDS) (CH3(CH2)1:0SOsNa, 99.0%
assay) is a cleanser for the used membrane provided
by Thomas Baker Chemical. Ltd. Synthetic oily
wastewater was composed by homogenizing a
kerosene and de-ionized water (DI) with a 9:1
(wt./wt.) ratio of kerosene to SDS [56]. SDS acted as
a stabilizing surfactant for the oil in water under 1000
rpm of mixing for about 30 min until a homogeneous
solution was obtained [57]. Kerosene, a model
polluting oil, was provided by the Al-Daura refinery
and its characteristics are depicted in Table S1. The
Image-J software and the electronic microscope were
used to analyze the oil droplet size distribution in the
oil solution and the mean diameter was found to be
13.6 pm as shown in Figure S2.

2.2 Membranes fabrication

The bare PES membrane (P), PES/CA blended
polymers membrane (PC), and ZrO,@PES/CA
membranes (ZrPC) were fabricated by the NIPS
method. The casting solutions composition is
presented in Table 1. A certain amount of ZrO, NPs
was first dispersed in DMF solvent. Dried PES
polymer was then added to the mixture and stirred at
400 rpm for 3 h until a homogenous solution was
obtained. CA was then added to the solution with
stirring for 12 h to generate a homogenous solution.
The dope solution of the bare PES membrane was
prepared in the same way but without adding ZrO;
NPs and CA. Also, the PC membrane was fabricated
in the same method but without ZrO, NPs. The
viscosity of the dope solutions was estimated via a
rapid Viscometer model Brookfield, CAP 2000, USA.

The flat sheet membranes were cast with a
thickness of 200 um via a film applicator device. An
appropriate amount of the dope solution was cast over
a smooth flat glass plate which was then immersed in
a DI water bath to achieve the phase inversion at room
temperature. After that, the fabricated membrane
peeled off normally from the glass plate. Then, the
membrane was moved to another water bath where it
was left for about 24 h to completely remove the
residual solvent.
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Table 1: The composition of the casting solutions.

Membrane PES CA ZrO, DMF
Code (wt.%) (wt.%) (wt.%) (wt.%)

P 17.00 - - 83.00

PC 17.00 5.00 - 78.00

0.5%ZrPC 17.00 5.00 0.50 77.50

1%ZrPC 17.00 5.00 1.00 77.00

3%ZrPC 17.00 5.00 3.00 75.00

2.3 MF system

The MF experiments to evaluate the efficacy of the
designed membranes were carried out in a crossflow
system displayed in Figure 1 at 25 °C, TMP of 2 bar,
and 0.9 L/min feed flow rate. The effective membrane
area was 18 cm?,

2.4 Membrane characterization

The field emission scanning electron microscopy
(FESEM) provides important details about the
morphology of the surface and cross-section of the
composed membranes. This characterization was
conducted using FESEM (ZEISS model device). A
piece of the fabricated membrane was submerged in
liquid nitrogen for a few minutes to freeze-fractured.
The piece was then coated with gold before scanning.
The Atomic Force Microscopy (AFM) technique
using an Angstrom Advanced Inc., CSPM device was
employed to map the topography of the membrane
surface. The mapping was conducted to determine the
average surface roughness (Ra), root mean square
roughness (Rgq) and pore size of the membrane. The
Fourier-transform infrared spectroscopy (FT-IR) was
performed to investigate the chemical structure of the
membranes and their functionalities. This characterization
was conducted using INVENIO, a microscope
instrument with a spectrum range of 400-4000 cm™,
and an optical resolution of 5-10000 pixels. The water
contact angle (WCA) of membranes was measured to
evaluate the membrane hydrophilicity. This
characterization was performed by precisely dropping
DI water on the membrane surface to be visualized by
the model OCA 15 plus device. The gravimetric
technique was employed to determine the membrane
porosity €% [12] according to Equation (1) [23].

€% = L2 % 100 (1)

pXAXT

Where w; and w; are the weight of the wet and dry
membrane (g), respectively. A is the membrane’s area
(cm?), T is the membrane’s thickness (cm) determined
based on the obtained FESEM images, and p is the
water density (g/cm?3).

2.5 Performance evaluation

The water permeation and separation performance of
the fabricated MF membranes were determined using
a crossflow testing rig. For evaluation and comparison
of the permeability efficacy, the MF membranes were
initially compacted utilizing DI water for 30 min at 3
bar. The TMP was then fixed at 2 bar and the pure
water flux (PWF) of each membrane was measured
according to Equation (2).

J = @

Where V represents the permeate volume (L), t
represents the time of filtration (min), and A
represents the active membrane’s area (m?). Following
the PWF measurement, the separation performance
was conducted. A volume of the solutions with a 500
mg/L oil feed concentration was passed through the
selected membrane at a TMP of 2 bar. The permeate
flux, Ji (L/m?h) was determined according to
Equation 2. Ce and Cp are the concentrations of the
oily wastewater in the feed and permeate. Both were
measured by the Turbidimeter instrument (Lovibond
TurbDirect, Germany).

The oil rejection (R%) was determined according
to Equation (3).

R% = (1 - 2—‘;) x 100 3)

The antifouling property of the fabricated
membranes was evaluated by measuring the
percentage of water flux recovery after fouling by oily
wastewater. The flux recovery ratio (FRR%) and
relative flux reduction (RFR%) were determined
according to Equations (4) and (5), respectively.

FRR% = (}Z) x 100 @)

RFR% = (1 - ;—1) x 100 )
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1.Feed tank 2. Pump

3. Pressure gauge 4. Valves
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6. Membrane cell 7. Needle valve 8.Permeate 9. Graduated cylinder

10. Recycled water

Figure 1: The experimental MF system.

Where J, (L/m2.h) is the PWF recorded for 1 h at a
fixed TMP of 2 bar before fouling. Next, the water was
replaced by 500 mg/L oily wastewater and the flux (J1)
was recorded for 1 h. Later, the used membrane was
washed by steeping for 1 h in the SDS solution,
followed by 30 min in DI water to remove the SDS
residues. Ultimately, the PWF (J;) of the washed
membrane was measured for a further 1 h. The
membrane, which gave the highest permeate flux and
the best oil rejection was chosen to investigate the
membrane's reusability in the removal of oily
wastewater. The cleaning solution of 5 mM SDS was
used to wash and regenerate the used membrane. The
membrane was soaked in the SDS solution for 1 h
followed by 30 min in DI water to be used later in the
filtration process.

The membrane fouling is affected by the
membrane’s surface charge and the charge of the oily
wastewater. If the oil droplet charge is similar to the
surface charge of the membrane then the occurring
repulsion will prevent the membrane from fouling,
otherwise, the membrane fouling occurs [58].
Therefore, it becomes important to estimate the point
of zero charge (pH.c) at which the membrane surface
has zero net charge and ApH of the electrolyte solution
equals zero [59]. To determine the pH.c, small pieces
of 0.5%ZrPC membrane each with 2x2 cm? were
suspended in 20 mL of 0.1 M NaCl solutions at
different solution pH of 2-12. The solution pH was
altered by 0.1 M HCI solution and 0.1 M NaOH
solution. After shaking the containers for 48 h, the
final pH of the solution was recorded. The values of
ApH were plotted relative to the initial pH.

3 Results and Discussion
3.1 Precast solution properties

The viscosity is an essential parameter in membrane
fabrication due to its influence on the solvent-non-
solvent exchange rate and, consequently, the
membrane’s final morphology [60]. Table 2 shows the
viscosity of the precast solutions of P, PC, and ZrPC
membranes. Adding 5 wt.% of CA to the precast
solution increased the viscosity from 255 cp to 877 cp.
Incorporating both CA and ZrO, NPs in the polymeric
solutions raised their viscosity substantially from 255
cp to 1867 cp. The highest viscosity was obtained for
the 3%ZrPC membrane. A high concentration of
additive increased the viscosity of the casting solution
due to the corresponding rise in the polymer
entanglement, which caused a delay in the exchange
between the solvent and non-solvent during the NIPS
process [61], [62]. Mei et al., [63] demonstrated that
macrovoid formation was inhabited by solutions with
a higher viscosity and vice versa. Padilha and Borges
[64] synthesized membranes with 11, 14, 17, and 20
wt.% of PVC. They showed that the higher
concentration of PVC of 20 wt.% increased the
viscosity and altered the morphology of the membrane
from a macroviod structure to a sponge-like structure.
Alpatova et al., [60] demonstrated that the
incorporation of nAg and PVP of 5 wt.% increased the
viscosity of the casting solution. This resulted in the
suppression of the formation of macrovoids in the
membrane matrix due to a delay in the exchange rate.
These findings agree with similar results obtained by
Saki and Uzal [39].
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Table 2: The viscosity of the precast solution.

Membrane P PC 0.5% 1% 3%
Code ZrPC ZrPC ZrPC
Viscosity 255 877 1298 1830 1867
(cp)

3.2 Membrane characterization

The top surface and cross-section morphology of the
fabricated membranes are shown in Figure 2. The top
surface of the P membrane shows a smooth surface
with obvious openings, but the PC membrane shows
the presence of white points on the top surface and the
openings became relatively very fine, which indicates
that the CA was successfully incorporated into the
PES matrix. The effect of variation in the ZrO, NPs
content in the casting solution at 0.5, 1, and 3 wt.%
was observed on the top surface of the ZrPC
membranes. Figure 2 shows the 0.5%ZrPC membrane
has a relatively smooth surface with a few surface
defects due to the simultaneous presence of ZrO, NPs
and CA in the membrane texture. Furthermore, as the
concentration of ZrO, NPs increased further to 1% and
3%, the distribution of nanoparticles on the top surface
increased and became disfigured. This uneven
distribution caused by agglomeration of the particles
may affect the membrane's filtration performance.
The cross-section FESEM images in Figure 2
show that all the composed membranes have an
asymmetric structure. The P and PC membranes
consist of a dense layer on the top surface supported
by a random finger-like structure and a sponge
structure below the finger-like layer. The P and PC
membranes exhibited almost similar cross-section
structures with closed ends finger-like pores.
However, the ZrO.@PES/CA membranes showed
numerous wider connected finger-like pores and many
irregular macro-voids across the whole thickness. The
variations in the cross-sectional structures can be
attributed to adding ZrO, NPs and CA to the PES

matrix altered the physical properties of the casting
solution, such as the hydrophilicity and viscosity. The
viscosity of the casting solution increased
significantly as the dosage of ZrO, NPs increased, as
shown in Table 1. This increase in viscosity restricts
the solvent and nonsolvent diffusion and
instantaneous de-mixing because it obstacles water
diffusion to the lower layers of the casting solution. As
a result, precipitation occurs at a slower rate, the
structure of the membranes transformed into a finger-
like structure with large macrovoids, and a large
population of macro-voids formed because of the slow
phase inversion kinetics. The same findings were
illustrated in previous publications [65], [66]. The
phase inversion kinetics was accelerated for both P
and PC membranes because of the lower viscosity of
the casting solution. Hence, the separation of the
solvent and non-solvent phases took place early, and
the formation of large voids was incomplete.

The AFM test and roughness parameters (Ra and
Rq) of the membrane are displayed in Figure 3 and
Table S2. These parameters were applied to assess the
topography of the prepared membrane surfaces. The
AFM images confirm that P and PC membranes have
a smoother structure than the ZrO,@PES/CA
membranes. The R, of the membrane increased with
adding ZrO, NPs to the precast solution. The R, values
gradually rose from 23.7 nm for the P membrane to
57.57 nm for the 0.5%ZrPC membrane. Higher
roughness typically affects the surface properties of
the modified membrane in terms of increasing the
filtration area of the membrane and decreasing the
performance of the membrane against fouling [67].
Adding more than 0.5 wt.% of ZrO, NPs to the casting
solution caused lower roughness because of the
reduced surface porosity and pore size of the produced
membrane as shown in Table S2. These results are
similar to those reported by Abbas and Al-Jubouri [68]
and Evangeline et al. [69].
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Figure 2: FESEM images of the cross-section and surface of the P, PC, and ZrPC membranes. (Scale bar is 10 um).

The FT-IR spectroscopy is an effective device
that can be used to investigate the structure, bonding,
and reactivity of a matter. Figure 4 shows the FT-IR
spectra of the fabricated membranes. The absorption
peaks of =C-H, C-C, and C=C in the aromatic ring
appeared at 3097.86, 1492 and 1577.7 cm™ for P, PC,
and ZrPC membranes. The symmetric stretching
vibration of S=0, the asymmetric stretching vibration
of S=0, and the C-O-C stretching vibration are

represented by the peaks that appeared at 1149, 1319,
and 1010 cm, respectively. The FT-IR spectra for the
PC membrane, the broad peaks at around 3500 cm?
indicate O-H stretching vibrations due to the hydroxyl
groups in CA. The C=0 band was visible at around
1747 cm?, which could be attributed to the ester group
of CA. When compared with the P membrane, the FT-
IR bands of ZrPC membranes were shown to exhibit a
consistent increase in the intensity of the absorption
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peaks in the spectrum. The broad peaks observed
around 3500-3600 are characteristic of hydroxyl
group O-H stretching vibrations. This can be
attributed to the enhanced hydrophilicity resulting
from the presence of ZrO, NPs and CA. Peaks of the
C=0 band appeared around 1740-1750 cm™.
Additionally, the newly detected peaks can be

P S PC

Ra=2370im
Rq =34.09 nm

1%ZxrPC

Ra =39.87 nm
Rq =46.74 nm

Ra=2587nm N
Rq =32.55nm

observed just below 1000 cm, an absorption around
850 cm™* which could be assigned to the vibration of
the Zr-O functional group. The spectrum indicates a
successful blending of PES, CA, and ZrO, NPs, as
demonstrated by the O-H stretching vibration and the
appearance of new peaks.

0.5%ZrPC

Ra = 57.57iin
Rq=71.93 nm

3%ZrPC

Ra=44.37 nm
Rq=66.36 nm

Figure 3: 3-dimension AFM images of the modified membranes.
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Figure 4: FT-IR spectra of the prepared membranes.
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The thickness and porosity of P, PC, and ZrPC
membranes are shown in Table 3. The results
demonstrated that adding ZrO, NPs and CA to the
casting solution increased the thickness of the
membranes. The membrane thickness achieved
maximum values of 169.766 um for 3%ZrPC, which
is thought to be caused by the high viscosity of the
casting solution [70]. Adding ZrO, NPs to the PES/CA
blend polymer caused a significant increase in the
membrane thickness, which continued with raising the
ZrO; NPs content to 3%. However, the absolute
increase in the membrane thickness is not favorable
because of increasing the resistance to molecular
transfer across the membrane. According to Table 3
and Table S2, the porosity and pore size of ZrPC
membranes were higher than that of the P and PC
membranes. The porosity increased with the
contribution of nanoparticles in the membrane. It is
known that high porosity favors water flux. As a
general rule increased exchange rates between water
and solvent produce more porous membranes and vice
versa [71]. The high porosity observed in the
0.5%ZrPC membrane can be attributed to the presence
of an appropriate concentration of the hydrophilic
additive in the membrane. This additive interacts with
the polymer solution and facilitates the transport of
solvent molecules from the polymer matrix to the
coagulation bath [72]. At the same time, further
increasing of ZrO2 NPs in the precast solution highly
increased its viscosity as shown in Table 2. Viscous
precast solution caused delayed de-mixing process,
and slow precipitation rate during the coagulation
process [73], [74], therefore reduced porosity was
obtained for both 1%ZrPC and 3%ZrPC membranes.
These results agreed with those obtained by
Evangeline et al. [69].

Table 3: The thickness and porosity of the prepared

membranes.
Membrane p pC 0.5% 1% 3%
Code ZrPC ZrPC ZrPC
Thickness 83.75 127.205 135.86 154.51 169.766
(Hm)
% 445 60.2 88.8 78 76

The incorporation of CA and ZrO; NPs into the
casting solution significantly impacts the membrane's
morphology and the membrane's hydrophilicity. The
WCA analysis was employed to quantify the
hydrophilicity of the fabricated membrane. Figure 5(a)

displays the WCA of the fabricated membrane. The P
membrane exhibited the highest WCA of 70°. Adding
CA into the casting solution led to a significant drop
in the WCA to 44.6°. This is due to the hydroxyl and
acetyl groups of the CA, which increase the
hydrophilic nature of the fabricated membranes
relative to other membranes. Furthermore, it was
observed that ZrPC membranes have the lowest WCA
due to the hydrophilic nature of ZrO, NPs, and CA
added to the casting solution reduced the WCA to
30.23° for 0.5%ZrPC membrane. However, the WCA
value increased to 37.4, and 42.95 for 1%ZrPC and
3%ZrPC membranes, respectively. This increase
might be due to ZrO, agglomeration and uneven
distribution of nanoparticles on the surface of the
membrane. The WCA characteristic is essential for
oily wastewater treatment because it determines the
permeability and the ability of oil adhesion. Low
WCA enhances the separation efficiency and prolongs
the lifespan of the membrane [51].

3.3 Performance of membranes

Figure 5(b) presents the permeability performance of
the P, PC, and ZrPC membranes during the MF
process examined at a TMP of 2 bar, a temperature of
25 °C, and a flow rate of 0.9 L/min for 60 min.
According to the results, the permeability was
improved by adding CA and ZrO, NPs. The results
show that the PWF using P membrane was 12.77
L/m2.h, which can be assigned to the high WCA that
it has and its low porosity. The PWF of the PC
membrane was 47.2 L/m?.h because it contains 5 wt.%
of CA polymer within the PES matrix which enhanced
the hydrophilicity of the membrane. The PWF was
improved by incorporating both ZrO, NPs and CA in
the membrane matrix. The PWF value was 88.8, 38.3,
and 49.4 L/m%h using 0.5%ZrPC, 1%ZrPC, and
3%ZrPC membranes, respectively. The 0.5%ZrPC
membrane afforded the highest PWF because of its
low WCA and containing large connected macro-
voids within its structure, which facilitated the water
molecules’ diffusion, and its high roughness, which
increased the area of filtration. The PWF of the
1%ZrPC and 3%ZrPC decreased slightly which was
expected based on their characteristics consisting of
reduced porosity and moderated WCA in comparison
with 0.5%ZrPC membrane.
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Figure 6: (a) Permeation flux, (b) oil rejection of the modified membrane.

Figure 6 shows the permeation flux and oil
rejection of the fabricated membranes examined at an
oil feed concentration of 500 mg/L, a temperature of
25 °C, a TMP of 2 bar, and a flow rate of 0.9 L/min
for 60 min. The permeation flux increased by adding
CA and ZrO; NPs up to 0.5 wt.% and then slightly
decreased with adding more ZrO, NPs. Figure 6a
shows that the permeation flux of the fabricated
membrane increased from 8.88 L/m2.h for the P
membrane to 57.77 L/m2h for the 0.5%ZrPC
membrane. The modified membrane with ZrO, NPs
exhibited better permeation flux compared to the P

membrane as a result of the enhanced hydrophilicity
that these additives achieved. The oil rejection given
by all modified membranes was higher than that given
by the P membrane. The PC, 1%ZrPC, and 3%ZrPC
membranes showed high oil rejection of 98%, 97%,
and 93%, respectively, but low permeation flux due to
their low porosity and aggregation of nanoparticles on
the top surface. The high efficiency of the 0.5%ZrPC
membrane can perhaps be due to the uniform
distribution of ZrO, NPs, which increased the
hydrophilicity of the membrane as confirmed by the
low WCA and enhanced the membrane's permeability.
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Figure 7: Time—dependent water permeation fluxes
during the fouling processes.

Fouling is one of the most frequent issues
associated with membrane applications in wastewater
treatment. The rapid build-up of oil droplets due to
adsorption and deposition on the membrane surface
results in direct membrane fouling. The PWF before
and after the MF process were investigated to
determine the usability of the fabricated membrane
[39], [75]. The flux of the prepared membranes
measured pre- and post-filtration of oily wastewater is
shown in Figure 7. When the pure water was replaced
with an oily wastewater solution, the flux of the
membranes declined with time as shown in Figure 7
due to the adsorption of oil on the surface of the
membrane, which led to obstruction of the membrane
pores. However, the PWF was restored when the
membrane was washed with SDS solution. The results
show that the 0.5%ZrPC membrane has a good
performance in comparison with other fabricated
membranes. This can be attributed to its high
hydrophilicity which boosts the membrane antifouling
property. Also, Figure 7 shows that the PWF of the
cleaned P membrane was not restored and
continuously declined below the permeate of oily
wastewater. This result confirms the necessity of
blending PES with hydrophilic additives for oily
wastewater treatment to overcome its hydrophobicity.

The same trend was observed for the cleaned 1%ZrPC
despite its initial high PWF referring to avoiding using
> 1 wt% of ZrO2 NPs in the PES/CA matrix.

Figure 8(a) shows the FRR% and RFR% of the
composed membranes. The FRR% of the P, PC,
0.5%ZrPC, 1%ZrPC, and 3%ZrPC membranes was
54.3%, 58.2%, 89.3%, 44.9%, and 64%, respectively.
Also, the RFR% of the P, PC, 0.5%ZrPC, 1%ZrPC,
and 3%ZrPC membranes was 30.4%, 34.1%, 34.3%,
49.2%, and 49.4%, respectively. The high FRR% and
low RFR% of the 0.5%ZrPC membrane indicate that
the membrane’s antifouling characteristics have been
significantly improved. Antifouling performance is
typically considered favorable when RFR% is low and
FRR% is high. The variation in filtration efficiency
among these membranes can be attributed to the
surface characteristics of the membranes and the
variation of their hydrophilicity [76].

The reusability was investigated in cyclic
procedures because it is a crucial parameter of
membrane performance. SDS was utilized as a
cleanser because SDS is semi-soluble in both organic
and aqueous solvents and contains both hydrophobic
and  hydrophilic  groups. By  surrounding
macromolecules in micelles, surfactants can solubilize
them and eliminate foulants from the membrane
surface [59]. Figure 8(b) presents the results of the
membrane reusability obtained at an oil feed
concentration of 500 mg/L, a TMP of 2 bar, and a feed
solution temperature of 25 °C. It was observed that
there was a slight reduction in oil removal efficiency
(82%) after up to five cycles using the 0.5%ZrPC
membrane. The oil removal efficiency dropped
sharply to 60.5% after seven cycles of regeneration.
This indicates that after successive usage, the
membrane permitted the passage of oil particles
through its pores during the separation of oily
wastewater because the pores became larger. Also, the
reduction in the percentage of oil removed can be
attributed to occurring irreversible fouling, which
cannot be eliminated during washing and oil
accumulation which can lead to occurring
concentration polarization. These results agreed with
those obtained by Tahazadeh et al. [77].
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Figure 9: The pHy of the 0.5%ZrPC membrane.

The point of zero charge (pHz) should explain
the behavior of 0.5%ZrPC membrane in the oily
wastewater separation. The plot of ApH versus initial
pH is shown in Figure 9. The pHg of the 0.5%ZrPC
membrane was determined at pH = 7.6. The surface
charge of this membrane is positive at pH below the
pHzc and passes through the pH,c at which it has no
charge. And it becomes negative at pH above the pHyc.
The pH of the kerosene feed solution is 7.18, and the
surface charge of the membrane is highly positive at
this value, so this condition is suitable for the
separation process. This high positive charge caused
the repulsion between the membrane surface and the
oily wastewater solution made from kerosene which
has a positively charged combination (alkanes C9-
C16). Other studies reported that a neutral medium is
more favorable to achieving a high removal
percentage of kerosene having a pH of 7 [78], [79].

cycle 1 cycle 2 cycle 3 cycled cycleS cycle 6 cycle 7

Figure 8: (a) FRR% and RFR% for the prepared membranes, (b) Reusability of 0.5%ZrPC membrane.

3.4 Effect of TMP

Figure 10 shows the TMP effect on the permeate flux
and oil rejection using 0.5%ZrPC membrane at a
temperature of 25 °C and a feed oil concentration of
500 mg/L. The influence of TMP on the performance
of the membrane was investigated in the MF system at
a TMP range of 14 bar. The permeate flux increased
because of rising TMP, while the oil rejection was
negatively affected by this increase. An increase in the
applied pressure caused a corresponding rise in the
permeate flux from 16.11 L/m2.h at 1 bar to 69.44
L/m2.h at 4 bar as seen in Figure 10a. Furthermore, the
oil rejection after 1 h was 99%, 98.2%, 98%, and 91%
at 1 bar, 2 bars, 3 bars, and 4 bars as shown in Figure 10(b).
High TMP forced the oil droplets to move through the
pores of the membrane at a faster rate and increased
the amount of oil passing through the membrane.
Therefore, less oil rejection was obtained. These
results are in agreement with Masoudnia et al. [80].

3.5 Effect of temperature of the feed solution

The effect of temperature of the feed solution was
investigated using 0.5%2ZrPC membrane at temperatures
of 25, 40, and 50 °C, TMP of 2 bar, and an oil feed
concentration of 500 mg/L. The results presented in
Figure 11 show that the flux rose as the temperature of
the feed solution increased, whereas the oil rejection
slightly decreased as the temperature increased. The
increase in the temperature of the feed solution
resulted in a substantial reduction in its viscosity,
which consequently facilitates the oil passage through
the membrane. This result agreed with the work done
by Al-Alawy and Al-Musawi [81] and Makki et al. [82].
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Figure 11: The effect of temperature of the feed solution on the (a) permeation flux, (b) oil rejection% using the
0.5%ZrPC membrane at an oil feed concentration of 500 mg/L and TMP of 2 bar.

3.6 Effect of oil concentration

Figure 12 shows the effect of oil concentration on the
oil rejection and the permeate flux with time. This
effect was studied at different oil concentrations of
250, 500, 750, and 1000 mg/L using the 0.5%ZrPC
membrane at a feed temperature of 25 °C and TMP of
2 bar. The permeate flux exhibited a reduction as the
oil feed concentration increased. The flux dropped
from 63.33 L/m2h at 250 mg/L to 16.11 L/m%h at
1000 mg/L. These results demonstrate that the

concentration of oil in the feed solution has a
significant impact on increasing the hydraulic
resistance and the degree of interaction between oil
droplets and the membrane surface [83]. The rate of
permeation through the membrane decreased because
the accumulated oil layer on the membrane surface
worked as an extra barrier drug the permeate and oil
passage. Therefore, the oil rejection increased to over
97% as the oil content of the feed solution was
changed from 250 to 1000 mg/L. This result well
agreed with those obtained by Damayanti et al. [84].
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Figure 12: The effect of oil concentration on the (a) permeation flux, (b) oil rejection% using the 0.5%ZrPC
membrane at feed temperature of 25 °C and TMP of 2 bar.

4 Comparison Study

The membrane separation performance of the PES
membrane modified with CA and ZrO, NPs was
compared to other membranes that utilized oily
wastewater to evaluate the membrane’s efficacy. This
comparison is presented in Table 4. Based on the
Permeation flux, oil rejection, and FRR%, the
comparison is  established.  Therefore, the
environmental and economic feasibility of oily
wastewater treatment can be considerably improved
by utilizing ZrO,@PES/CA asymmetric membranes.

The development of high-performing and
durable ZrO»-based MMM can enhance the efficiency
and sustainability of the separation processes and
encourage the reuse of water. This could contribute to
the reduction of environmental impact and carbon
emissions, while also helping in the achievement of
the United Nation’s Sustainable Development Goals.
Moreover, the ZrO.@PES/CA membrane can be
produced in more economical conditions if green
agricultural sources are used to produce CA and ZrO,
NPs for oil separation from wastewater.

On the other hand, several obstacles or
constraints may arise when scaling up membrane
technology for industrial applications such as material
limitations based on durability and fouling effects,
economic sustainability, which consists of cost of
production and energy consumption, performance

scaling of efficiency losses, and environmental and
regularity restrictions like waste disposal and
compliance with regulations.

5 Conclusions

In this study, (17 wt.%) PES and (5 wt.%) CA were
blended with (0.5 wt.%, 1 wt.%, and 3 wt.%) ZrO,
NPs to obtain mixed matrix MF membranes for the
treatment of oily wastewater. The findings
demonstrated that the incorporation of ZrO, NPs into
the dope solution enhanced various characteristics of
the obtained membranes, including resistance to
contamination caused by oil deposition and
adsorption, PWF, and oil rejection. The WCA
decreased from 70° for the P membrane to 30.23° for
the 0.5%ZrPC membrane. The efficacy of membranes
was evaluated by PWF, oil rejection, permeation flux,
FRR%, and RFR%, and they were 88.8 L/m2h,
98.2%, 57.7 L/m2.h, 89.3%, and 34.3%, respectively,
for the 0.5%ZrPC membrane. The permeate flux
increased as the TMP and the temperature of the feed
solution increased, while it decreased as the oil content
in the feed solution increased. The oil rejection
showed the inverse behavior of the permeate flux with
increasing TMP, the temperature of the feed solution,
and oil feed concentration. Investigation into the
reusability of the 0.5%2ZrPC membrane showed that
the membrane could separate 82% of oil after 5 cycles
using SDS as a cleanser.
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Table 4: Comparison study in oily wastewater treatment.

Base Polymer Additive Oil Source Concentration Flux Rejection  FRR Ref.
(mg/L) (L/m?.h) (%) (%)
PES (17 and 12 wt.%)  PEG and CA/PEG Kerosene 500 10 98 - [85]
27 88

PSF (20 wt.%) PEI/CaCO, Vacuum pump oil 1000 98 > 90% 100 [39]
PES (14 Wt.%) PVP/n-SiO, oil 2000 149.7 98 - [35]
PVC (15 wt.%) B-SiO, Crude oil 100 197.02 99.19 80.63 [23]
PVDF (15 wt.%) PVP/PC Commercial oil 88 28.59 97.80 - [86]
PVC (15 wt.%) SnoO; Crude oil 100 104.06 99.3 91.57 [87]
PES (17 wt.%) CA-ZrO, Kerosene 500 57.7 98.2% 89.3 This
study
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