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ABSTRACT
Oily water negatively affects both land and marine ecosystems. To combat this, membrane production can effectively treat oil 
waste and recycle over 90% of it. This study compares the influence of SiO2 nanoparticles on oil rejection in two types of mem-
branes: polyvinylidene fluoride (PVDF) and polysulfone (PSF). The SiO2 NPs are characterized by FTIR, SEM analysis, and zeta 
potential measurements. SiO2 NPs embedded PSF and PVDF membranes were characterized by FTIR, SEM analysis, contact 
angle, water permeability, oil rejection measurements, and recycling experiments. The results of the experiments showed that oil 
rejection reached maximum values of 92.2% for 2 wt% PSF/SiO2, and 94.1% for 2 wt% PVDF/SiO2 membranes. The experimental 
results demonstrate that the incorporation of SiO₂ nanoparticles enhances the oil rejection efficiency of two distinct membrane 
types, exhibiting notable performance disparities contingent on the selected membrane material. This methodology achieves a 
recycling rate of over 90% for oil waste, signifying a substantial advancement in environmental protection and sustainable de-
velopment. Consequently, the membrane production technique is regarded as an efficacious approach for the management and 
recycling of oil waste.

1   |   Introduction

Oil–water separation is becoming increasingly important in a 
wide range of applications such as textile [1], food, [2] leather 
[3], metal processing [4], oil and gas [5], and mining [6] are 
among the industries that generate a significant amount of 
industrial oily wastewater. The oil sector is prone to oil spills 
during the phases of exploration and production [7], refining 
[8], and transportation [9] which can have detrimental effects 
on the environment and the economy [10–12]. Even though 
oil spill occurrences have an adverse effect on public health 
and the environment, less than 10% of the oil that enters the 
oceans comes from them. The discharge of oily wastewater, 
such as brine, into natural water bodies can significantly de-
grade water quality, leading to a variety of environmental and 
ecological problems [13–15].

Before being discharged into the environment, oily wastewater 
must first go through an efficient treatment procedure, which 
is a highly desired and urgent mitigation of the increasing 
freshwater resource problem and environmental deterioration. 
Therefore, the development of efficient treatment techniques for 
removing oil from oily wastewater is crucial for the appropriate 
management of all these problems [16, 17].

Absorption, adsorption, membrane separation, biological 
treatment, electrocoagulation [18], air floatation, and hetero-
geneous photocatalysis are some of the technologies used for 
the treatment of oily waters [19]. Technologies such as coag-
ulation, air flotation, gravity separation, sedimentation, elec-
trolytic separation, and biological methods are infrequently 
utilized because of their elevated operational expenses, inef-
fective oil–water separation [20–22]. However, oily wastewater 
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is successfully separated using microfiltration and ultrafil-
tration membranes without the use of chemicals or the pro-
duction of sludge [23]. Additionally, membrane technology 
is a very effective option for water treatment that provides 
better water quality at a cheap cost. Its compact design saves 
space, and the system's maintenance requirements are sim-
ple, making it appealing for a wide range of water purification 
applications [24, 25]. Membrane technology is considered as 
an eco-friendly and highly effective separation method with 
a simple operation and filtering effect on tiny droplets. But 
oils and surfactants can readily clog pores of the membranes 
during the separation process, reducing separation efficiency. 
Nanocomposite membranes, also known as mixed matrix 
membranes with nanoparticles, have been shown to improve 
membrane hydrophilicity and antifouling properties. This ap-
proach offers a simple solution to improve membrane perfor-
mance in a variety of filtration applications [24].

A series of recent studies have focused on the hydrophilic modi-
fication of membrane surfaces as a means of reducing membrane 
fouling in the treatment of oil/water mixtures. In oil-aqueous 
mixtures, hydrophilic membranes have been found to be an ef-
fective solution for selective oil and water phase separation, of-
fering high separation efficiency and anti-oil fouling properties. 
Hydrophilic membranes can be used for filtration [26, 27], gas 
separation [28], membrane gas absorption [29], pervaporation 
[30], and membrane distillation [31].

Recently, the development of hydrophilic membranes for the 
separation of oil and water has received more attention. Liu et al. 
synthesized a hydrophilic PES membrane; Ebrahimi et al. de-
veloped hydrophilic electrospun membrane decorated with SiO2 
nanoparticles; Yao et  al. created ultra-selective microfiltration 
SiO2/carbon membranes; Zakuwan et  al. produced functional 
hydrophilic membrane for oil–water separation. All results 
showed that high removal efficiency was obtained with hydro-
phobic membranes (97%, 98%, 99.9%, 98%) [32–35].

The performance of microfiltration/ultrafiltration mem-
branes can be improved by introducing particular modifi-
cations in the base materials. Nanomaterials are also fixed 
on membranes because of their special properties, which 
improves the effectiveness of such membranes for oil/water 
separation [36]. Using simple techniques, many nanoparticles 
can easily form super-hydrophobic micro/nano structures on 
surfaces [37]. Adding additives into casting solution was an ef-
fective method to prepare composite membrane. Among var-
ious nanoparticles such as clay [38], SiO2 [20, 39], TiO2 [40], 
GO [16], chitosan [41, 42] are embedded into the membrane to 
enhance the membrane's properties for oil/water separation. 
Silica has highly attracted a lot of interest among them as a 
type of nanoparticle.

Polymeric membranes, including polyvinylidene fluoride 
(PVDF), polytetrafluoroethylene (PTFE), polypropylene (PP), 
and polysulfone (PSF), have been widely used as effective sub-
strate materials for the separation of stable oil/water emulsions 
because of their appropriate porosity, remarkable flexibility, and 
durability [16, 43].

Due to their excellent physical and chemical stability and low 
surface energy, PVDF-MF membranes are vulnerable to signif-
icant membrane fouling in oily water treatment, which even-
tually results in performance loss. Additionally, PVDF is one 
of the commonly used polymers for oil–water separation. Due 
to its advantageous characteristics, for instance, attributes 
such as low surface energy, high mechanical strength, and ro-
bust physical and chemical stability are noteworthy [44].

Physical mixing and chemical grafting are used to minimize 
the fouling effect. Due to its ease of preparation using the phase 
separation method in a single step and efficiency in enhancing 
the anti-fouling performance, physical blending, in particular 
by inorganic nanoparticles (silica (SiO2), titanium dioxide) into 
the PVDF membrane matrix, has attracted significant attention 
[39, 45].

PSF is another polymer employed for oil–water separation due 
to low cost, superior film forming ability, and strong chemical 
and thermal stability. However, due to its hydrophobic nature, 
the permeability of the membrane frequently decreases, leading 
to significant membrane fouling. To enhance the hydrophobic-
ity of the PSF membrane using nanoparticles, modifications are 
necessary [46].

Recent membrane studies with SiO2 showed that the addition of 
SiO2 NPs resulted in the best oil/water separation with rejection 
above 90% [32, 47, 48]. Also, the separation efficiency did not 
significantly change after 10 cycles of separation. It is clear from 
recent studies that silica nanoparticles are also promising for 
producing super hydrophobic membrane for effective oil–water 
separation.

The challenge of improving oil rejection in polymeric mem-
branes has become increasingly critical due to the growing 
demand for effective water treatment technologies. This study 
presents a novel approach by investigating and comparing 
the  role of SiO2 NPs in enhancing the oil rejection capabil-
ities  of PVDF and PSF membranes without using any sur-
factant. Unlike previous studies which have mostly focused 
on  changing membrane structure or surface chemistry, our 
research  shows how the addition of SiO2 NPs can consider-
ably increase membrane hydrophilicity and antifouling ca-
pabilities. Since it is the first comparative research on the 
oil-rejection performance of PVDF and PSF membranes 
with and without SiO2 NPs, this article will contribute to the 
literature.

2   |   Materials and Methods

2.1   |   Materials

PVDF and PSF (with an average Mw = 60,000 Da) were sup-
plied from Acros Organics (Geel, Belgium), DMF (N,N-
Dimethylformamide) was obtained from Merck (Darmstadt, 
Germany). SiO2 NPs (SiOX, 99.5+%, 15–20 nm, S-type, spherical, 
nonporous, and amorphous) were purchased from Nanografi. 
Waste hydraulic oil was collected from garages.
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3   |   Methods

3.1   |   Membrane Fabrication

Dope solution is prepared using PVDF and PSF as a polymer, DMF 
(solvent) and SiO2 NPs. First, the SiO2 NPs was stirred in DMF 
with a stirrer and then the polymer is added slowly. Stirred until 
the polymer is completely dissolved. The resulting dope suspen-
sion is sonicated to homogeneously disperse the silica particles. 
Schematic representation of the fabrication of SiO2 NPs embedded 
PVDF and PSF membranes presented in Figure  1. The compo-
nents of the dope solution are presented in Tables 1 and 2.

3.1.1   |   Membrane Filtration Tests

3.1.1.1   |   Preparation of Oil-in-Water Emulsions.  Grease 
and oil concentrations in oily wastewaters can reach 5495 mg/L 
[49]. A 5 g/L solution was produced to create an oil-in-water 

emulsion model. A homogeneous solution (5 g/L) was obtained 
by mixing aging hydraulic oil and distilled water vigorously 
for 1 h to create the oil-in-water emulsion model.

The oil concentration was determined in the permeate using an 
Hach UV–visible spectrophotometer at 387 nm. The value of oil 
concentration can be calculated by converting the absorbance of 
the fluid under test.

The basic separation capabilities (water flux and rejection) of 
the membranes evaluated using a dead-end stirred cell filtra-
tion system (Sterlitech, HP4750). A 300 mL-capacity filtration 
cell is used, and it is connected to a nitrogen gas cylinder. The 
system's effective membrane area is 14.6 cm2. For the filtering 
test, DI water has been the feed solution, and nitrogen gas was 
used to pressurize the feed side of the system. Transmembrane 
pressure (TMP) for PVDF; PVDF/SiO2 and PSF; PSF/SiO2 
membranes in the water filtration test was 5 and 10 bars, the 
stirring speed was 300 rpm, and the temperature maintained 

FIGURE 1    |    Schematic representation of the fabrication of SiO2 NPs embedded PVDF and PSF membranes. [Color figure can be viewed at wi-
leyonlinelibrary.com]

TABLE 1    |    The components of the dope solution for PVDF 
membrane.

Membrane
PVDF 
(wt%)

DMF 
(wt%)

SiO2 NPs 
(wt%)

PVDF 15 85 —

PVDF + 1% SiO2 14 85 1

PVDF + 2% SiO2 13 85 2

PVDF + 3% SiO2 12 85 3

TABLE 2    |    The components of the dope solution for PSF membrane.

Membrane PSF (wt%)
DMF 
(wt%)

SiO2 NPs 
(wt%)

PSF 20 80 —

PSF + 1% SiO2 19 85 1

PSF + 2% SiO2 18 85 2

PSF + 3% SiO2 17 85 3
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at 25°C. Equation (1) will be used to determine water fluxes of 
the membranes.

3.1.1.2   |   Evaluation of Oil Separation Performance.  A 
dead-end stirred cell filtration system is employed to assess 
the efficiency of PVDF and PSF membranes for separation. 
Aging hydraulic oil used for preparation of the synthetic oil/
water emulsion. At a stirring speed of 250 rpm and a TMP of 5 
and 10 bar, the oil rejection tests were carried out in the dead-end 
filtering module (Figure  2). The membranes filtered the pure 
water for 20 min (2 bar). After that, a 250 mL sample of the emul-
sion was added and run through the membranes on the vacuum 
filtering system. In order to calculate the separation flux (J) 
and rejection ratio (ɳ), flux decay ratio (DR) and flux recovery 
ratio (FRR) the formulas shown below. Samples of wastewater 
were tested for the presence of oil at a wavelength of 387 nm 
using UV-visible spectroscopy.

where J represents the water flux (L/m2 h), V represents the 
permeate volume (L), A represents the effective membrane area 
(m2), and t represents time (h). C0 (g/L) and C (g/L) represent 
the oil concentrations in the emulsion before and after filtering, 
respectively. J1 (L/m2 h) is the oil/water emulsion flux, and J2 (L/
m2 h) cleaned membrane water flux.

3.2   |   Separation Cycling Experiments

Ten separation cycling tests were conducted to determine 
the membrane's durability and anti-fouling capabilities with 
PSF + SiO2(wt 2%) and PVDF+SiO2(wt 2%). Every cycle includes 
both the washing and separating processes. Before starting the 
next cycle, the membrane is repeatedly cleaned with deionized 
water to eliminate any remaining oil.

3.3   |   Zeta Potential Measurements

The value of the zeta potential of the SiO2 Nps samples was 
determined using Nano ZS90 (Malvern, UK) equipment. SiO2 
NPs solution was prepared with a solid concentration of 1% by 
weight. pH profile adjusted with 0.1 M HCl and NaOH.

Each data point represents the average of approximately 20 mea-
surements taken at room temperature, all of which were carried 
out at room temperature.

3.4   |   Contact Angle Measurements

The sessile drop method was used to measure the water contact 
angle to determine the changes in surface hydrophilicity of each 
of the PVDF and PSF membranes after the addition of SiO2 Nps. 
The measurements were performed using Attention-Theta Lite, 
BiolinScientific, Finland.

3.5   |   Fourier Transform Infrared 
Spectrophotometer Measurements

Fourier transform infrared (FT-IR) spectra were used to 
identify the functional properties of SiO2 Nps and SiO2 Nps 

(1)J =
V

A × t

(2)%� = 1 −
C

C0
× 100

(3)DR =
J − J1
J

× 100

(4)FRR =
J2
J
× 100

FIGURE 2    |    Schematic representation of the oil rejection experiments. [Color figure can be viewed at wileyonlinelibrary.com]
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embedded PVDF and PSF membranes using an FT-IR spectrom-
eter (Thermo Nicolet Avatar 370).

3.6   |   Scanning Electron Microscopy

The structure and morphology of SiO2 Nps and SiO2 Nps em-
bedded composite PVDF and PSF membranes at three different 
ratios (1%, 2%, and 3%) were examined using a scanning elec-
tron microscope (Zeiss Gemini) with a 10 kV applied voltage.

4   |   Results and Discussion

4.1   |   Zeta Potential

The determination of the surface electric charge of SiO2 Nps in 
PVDF and PSF is crucial for optimizing membrane performance, 
increasing separation efficiency, controlling fouling, and ensur-
ing membrane stability. Therefore, zeta potential analyses were 
carried out between pH 3 and 12 (Figure 3).

The zeta potential curve of SiO2 NPs was analyzed, and it was 
found that it did not have a value for the isoelectric point (IEP). 
Its surface was negatively charged in all pH ranges, as shown in 
Figure 3.

SiO2 NPs generally have a negative zeta potential due to sur-
face silanol groups that can ionize and produce negative charges 
[50, 51].

4.2   |   FT-IR

The chemical composition of oil, SiO2 NPs, pristine PVDF and 
PSF, and SiO2 NPs embedded nanocomposite membranes was 
evaluated using ATR-FTIR analysis (Figure 4). The use of FTIR 
analyses is crucial for the determination of the chemical interac-
tion between the both PVDF and PSF membranes and SiO2 NPs 
material, in addition to their efficiency in oil removal.

The FITR spectra of SiO2 NPs exhibited the absorption peaks 
observed at 1080 and 802 cm−1 correspond to the Si  O  Si 
symmetric and asymmetric stretching vibrations, respectively. 
The absorption peak observed at 957 cm−1 was attributed to the 
stretching vibration of Si  OH bonds [52].

For PVDF, the peaks observed at 3367, 1403, and 1274 cm−1 can 
be attributed to the CH2 stretching, deformation vibrations, and 
the CF2 stretching vibration, respectively. The absorption peaks 
at 840, 877, 1072, 1179, and 1403 cm−1 indicate the presence of 
α and β phases. These are the two most common PVDF poly-
morphs [52–55].

The FTIR spectrum of the pristine PSF membrane exhibited 
peaks at 2968, 1240, and 1410–1585 cm−1, which can be attributed 
to C  H, C  O  C, and C  C stretching vibrations, respectively. 
Symmetric (and asymmetric) stretching vibrations of the sulfo-
nyl group (O  S  O) correspond to the peaks at 1013–1294 cm−1 
[56, 57].

FIGURE 3    |    Zeta potential of SiO2 NPs.

FIGURE 4    |    (a) The FTIR spectra of oil, SiO2 NPs, 20%PSF, 18%PSF + 2% SiO2, and 18%PSF + 2%SiO2 + oil. (b) FTIR spectra of oil, SiO2 NPs, 
15%PVDF, 13%PVDF+2% SiO2, and 13%PVDF+2% SiO2 + oil. [Color figure can be viewed at wileyonlinelibrary.com]
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These results confirm the presence of silanol groups, siloxane 
linkages, and adsorbed water groups, as found in both SiO2 NPs 
embedded PVDF and PSF membranes [58].

For oil, the peaks present at 3920 and 2852 cm−1 represent al-
kanes with a single bond. The carbonyl bond is observed at 
1732 cm−1 [59].

4.3   |   Contact Angle

The contact angles of the outer surfaces of the fabricated mem-
branes (pristine PSF and pristine PVDF, at three different mem-
brane concentrations of PVDF/SiO2 NPs and PSF/SiO2 NPs) 
were studied in detail (Figure 8a,b).

A comparison of the PSF membranes containing SiO2 NPs with 
the pristine PSF membrane revealed a decline in the water con-
tact angle from 79° to 67° (Figure 5a).

The maximum contact angle for the pristine PVDF mem-
brane was found to be 73°. The PVDF/SiO₂ NPs membranes 
were observed to reduce the water contact angle down to 53° 
(Figure 5b).

As a result, the addition of SiO2 NPs to PVDF and PSF mem-
branes resulted in a slight decrease in water contact angles. This 
is attributed to the hydrophilic nature of SiO2 NPs, which re-
duces the water contact angle of both membranes [60, 61].

4.4   |   Scanning Electron Microscopy

In this study, scanning electron microscopy (SEM) was em-
ployed to provide detailed visualization of membrane surfaces 
at high magnifications. The cross-sectional SEM images of pris-
tine PSF membrane the SiO₂/PSF membranes are presented 
in Figure  6c–e to illustrate the morphological changes in the 
substrate.

As can be seen in Figure 6a,c–e, all membranes exhibit a typical 
asymmetric membrane structure with a dense top layer and a 
substrate with finger-like pores.

As can be seen in Figure 6c–e, the impact of the addition of SiO2 
NPs was observed on the both hybrid membranes. It was ob-
served that as the amount of SiO2 NPs embedded on the mem-
brane increased, the agglomeration of PSF/SiO2 NPs membranes 
increased at the same rate.

Figure 7c–e shows that SiO2 NPs are mainly deposited on the 
top surface of PVDF membranes. The amount of aggregates 
covering the pores on the membrane surface, which is affected 
by the amount of SiO2 NPs on the surface, can be observed in 
all cross-sectional SEM images of modified PVDF membrane 
morphology.

Once all the results of the SEM have been evaluated in their en-
tirety. In particular, the uniform pore structure and pore dis-
tribution in PSF and PVDF polymers provide evidence that the 
membranes are being produced successfully (Figures  6a and 
7a ). It was observed that surface morphology of both PSF and 
PVDF membrane containing SiO2 NPs was suitable for oil/water 
separation.

4.5   |   Membrane Filtration and Oil Rejection 
Experiments

The pristine water fluxes of PSF, PSF/1% SiO2, PSF/2% SiO2, 
and PSF/3% SiO2 were determined at 10 bar using a dead-
end filtration system. The results of pristine water flux from 
membranes are shown in Figure 8. The pristine water fluxes 
of PSF, PSF/1% SiO2, PSF/2% SiO2, and PSF/3% SiO2 are 25.3, 
45.6, 96.2, and 112.3 L m−2 h−1, respectively. As can be seen, 
the water flux for PSF/ SiO2 membrane increased from 25.3 
to 112.3 L m−2 h−1 by the addition of SiO2 from 1% to 3%. 
Wu et  al. discovered a similar outcome: Hybrid membranes 
with 0.3 wt% SiO2 of nanoparticles have a higher water flux 

FIGURE 5    |    Contact angle measurements of (a) 20 wt% PSF; 1 wt% SiO2 NPs, 2 wt% SiO2 NPs, 3 wt% SiO2 NPs embedded PSF membrane surfaces. 
(b) 15 wt% PVDF; 1 wt% SiO2 NPs, 2 wt% SiO2 NPs, 3 wt% SiO2 NPs embedded PVDF membrane surfaces. [Color figure can be viewed at wileyon-
linelibrary.com]
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than that of pristine PSF membrane [62]. Jafar discovered 
that when the amount of additives is increased up to 3 wt%, 
the mix membranes' pure water permeability rises. Higher 

hydrophilicity and improved pore structure of the blend mem-
branes were the causes of the increase in pure water flux in 
the blend membranes [63].

FIGURE 6    |    The cross-section SEM images of (a) pristine PSF membrane, (b) SiO2 NPs, (c–e) morphology of modified PSF membranes with dif-
ferent SiO2 NPs concentrations. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7    |    The cross-section SEM images of (a) pristine PVDF membrane, (b) SiO2 NPs, (c–e) morphology of modified PVDF membranes with 
different SiO2 NPs concentrations. [Color figure can be viewed at wileyonlinelibrary.com]
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The pristine water fluxes of PVDF, PVDF+1% SiO2, PVDF+2% 
SiO2, and PVDF+3% SiO2 were determined at 5 bar using a dead-
end filtration system. The results of pristine water flux from 
membranes are shown in Figure 9. The pristine water fluxes of 
PVDF, PVDF/1% SiO2, PVDF+2% SiO2, and PVDF+3% SiO2 are 
118.3, 221.1, 575.5, and 1642.9 L m−2 h−1, respectively. As can be 
seen, the water flux for PVDF/ SiO2 membrane increased from 
118.3 to 1642.9 L m−2 h−1 by the addition of SiO2 from 1% to 3%. 
Similar findings were reported by Ngang, who discovered that 
membrane pure water fluxes increased when SiO2 concentra-
tion increased from 57 to 93.86 L/m2 h. Theoretically, improved 
hydrophilicity and pore enlargement are the main reasons for 
membrane flux enhanced [64].

Figures 8 and 9 show pure water flow measurements before and 
after synthetic oily water filtration, as well as oily water fluxes 
for PSF, PVDF, PSF/SiO2, and PVDF/SiO2 membranes. When 
compared to pure water flux, oily water flux reduced signifi-
cantly. Membrane fouling was the most common result of this 
flow reduction. Adsorption and deposition of oil droplets on the 
membrane surface occurred rapidly, resulting in membrane foul-
ing. Membranes were cleansed with purified water for 20 min. 
Following that, flux recovery was computed to express the mem-
branes' antifouling resistance with FRR [65].

4.6   |   Oil Rejection of the (PSF/SiO2) 
and (PVDF/SiO2) Membranes

PVDF has a non-polar character due to its fluorinated structure, 
which leads to strong hydrophobicity. This property contributes 
to effective oil rejection by repelling oil droplets and limiting 
their adsorption on the membrane surface. Although PSF is hy-
drophobic, it can interact with water due to the polar sulfone 
group in its structure and allow oil permeability. SiO2 NPs have 
been shown to affect the surface charge of the membrane. The 
negatively surface charged SiO2 NP attracted water molecules 
while repelling non-polar oil molecules. Thus, it has been shown 
to improve oil rejection.

Figure 10 shows that the presence of nanoparticles improves oil 
rejection due to their molecular sieve capabilities. On the other 
side, the PSF membrane without SiO2 has the lowest rejection 
performance, at 30.46%. The PVDF and PSF membranes with 
2% SiO2 had the highest oil removal effectiveness, at 94.05% and 
92.16%, respectively.

Table 3 shows the separation performance of membranes (PSF, 
PVDF) with SiO2 for oil–water emulsions. The oil rejection rates 
in this study are comparable to a number of other membranes 
described in the references. This shows that using SiO2 NPs are 
the most promising technique for producing high-performance 
membranes for oily wastewater separation.

FIGURE 8    |    Pure water, synthetic oily water, and cleaned membrane 
fluxes of 20 wt% PSF and three different concentrations of SiO2 (1, 2, and 
3 wt%) embedded membranes. [Color figure can be viewed at wileyon-
linelibrary.com]

FIGURE 9    |    Pure water, synthetic oily water, and cleaned membrane 
fluxes of 15 wt% PVDF and three different concentrations of SiO2 (1, 2, 
and 3 wt%) embedded membranes. [Color figure can be viewed at wi-
leyonlinelibrary.com]

FIGURE 10    |    Oil rejection rate of PSF, PVDF, PSF/SiO2, and PVDF/
SiO2 membranes. [Color figure can be viewed at wileyonlinelibrary.
com]
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In comparison to previous studies on membrane-based oil 
filtration, this study demonstrates competitive oil rejection 
efficiencies, particularly with the PVDF/SiO₂ (94.1%) and 
PSF/SiO₂ (92.2%) membranes. While some studies report 
higher rejection rates (e.g., > 98% for PVDF/SiO₂ with addi-
tives like PVP and DMAc), these typically use oils such as n-
hexane, vegetable oil, or diesel, which differ from the aging 
hydraulic oil tested in this study. The 10-cycle testing in this 
study is consistent with prior studies' cycle ranges of 5–30 cy-
cles, demonstrating that the membranes in this study work 
well over numerous filtration cycles. Overall, the results are 

promising, particularly for the filtration of more complex oils 
like aging hydraulic oil.

Additionally, this study highlights the performance differences 
between the two membrane types and offers valuable insights 
for selecting the most suitable materials for specific applications.

The oil rejection rate and cycle number of different treat-
ment methods are listed in Table  4. The table provides a 
comparison of various treatment methods for oil–water sep-
aration, along with their respective oil rejection percentages, 

TABLE 3    |    Comparison of membranes based on SiO2 for rejection of oil.

Name of 
membrane Additives Oil rejection (%) Type of oil Cycle Ref.

PVDF/SiO2 
(electrospinning)

— > 98 n-hexane
Petroleum ether

Vegetable oil
Vacuum pump oil

30 times [66]

PVDF/SiO2 
nanofibrous 
membrane

— 97.95
98.3
92.7
90.8

Octane
Hexadecane

Diesel oil
Rapeseed Oil

— [67]

PVDF/SiO2 PVP, DMAc, MgCl2 99.4 Soybean oil 3 times [45]

PVDF/ SiO2 PVP > 97.4 (n-hexane, xylene, 
methylene chloride, linseed 

oil, and motor oil)

10 times [68]

PVDF/SiO2 — 98 Crude oil in salty solution — [64]

PVDF/ SiO2 — 94.15 Hexadecane 5 [69]

PSF/ SiO2 Tween 80 98 Palm oil — [46]

PSF/SiO2 — — Hexane
Kerosene
Gasoline

— [70]

PSF/SiO2 — 92.2 Aging hydraulic oil 10 times This study

PVDF/SiO2 — 94.1 Aging hydraulic oil 10 times This study

TABLE 4    |    Comparison of oil rejection with different treatment methods.

Treatment methods Type of oil Oil rejection (%) Cycle Ref.

Adsorption Sesame oil
Peppermint oil

> 55
> 85

5 times [71]

Biological treatment Soybean oil > 90 — [72]

Electrochemical treatment Crude oil 98 — [73]

Microemulsions (MEs) Diesel engine oil 84.3–86.8 6 times [74]

Flotation Soybean oil > 80 — [75]

Nanofibrous aerogel Toluene
Kerosene
n-hexane

> 99 10 times [76]

Membrane filtration (PSF/SiO2) Aging hydraulic oil 92.2 10 times This study

Membrane filtration (PVDF/SiO2) Aging hydraulic oil 94.1 10 times This study

 10974628, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.56590 by A

bdullah G
ul U

niversity, W
iley O

nline L
ibrary on [06/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 13 Journal of Applied Polymer Science, 2025

treatment cycles. Some treatment methods don't include cycle 
number. The effects of two different composite membranes 
on rejection  of oil and cycle effect were examined and com-
pared  in this study. Table 4 serves as a comprehensive over-
view of the performance of different treatment methods in 
separating various types of oils from water, providing valu-
able insights for applications in industry and environmental 
remediation.

4.7   |   Antifouling Capacity of the (PSF/SiO2) 
and (PVDF/SiO2) Membranes

The super hydrophilic strategy had a significant effect on allevi-
ating irreversible fouling, but was not appropriate for reversible 
fouling. It was reflected that the flux recovery rates (FRRs) of 
super hydrophilic membranes could be close to 100%, but the 
flux decline rates (DRs) were usually more than 40% [77].

As shown in Table 5, when SiO2 NPs were added to PSF mem-
branes, the FRR value increases to more than 85%. The FRR 
value of a pristine PSF membrane is approximately 63.2%. 
Consequently, it can be stated that SiO2 addition significantly 
improves the anti-fouling properties of membranes. Similar 
result found by Wu et  al. [62] and Yao et  al. [34]. A higher 
FRR value indicated that SiO2-containing membranes had 
superior  antifouling properties than neat membranes. This 
could  be because the resulting membranes included addi-
tional silica nanoparticle additions, which also increase their 
hydrophilicity [63].

In general, a lower DR indicates stronger resistance to oil re-
jection, while a higher FRR indicates better physical cleaning 
effectiveness. As a result, both a lower DR and a higher FRR 
suggest improved antifouling capabilities [78].

The experimental results showed that the antifouling capacity 
of the PSF and PVDF membranes coated with SiO2 NPs were 
significantly improved. When compared to pristine PSF and 
PVDF membranes, these new modified PSF and PVDF mem-
branes performed better in terms of water flux and flux recovery 
ratio (FRR%).

4.8   |   Cycling Experiment

PVDF and PSF membranes with 2% SiO2 were also tested for 
separation efficiency using a dead-end filtration system in a con-
tinuous cycle separation. Equation  (2) is used to calculate the 
oil rejection percentage for each cycle of PVDF and PSF mem-
branes that include 2% SiO2.

The results are shown in Figure  11. Even after 10 cycles, the 
rejection efficiencies of PVDF and PSF membranes with 2% 
SiO2 remained steady, over 90% for PVDF, and more than 87% 
for PSF.

5   |   Conclusion

The addition of SiO2 NPs at various concentrations has been 
shown to increase the hydrophilicity of the membrane surface, 
resulting in improved water permeability and fouling resistance. 
Cycling studies have also shown that SiO2 NPs can increase the 
durability and lifetime of the membrane by providing additional 
mechanical support and stability to the membrane structure. 
Furthermore, SiO2 NPs are functionalized to selectively ad-
sorb oil molecules, making them ideal for oil/water separation 
applications.

The water flux of the PSF/SiO2 membrane surged from 25.3 to 
112.3 L m−2 h−1 with the SiO2 NPs concentration rising from 1% 
to 3%.

PSF membranes doped with SiO2 NPs have FRR values higher 
than 85%, which suggests a significant improvement in their anti-
fouling characteristics. Consequently, the membrane's resistance 
to fouling is effectively maximized by the addition of SiO2 NPs.

Membranes consisting of PVDF and PSF with 2% SiO2 NPs ex-
hibited higher oil removal efficiency with 94.05% and 92.16%, 
respectively.

PVDF and PSF membranes with 2% SiO2 NPs continued to have 
constant removal efficiency even after 10 cycles.

TABLE 5    |    Oil rejection ratio (%), FRR (%), and DR (%) values of PSF, 
PSF/SiO2, and PVDF, PVDF/SiO2 membranes for synthetic oil/water 
emulsion filtration.

Membrane Oil rejection (%) DR (%) FRR (%)

20% PSF 30.5 73.6 63.2

PSF + 1% SiO2 78.8 31.8 85.7

PSF + 2% SiO2 92.2 34.3 89.3

PSF + 3% SiO2 91.3 33.2 87.1

15% PVDF 82.7 77.6 60.7

PVDF + 1% SiO2 92.2 50.1 84.7

PVDF + 2% SiO2 94.1 48.3 83.3

PVDF + 3% SiO2 90.9 49.1 87.5

FIGURE 11    |    The reusability test of the PVDF + SiO2 and PSF + SiO2 
membranes. [Color figure can be viewed at wileyonlinelibrary.com]
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Even after 10 cycles, the removal efficiencies of PVDF and PSF 
membranes with 2% SiO2 NPs remained consistently high, with 
PVDF exceeding 90% and PSF surpassing 87%.

The addition of SiO2 NPs to PSF membranes decreased the water 
contact angle from 79° to 67°, while the PVDF membranes de-
creased the water contact angle from 73° to 53°.

The experimental results demonstrate that the incorporation of 
SiO2 NPs significantly improves oil rejection efficiency in both 
types of membranes. Comparative analysis shows performance 
differences between the two membrane types, suggesting that 
membrane material selection can significantly affect oil rejec-
tion efficiency.
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