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1 | INTRODUCTION
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Abstract

The efficient separation of waste oil from contaminated water is critical due to its
challenges in environmental and industrial applications. This study investigated the
production and optimization of polysulphone (PSF) membranes using two different
types of clay (nanomer clay/CN and commercial nanoclay/NC). Response Surface
Methodology (RSM) was applied to optimize the basic production parameters and
nanoclay concentrations systematically to maximize oil rejection and permeability
flow. The experimental results showed that NC and CN significantly increased the
hydrophilicity, permeability, and fouling resistance of the membrane compared to
pure PSF membranes. The contact angle significantly decreased from 64.34° (pristine
PSF) to 36.23° (2% NC), indicating highly improved hydrophilicity. Consequently, the
pure water flux increased from 177.2 L/m? h to a maximum of 248.6 L/m? h (1% NC).
Furthermore, the modified membranes exhibited outstanding anti-fouling properties;
the flux recovery ratio (FRR) improved from 88.09% to 96.20% (1% CN), while the
decline ratio (DR) drastically dropped from 60.89% to 32.14%. The optimized condition
for maximum removal efficiency using a modified quadratic model revealed that
2572 mg/L oil can be treated with a PSF membrane containing 2.0% CN to remove
98.271% of the oil. The model also suggests superiority of CN over NC with desirability
factors of 0.978 and 0.900, respectively, while both demonstrated high efficiency. This
theoretically modeled experimental comparative study highlights the importance of
PSF membrane technology for efficient and sustainable oil-water separation and dem-

onstrates the promising potential of nanoclay modifications.
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treated.? Ecological impacts such as oil spills and the continuous
release of hazardous effluents threaten environmental quality. Addi-

Rapid industrial production and human activity growth have signifi-
cantly increased the discharge of oily wastewater from sectors such
as petroleum, chemical, food processing, and metal industries.! Con-
taining various pollutants, oily wastewater poses serious risks to water
resources, aquatic ecosystems, and human health if not adequately

tionally, oily pollution is a complex contaminant in aquatic environ-
ments.2 Notably, a single liter of waste vegetable oil can contaminate
up to one million liters of drinking water.* Consequently, water pollu-
tion caused by these discharges has become a critical environmental

concern, especially given the persistence and widespread presence of
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oily wastewater in water bodies.® Increasing global water demand,
limited water resources, and the impacts of climate change further
emphasize the need for effective treatment methods, pollution pre-
vention at the source, and water conservation to ensure environmen-
tal sustainability and protect the balance for future generations.
Various treatment techniques have been studied for the
removal of emulsified oils from water, including microfiltration,®
ultrafiltration,” pervaporation,8 electrocoagulation,9 and reverse
osmosis.’® Among these methods, adsorption and membrane separa-
tion are particularly favored due to their high efficiency and low
energy consumption. Membrane technology has emerged as a promis-
ing and sustainable solution for oily wastewater treatment, offering
not only cost-effectiveness and high separation efficiency but also
minimal secondary pollution and ease of recycling.!? Adopting
membrane-based processes is increasingly recognized as a viable
approach for effective oil-water separation, which supports global
efforts to mitigate water pollution and promote water conservation in
the face of growing environmental challenges.
Polymeric membranes, especially those incorporated with TiO,,*?

3 4 and clay nanoparticles,*®> are commonly

Si0,,! cellulose,*® silica,®
used for oily wastewater treatment. Polymeric membranes play a cru-
cial role in oily wastewater treatment due to their enhanced hydrophi-
licity, antifouling properties, and high separation efficiency, enabling
more sustainable and effective removal of oil contaminants from
water.1®

Among various nanoparticles explored for membrane enhance-
ment, organically modified montmorillonite nanoclays have emerged
as particularly promising additives, including materials such as Nano-
mer 1.44P, modified with dimethyldialkyl amines, and Nanomer .31PS,
which contains octadecylamine and aminopropyltriethoxysilane.
Strong compatibility with polymer matrices supplies usability to them
in membranes to increase hydrophilicity, porosity, and surface rough-
ness. These improvements contribute to higher water flux, better foul-
ing resistance during filtration, and increased removal efficiency.!”

Aljlil developed a membrane composed of red clay and nano-
activated carbon to treat industrial wastewater, reaching up to
99.96% oil removal efficiency at 80 NTU oil concentration under a
pressure of 5 bar.X® Nandi et al. prepared a ceramic microfiltration
(MF) membrane from a clay mixture and achieved 97% oil removal at
an oil concentration of 50 mg/L Nandi et al.X? Vasanth et al. achieved
87% oil removal using cross-flow microfiltration with clay-based
ceramic membranes.?® Aloulou et al. developed a composite mem-
brane incorporating TiO, and nanoclay materials for oily wastewater
treatment, achieving a 99% oil removal efficiency.?!

Recent research in oily wastewater remediation has increasingly
prioritized the development of sustainable and cost-efficient mem-
brane systems.® A notable example is the use of green additives, such
as banana peel nanoparticles, which have been shown to enhance
membrane hydrophilicity and achieve oil rejection rates of approxi-
mately 95.2%.2 While these eco-friendly modifications are promising,
their application to high-load, real-world waste oil streams remains
limited, particularly regarding robust statistical optimization and eco-

nomic scalability.

In this study, two types of clay-based membranes (PSF/NC
and PSF/CN) were fabricated using different amounts (0.5%-2%)
of nanoclay and nanomer to treat waste vegetable oil in water.
These membranes were evaluated for oil removal efficiency, water
flux, and fouling resistance under oily wastewater conditions. Sta-
tistical analysis using Design-Expert software and a Response Sur-
face D-Optimal Design approach was performed to systematically
examine the effects of oil concentration and nanoparticle content
and optimize membrane performance. The results showed that the
membranes achieved high oil removal rates, up to 98.6%, while

maintaining stable water flux.

1.1 | Statement of novelty

The RSM analysis identified the best conditions for maximum oil
removal using the membranes. By combining membrane preparation
with statistical optimization, this study aims to provide a practical and
effective approach for oil-water separation, supporting water conser-
vation and environmental protection. Recent advancements in the
field strongly emphasize the transition toward sustainable, eco-
friendly, and cost-effective membrane technologies for oily wastewa-
ter treatment.® In this context, this study contributes to the literature
by using real waste vegetable oil to compare unmodified and surface-
modified nanoclays, unlike most studies that rely on synthetic emul-
sions. This approach ensures high reliability by demonstrating robust
stability and high flux recovery against complex, un-pretreated real
effluents. Moreover, the findings obtained from this study are of great
importance for industrial sectors dealing with oily wastewater, such as
petroleum refining, petrochemical processing, and food production
processes. Membranes reinforced with optimized nanoclay have
shown improvement in oil rejection efficiency. In terms of perfor-
mance, the modified membranes achieved an outstanding oil removal
efficiency of up to 98.27% under optimal conditions, which compares
highly favorably with recent green-additive studies—such as the
95.2% rejection achieved using biological banana peel nanoparti-
cles®—demonstrating the superior potential of organically modified
nanoclays.

The use of natural, inexpensive, and environmentally friendly clay
can lead to reduced treatment costs and increased compliance with
environmental discharge regulations, directly improving the overall
cost-efficiency of the process. The use of the RSM has provided an
industry-friendly optimization framework that minimizes experimental
costs and time and facilitates scale-up and process integration. Fur-
thermore, since clay, which is abundant in nature, is an easily ob-
tainable and low-cost additive, it supports the development of
economically viable and sustainable membrane-based separation tech-
nologies for large-scale industrial applications.

From an environmental science perspective, the persistent nature
of oily wastewater poses a severe threat to aquatic ecosystems,
where even a single liter of waste vegetable oil can sustainably con-
taminate up to one million liters of drinking water.* This research

contributes to pollution research by developing a low-energy, highly
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efficient membrane filtration approach that utilizes natural, abundant,
and environmentally friendly clay nanoparticles rather than toxic or
expensive synthetic modifiers. The potential implications for real-
world applications are highly significant. By validating the membranes
using real industrial effluents (waste vegetable oil from dining
facilities) rather than synthetic emulsions, and successfully treating
heavy-duty oil loads (up to 3000 mg/L with over 98% rejection) and
an outstanding flux recovery ratio (FRR >96%), this approach proves
its practical viability. The robust fouling resistance ensures that fouling
is predominantly reversible, which offers industries a cost-effective
strategy to extend membrane operational lifespan, minimize chemical
cleaning requirements, and support large-scale sustainable wastewa-
ter management.

2 | MATERIALS AND METHODS

2.1 | Materials

PSF (with an average M,, = 60,000 Da) was supplied from Acros
Organics (Geel, Belgium), DMF (N,N-Dimethylformamide) was
obtained from Merck (Darmstadt, Germany). Nanoclay, Nanomer
(1.44P, montmorillonite clay surface modified with 35-45wt %
dimethyldialkyl(C14-C18)amine), and Nanoclay surface modified
(1.31PS contains 15-35 wt % octadecylamine, 0.5-5 wt % aminopro-
pyltriethoxyslane) were purchased from Sigma-Aldrich (USA). Waste
vegetable oil was collected from the university dining services on

campus.

(b)

UV Spectroscopy

1

FIGURE 1 Schematic
illustration of (a) Membrane
fabrication (b) oil rejection
experiments.
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2.2 | Methods

2.2.1 | Membrane fabrication

The dope solution was prepared by first dispersing CN and NC nano-
particles in the solvent DMF through stirring. Once the nanoparticles
were well mixed, the PSF polymer was slowly added to the suspen-
sion and stirred continuously until fully dissolved. The mixture was
then sonicated to ensure an even distribution of the nanoparticles
throughout the solution. Figure 1 provides a schematic overview of
the fabrication process for the PSF membranes containing CN and NC
nanoparticles. Detailed information on the components and their pro-
portions in the dope solution is listed in Table 1.

TABLE 1 The components of the dope solution for PSF/CN and
PSF/NC membranes.

PSF (wt %) NC (wt %) DMF (wt %)
Membrane 1 15 - 85

15 0.5 84.5

15 1 84

15 2 83

PSF (wt %) CN (wt %) DMF (wt %)
Membrane 2 15 - 85

15 0.5 84.5

15 1 84

15 2 83
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2.2.2 | Preparation of oil-in-water emulsions
A solution with a concentration of between 500 and 3000 g/L was
created to establish an oil-in-water emulsion model. A homogeneous
solution was obtained by mixing waste vegetable oil and distilled
water for 1 h to make the oil-in-water emulsion model. A Hach
UV-visible spectrophotometer set to 387 nm was used to measure
the amount of oil in the permeate. The absorbance of the fluid being
tested can be converted to determine the oil concentration value.

The emulsions were prepared using real WVO (waste vegetable
oil) to represent actual food industry conditions. It is important to
note that WVO contains free fatty acids and polar compounds formed
during high-temperature frying, which act as natural stabilizers.?? This
approach provides a more realistic assessment of membrane perfor-
mance than synthetic emulsions stabilized with commercial surfac-
tants like SDS or CTAB, as real waste matrices involve complex

interactions between diverse organic components.?>

2.2.3 | Measurement of oil separation efficiency

The basic separation performance of the PSF, PSF/nanoclay, and
PSF/nanomer membranes was evaluated using a dead-end stirred cell
filtration system (Sterlitech, HP4750) with an effective membrane
area of 14.6 cm? and a 300 mL-capacity filtration cell connected to a
nitrogen gas cylinder for pressurization. Deionized water was used as
the feed solution for the water flux tests, conducted at transmem-
brane pressures (TMP) of 5 bar, with a stirring speed of 250 rpm, and
maintained at 25°C. The water fluxes of the membranes were calcu-
lated using Equation (1).

The oil rejection experiments were conducted in the same dead-
end stirred cell filtration system at stirring speeds of 250 rpm under
TMP conditions of 5 bar. Before the emulsion filtration tests, the
membranes were preconditioned by filtering pure water for 15 min at
2 bar. Subsequently, 250 mL of the synthetic emulsion was filtered
through the membranes. The separation flux (J), rejection ratio (RR),
flux decay ratio (DR), and flux recovery ratio (FRR) were determined
using Equations (1), (2), (3), and (4), respectively. The oil concentration
in the treated samples was analyzed using UV-visible spectroscopy at

387 nm to evaluate the membranes' oil removal performance.

%

)= a @)

%RR=—C 100 2)
0

pR=2=% 100 (3)
Js

FRR =7} % 100 (4)

The water flux (J, L/m?h) was calculated using Equation (1),

where V is the volume of permeate (L), A is the effective membrane

area (m?), and t is the filtration time (h). The oil rejection efficiency
was determined based on the initial (Cy, g/L) and final (C, g/L) oil con-
centrations in the emulsion before and after filtration, respectively.
The oil/water emulsion flux is denoted as J, (L/m? h), while J, (L/m? h)
represents the water flux of the cleaned membrane after fouling and
cleaning procedures. For the regeneration procedure, the fouled
membranes were simply rinsed thoroughly with deionized water for

15 min to remove reversible foulants before measuring J,.

224 | Experimental design

In this study, a Response Surface Methodology (RSM) using the
D-Optimal design was employed to efficiently investigate the effects
of two numeric factors, nanoparticle percentage and feed oil concen-
tration, alongside one categorical factor, nanomaterial type, on the
system's performance, specifically the oil removal efficiency (Table 2).
The D-Optimal design was selected due to its flexibility in handling
quantitative and qualitative variables and its suitability for irregular
experimental regions where classical factorial or central composite
designs are impractical. This approach allows for constructing a statis-
tically efficient model with minimal experimental runs, ensuring pre-
cise estimation of interaction effects and higher-order terms while
optimizing resource use in laboratory experimentation. The adopted
experiment design was Response Surface D-Optimal Design. The

experiment runs included 23 runs.

2.3 | Characterization

2.3.1 | 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
PSF/NC and PSF/CN membrane after the addition of NC and CN
Nps. The measurements were performed using Attention-Theta Lite,
BiolinScientific, Finland.

2.3.2 | Fourier transform infrared
spectrophotometer (FT-IR) measurements

FT-IR spectrometer (Thermo Nicolet Avatar 370) was used to identify
the functional groups present in pure PSF, CN, and NC Nps, as well as
in WVO and NC and CN embedded PSF membranes.

2.3.3 | Scanning electron microscopy (SEM)

The structure and morphology of NC and CN Nps and NC and CN
embedded nanocomposite PSF membranes at three different ratios
(2%, 1%, and 0.5%) were examined using a scanning electron micro-

scope (Zeiss Gemini) with a 10 kV applied voltage.
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TABLE 2 Implemented design build Favashn 11.0.3.0
information and the factors levels.
Study type Response surface Subtype Randomized
Design type D-optimal Coordinate Exchange Runs 23
Design model Reduced Cubic Blocks No Blocks
Build time (ms) 109.00
Factor = Name Units  Type Minimum  Maximum  Codedlow Coded high
A QOil Conc. mg/L  NuCNic 500. 3000 -1+ 500 +1 < 3000
B NanoP NuCNic 0.0 2.0 -1-000 +1+ 200
Cc Material Categoric  NC CN
70 70
(a) (b)
= o
o 60 - S 60 -
2 2
= c
& 50 - 8 50 -
o [3]
z 8
£ 40 S
8 . S 40
. B §
15wt%PSF 0.5wt%CN  1wt%CN 2wt’%CN 15wt%PSF 0.5wt%NC 1wt’%NC 2wt’/oNC
Membrane Membrane

FIGURE 2 Contact angle measurements of (a) 15 wt % PSF, 0.5 wt % CN, 1 wt % CN, and 2 wt % CN embedded PSF membrane surfaces
(b) 15 wt % PSF, 0.5 wt % NC, 1 wt% NC, and 2 wt% NC embedded PSF membrane surfaces.

3 | RESULTS AND DISCUSSION

3.1 | Characterization analysis of the membranes

3.1.1 | Contactangle

In this study, integrating CN and NC additives into PSF membranes
markedly enhanced membrane hydrophilicity, as evidenced by the
observed reduction in contact angle values. Specifically, the contact
angle for membranes modified with CN declined from 64.34° for pris-
tine PSF to 62.36°, 53.61°, and 50.28% upon incorporating 0.5%, 1%,
and 2% CN, respectively. This trend indicates that increasing the
nanomer concentration leads to enhanced surface wettability, likely
due to the migration of hydrophilic groups toward the membrane sur-
face and the increase in surface roughness. The presence of hydroxyl
functionalities, high porosity, and the inherently hydrophilic nature of
clay-based nanoparticles also contribute to this behavior.2* Figure 2
presents the contact angle measurements of PSF/nanoclay and
PSF/nanomer membranes.

A more substantial decrease in contact angle was achieved with
the addition of NC, where CA values decreased from 64.34° (pristine
PSF) to 44.34°, 37.05°, and 36.23% with the incorporation of 0.5%,
1%, and 2% NC, respectively. This sharper reduction demonstrates

the superior capability of NC compared to CN in improving membrane

hydrophilicity. This can be attributed to the intrinsic hydrophilic
nature of NC and its uniform dispersion within the PSF matrix, which
facilitates the exposure of hydrophilic sites on the membrane
surface.?®

The significant reduction in contact angle upon NC addition is
expected to enhance water permeability and mitigate fouling during
filtration processes, which is advantageous for practical water treat-
ment applications. Similar improvements in membrane hydrophilicity
upon incorporating nanofillers have been reported in previous studies,
supporting the trends observed in the present work.2%2”

These results demonstrate that incorporating hydrophilic CN and
NC additives into PSF membranes effectively enhances surface wetta-
bility, with NC exhibiting a more pronounced effect. This improve-
ment in hydrophilicity is beneficial for applications requiring high
water affinity and fouling resistance, confirming the potential of
these modifications in advancing membrane performance for water
treatment.

These enhanced hydrophilic properties directly verify the
novel anti-fouling observations detailed in the filtration sections.
The significant reduction in contact angles structurally explains
why the modified membranes demonstrated exceptionally high
Flux Recovery Ratios (FRR up to 96.20%) and low Decline Ratios
(DR) against complex, real waste vegetable oil without severe pore

blockage.
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3.1.2 | FTIRresults

Fourier transform infrared (FTIR) spectroscopy is a powerful and
widely applied technique for identifying functional groups and moni-
toring structural changes in polymeric membranes. The FTIR measure-
ments of PSF/nanoclay and PSF/nanomer membranes are shown in
Figure 3.

As shown in Figures (a) and (b), the FTIR spectra of pristine PSF,
1wt % NC, and 1wt % CN embedded PSF membranes, and after
WVO removal with these membranes, provide a comprehensive rep-
resentation of the infrared properties of the material.

The FTIR spectra of WVO showed characteristic C—H stretching
bands at 2847-2960 cm™ . The peak at 1430 cm ™! is attributed to
the vibration of CH,.22 The peaks at 3522 and at 1593 cm™? are for
OH and COOH groups, respectively.??

The FTIR spectra of pristine PSF membrane exhibited peaks at
1243 cm™%, 1587 cm™%, which can be attributed to asymmetric
stretching of C—H and C=C.>%°

The presence and integration of these functional groups confirm
the chemical basis of the membrane modifications, directly supporting
the physical mechanism behind the enhanced water affinity and the

successful repulsion of hydrophobic WVO droplets.

3.1.3 | SEMresults
SEM was used to examine the surface and cross-sectional morphology
of the membranes. Figure 4 highlights structural differences in the
pristine PSF, PSF/NC, and PSF/CN membranes.

Cross-sectional SEM images showed a distinct asymmetric struc-
ture consisting of a dense upper layer. The morphological characteris-
tics of NC and CN NPs are distinctly different, as seen in

Figures (b) and (c). NC particles appear irregular and clustered with

relatively rough surfaces, while CN particles exhibit a flaky, layer-like
structure and a long, finger-like solid substructure extending toward
the membrane base 3!

NC particles appear as irregular and aggregated clusters with rela-
tively rough surfaces, while CN particles exhibit a more exfoliated,
sheet-like structure. The latter indicates better dispersion potential
due to organic surface modification, which improves interfacial com-
patibility with the PSF matrix.3?

The exfoliated, sheet-like morphology and enhanced interfacial
compatibility of the organically modified CN provide a structural basis
for the observed performance improvements. This uniform dispersion
within the PSF matrix minimizes macroscopic defects, which rational-
izes why the PSF/CN membranes achieved a high desirability factor
of 0.978 and an oil rejection of 98.27% under high-load WVO filtra-

tion conditions.

3.2 | Membrane filtration

Membrane fluxes were measured to evaluate their separation perfor-
mance. Pure water, oily water, and cleaned membrane fluxes of PSF,
PSF/NC, and PSF/CN membranes are shown in Figure 5.

The pristine PSF membrane exhibited a pure water flux of
177.2 L/m? h, which decreased to 69.3 L/m? h during oily wastewater
filtration due to fouling. A high FRR of 96.19% indicated improved
hydrophilicity and fouling resistance. Adding 1% nanomer increased
pure water flux to 210.6 L/m? h and oily water flux to 136.2 L/m? h.
At 2% nanomer loading, flux slightly decreased (198.7 L/m? h pure
water, 132.3 L/m? h oily water), while a high FRR (93.44%) was main-
tained, showing that increased nanoparticle content sustained the
membrane's performance.

Similarly, incorporating 1% nanoclay achieved the highest pure
water flux (248.6 L/m? h) and oily water flux (155.4 L/m? h), with a

< W < e
< Lo NC NPs < i N CN NPs
@ Q
(&) (&)
& &
£ =
£ PSF+1%NC+WVO | € PSF+1% CN+WVO
2 2
5 &
(= N A = o
T psF+1%Ne | | Y( ot PSF+1 %CN
PSF WSF
T L T L T ¥ T ¥ T ¥ T ¥ T LJ T T v T v T v T X T L T v T ) T
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™) Wavenumber (cm™)
FIGURE 3 (a) The FTIR spectra of WVO, NC NPs, PSF + 1 wt % NC + WVO, PSF + 1 wt % NC, and PSF. (b) WVO, CN NPs, PSF + 1 wt %

CN + WVO, PSF + 1 wt % CN, and PSF.
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FIGURE 4 The cross-section SEM images
of (a) pristine PSF membrane, (b) NC NPs,

(c) CN NPs, (d, f, and h) morphology of
modified PSF membranes with different NC
NPs at 0.5%, 1%, and 2% concentrations (e, g,
and i) morphology of modified PSF
membranes with different CN NPs at 0.5%,
1%, and 2% concentrations.
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high FRR (94.61%) and superior enhancement over nanomer-modified
membranes. At 2% nanoclay, flux slightly decreased (239.3 L/m? h
pure water, 138.5 L/m? h oily water), but the FRR (89.88%) remained
acceptable.

The significant enhancement in both pure and oily water fluxes
upon the incorporation of CN and NC nanoparticles can be attributed
to several underlying mechanisms. Primarily, as evidenced by the con-
tact angle measurements, the intrinsic hydrophilic nature of the
clay nanoparticles substantially increases the surface wettability of
the modified membranes. This enhanced hydrophilicity facilitates
the rapid adsorption and transport of water molecules through the
membrane matrix while effectively repelling hydrophobic oil droplets,
thereby reducing overall water transport resistance. Furthermore, the
integration of these nanofillers modifies the internal microstructure of
the membrane, increasing the overall porosity and creating additional
pathways for water permeation, which collectively contribute to the
observed flux improvements.

Statistical analysis (reduced cubic model, Adjusted R? = 0.9471;
Predicted R? = 0.8919) confirmed that oil concentration, nanoparticle
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FIGURE 5

percentage, and their interactions significantly affected performance
(p < 0.05). Optimization showed that high nanoparticle loading (2%) at
high oil concentrations (~2500 mg/L) achieved high desirability
(~0.978), demonstrating that modified membranes can efficiently
handle high-load oily wastewater while maintaining enhanced flux and
antifouling properties.

Furthermore, to clearly demonstrate the impact of membrane
modification on separation performance, Figure 6 compares the oil
rejection efficiencies of the unmodified (0%) and modified (2%) NC and
CN membranes under both low (500 mg/L) and severe (3000 mg/L) ini-
tial oil loads. The clustered bar chart clearly visualizes that under a
heavy oil load, the 0% clay membranes exhibit limited efficiency,
whereas the incorporation of 2% nanoclay significantly sustains and
enhances the separation performance, reaching an outstanding 98.61%
rejection for the 2% CN-modified membrane at 3000 mg/L.

While this study successfully utilized real waste vegetable oil to
simulate the organic phase of food industry effluents, distilled water
was used as the continuous phase to establish a controlled baseline

for membrane evaluation. In practical applications, however,
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(a) Pure water, oily water, and cleaned membrane fluxes of 15 wt% PSF and three different concentrations of CN (0.5, 1, and 2).

(b) Pure water, oily water, and cleaned membrane fluxes of 15 wt% PSF and three different concentrations of NC (0.5, 1, and 2).
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FIGURE 6 Comparative oil rejection
efficiencies of the unmodified (0%) and
modified (2%) NC and CN membranes at
the lowest (500 mg/L) and highest
(3000 mg/L) tested initial oil
concentrations.
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wastewater matrices are significantly more complex, containing dis-
solved ions and salts that can compress the electrical double layer of
both the oil droplets and the membrane surface. This phenomenon
can destabilize emulsions and accelerate fouling. Since typical poly-
meric ultrafiltration membranes are effective at rejecting oil but gen-
erally allow dissolved ions to pass through,?® holistic treatment of
such streams may require integrated processes. Consequently, investi-
gating the impact of varying ionic strengths on the separation effi-
ciency and long-term durability of these nanoclay-enhanced
membranes represents a vital direction for future research.

The high oil rejection and antifouling success of the modified
membranes are primarily due to the formation of a stable water layer
on the surface. During the membrane preparation process, the hydro-
philic clay nanoparticles (NC and CN) migrate toward the surface and
pore walls.>33* These clay sites then attract water molecules to create
a protective hydration layer across the membrane interface.*>>¢ This
layer not only helps water pass through more easily, increasing the
flux, but also acts as a physical barrier against oil. Since waste vegeta-
ble oil is hydrophobic, it is repelled by this water layer and cannot
stick to the membrane surface or block the pores. This mechanism
explains why our modified membranes reached over 98% oil rejection

and showed excellent flux recovery (FRR) results.®”

3.3 | Fouling resistance of the membrane

The FRR and DR values of the PSF/nanoclay, and PSF/nanomer mem-
branes obtained for waste vegetable oil at 5 bar were presented in
Figure 7.

The figure 7 presents the Flux Recovery Ratio (FRR) and Decline
Ratio (DR) values for pristine PSF membranes and PSF membranes
modified with varying concentrations of CN and NC. It can be
observed that DR values ranged from 32.14% to 60.89%. In compari-
son, FRR values varied between 88.09% and 96.20% during waste
vegetable oil wastewater treatment, highlighting the influence of

nanoparticle incorporation on membrane performance.
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In this study, it is essential to note that DR does not represent oil
rejection; rather, it denotes the reduction in water flux resulting from
fouling during wastewater filtration with waste vegetable oil. Higher
DR values indicate a greater decline in flux due to fouling, whereas
lower DR values reflect reduced flux decline during operation, signify-
ing improved fouling resistance.

The pristine PSF membrane demonstrated an FRR of 88.09%
alongside a DR of 60.89%. Following the incorporation of CN, a nota-
ble increase in FRR was observed with rising CN concentrations,
achieving a maximum FRR of 96.20% at a 1% CN loading. However, a
slight decrease to 93.46% was recorded at 2% CN, which may be
attributed to nanoparticle agglomeration at higher loadings, poten-
tially leading to partial pore blockage or structural alterations within
the membrane matrix. Concurrently, DR values decreased significantly
with CN incorporation, reaching 32.14% at 0.5% CN and maintaining
values in the 33%-35% range at higher concentrations. This indicates
reduced flux decline and enhanced fouling resistance upon CN
addition.

For membranes modified with NC, improvements in FRR were
similarly evident compared to the pristine PSF membrane, with the
highest FRR of 94.61% achieved at 1% NC loading. A decrease in FRR
was noted at 2% NC, suggesting a similar trend of potential nanoparti-
cle aggregation or pore structure modifications at elevated concentra-
tions. Although the incorporation of NC also reduced DR, the
decrease was less pronounced than that observed with CN, with DR
values declining from 49.31% at 0.5% NC to 42.12% at 2% NC
loading.

A high FRR typically indicates that fouling can be effectively
removed from the membrane surface through cleaning, suggesting
predominantly reversible fouling behavior.>® Therefore, incorporating
CN and NC into PSF membranes increased FRR values, reflecting
improved fouling resistance and enhanced cleaning efficiency. Simul-
taneously, the reduction in DR values demonstrates a decrease in flux
decline during waste vegetable oil wastewater treatment. The most
favorable performance in terms of fouling resistance was observed at

a 1% loading for CN and NC. At the same time, higher nanoparticle
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FRR and DR of membranes at 5 bar during waste vegetable oil wastewater treatment.
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concentrations resulted in slight reductions in FRR, likely due to nano-
particle aggregation within the membrane structure.

Previous studies have reported that cellulose nanomaterials and
clay-based nanoparticles exhibit good dispersion within the polymer
matrix at lower concentrations. However, as the concentration of clay
increases beyond 3 wt %, partial accumulation of nanoparticles on the
membrane surface has been observed, which may affect membrane

morphology and fouling behavior.?*

3.4 | Final equation in terms of coded and actual

factors

The predictive equation of the model can be expressed in terms of
the actual variables within their initially adjusted ranges. Since these
variables are not normalized, the coefficients are determined based on
the units of each specific variable; therefore, they should not be used
to assess the relative impact of the variables. Experimental responses
are presented in Table 3.

On the other hand, an equation with coded factors is used to
assess the relative impact of different variables. Generally, these

coded factors range from —1 (lowest level) to +1 (highest level).

TABLE 3 The obtained experimental responses.

Oil Conc.
Run (mg/L) A NanoP (%) B Material C Oil Remov. (%)
1A 2750 1 CN 91.6
2 1750 2 NC 96.6
3 3000 2 CN 98.61
4 500 2 NC 90
5 3000 0 CN 88.9
6 3000 2 CN 98.61
7 1750 2 CN 95.92
8 500 2 NC 86.67
9 500 0 CN 86.67
10 3000 2 NC 96.3
11 500 1 NC 85.7
12 500 1 CN 86.67
13 500 0 NC 83.33
14 1750 0.5 CN 93.88
15 3000 o5 NE 9583
16 3000 0 NC 87.6
17 1625 1 N 85
18 1531 1 NC 93.33
19 3000 2 NC 96.3
20 2125 0 NC 92.21
21 500 2 CN 90
22 1750 0 CN 95.23
23 2500 1.5 NC 95.6

Oil Remov = +93.76 + 2.76 A + 1.22 B-0.1682 C + 1.29
AB—0.2124 AC—0.2609 BC—5.06 A® + 1.28 B + 2.14 A?B + 1.17
B2C

Material: NC

Oil Remov. = +76.08534 + 0.017469 Oil Conc. +3.66388
NanoP—-0.003761 Oil Conc. * NanoP—4.60551E-06 Oil
Conc.2 + 0.104996 NanoP? + 1.36887E-06 Oil Conc.2 * NanoP

Material: CN

Oil Remov. = + 79.21226 + 0.017129 Oil Conc.—1.55147
NanoP—0.003761 Oil Conc. * NanoP—4.60551E-06 Oil
Conc.2 + 2.45172 NanoP? + 1.36887E-06 Oil Conc.2 * NanoP

The obtained results ranged from 83.33 to 98.61 with a ratio of
1.18, which indicated no need for power transformation of model

response.

341 | Modelfitting and model evaluation

The fit summary results with all factors of different models including
linear, 2FL, quadratic, cubic and quartic suggested Quadratic model
with an Adjusted R? 0.8906 as presented in Table 4. Although the full
Cubic model exhibited a higher Adjusted R? value (0.9249), its Pre-
dicted R? (0.3839) was substantially lower, indicating poor predictive
capability and potential overfitting. Therefore, the full Cubic model
was not considered suitable for prediction purposes despite its
improved goodness-of-fit. In accordance with the parsimony principle,
model selection was based not only on Adjusted R? but also on Pre-
dicted R?, lack-of-fit statistics, hierarchy, and predictive reliability.

ANOVA results were monitored for the best model selection to
find best model fit and an insignificant lack of fit (Table 5). Therefore,
the modeling procedure was initiated with the Quadratic model. Sub-
sequently, hierarchical refinement was performed by selectively incor-
porating statistically significant higher-order interaction terms while
eliminating non-significant cubic components. This resulted in a
Reduced Cubic model that preserved model hierarchy and improved
predictive accuracy without introducing overfitting. It was important
to fit a model with the highest significant terms while keeping the
model's prediction performance high as well.

The ANOVA results and fit statistics are provided in Tables below
for the best adjusted model.

The results of two runs no. 15 and no. 17 were excluded for being
outliers.

The ANOVA results present the relevant statistical values for the
best-fit model. The F-value of 36.83 indicates that the model is signifi-
cant. In addition, the p-values listed in Table 5 show the effectiveness
of each term in the equation, where a low p-value indicates statistical
significance. For the best fit, the terms A, B, AB, A2, and A?B were sig-
nificant, while some insignificant factors were omitted from the
model. However, certain terms were retained to maintain the model
hierarchy. The boundary significance level of the p-value was 0.1000.

The fit statistics for the modified model are presented in Table 6.
The close values of predicted and adjusted R, 0.8919 and 0.9471
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gﬁ:el-r:oj Fit summary response 1: Source Model p-value  Lack of fit p-value  Adjusted R>  Predicted R?

Design Model ~ 0.0002 0.4046 0.8862 0.5561

Linear 0.0002 0.0999 0.6129 0.4974

2FI 0.6367 0.0859 0.5821 0.3008

Quadratic 0.0001 0.4461 0.8906 0.7884 Suggested

Cubic 0.2720 0.5754 0.9249 0.3839

Quartic 0.5754 0.9134 Aliased

ANOVA results were examined to identify the most appropriate model and to detect any non-significant
lack of fit; therefore, the modeling process was initiated with the Quadratic model

TABLE 5 ANOVA for modified

quadratic model. Source Sum of squares df Mean square F-value p-value
Model 415.32 10 41.53 36.83 < 0.0001 Significant
A-Oil Conc. 95.56 1 95.56 84.74 < 0.0001
B-NanoP 6.11 1 6.11 5.42 0.0422
C-Material 0.1380 1 0.1380 0.1224 0.7337
AB 16.65 1 16.65 14.76 0.0033
AC 0.5993 1 0.5993 0.5315 0.4827
BC 0.9863 1 0.9863 0.8746 0.3717
A? 93.62 1 93.62 83.02 < 0.0001
B2 5.56 1 5.56 4.93 0.0507
A’B 13.13 1 13.13 11.64 0.0066
B*C 474 1 474 4.20 0.0675
Residual 11.28 10 1.13
Lack of Fit 5.73 7 0.8189 0.4431 0.8309 Not significant
Pure Error 5.54 3 1.85
Cor Total 426.60 20
TABLE 6 Fit statistics for the modified model. A-Oil Conc. '—
Std. Dev. 1.06 A? '—
Mean 91.89 ﬁZE :
CV. % 1.16 B-Nanop sl
R2 0.9736 - -'
Adjusted R? 0.9471 B2C _:
Predicted R? 0.8919 BC 1 1
Adeq precision 18.5553 AC 1 :
C-Material :
0 20 40 60 80
respectively, indicate that the model is not only adequately fitted to m Fyalue = — = Critical F-value
the test data but also highly predictive. The high adequate precision
value of 18.5 further shows that the signal within the variable domain FIGURE 8 Pareto chart of the F-values of model terms for oil

is much stronger than the random error noise. Therefore, it can be
concluded that the model can be used effectively for predicting new
responses within the design space.

It is important to note that, unlike the full Cubic model, the
Reduced Cubic model demonstrated strong predictive agreement,
with a Predicted R? (0.8919) in close agreement with the Adjusted R?
(0.9471). The difference between these values is less than 0.2, which
confirms the absence of overfitting and indicates robust predictive

capability. This validates that the selected model achieves an

removal efficiency. The vertical line represents the critical F-value at
the 95% confidence level (« = 0.05). Terms exceeding the line are
statistically significant.

appropriate balance between model complexity and predictive
performance.®’

The effects of the independent variables and their interaction
were evaluated using the Pareto chart. The critical F-value
(Fo.05(1, 10) = 4.96) was determined from the F-distribution table
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based on the residual degrees of freedom.*® The Pareto analysis (Fig-
ure 8) indicates that oil concentration (A) and its quadratic term (A2)
are the dominant contributors to oil removal efficiency, accounting
for over 44% of the total model variance. Interaction and nanoparticle
dosage effects are comparatively minor, while material type shows
negligible statistical contribution. The interaction term AB and higher-

order interaction A?B also show statistically significant contributions.

Predicted vs. Actual
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FIGURE 9 The plot of model predicted versus actual response.
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FIGURE 10

In contrast, the material type (C) and its interactions demonstrate neg-
ligible effects within the studied range. These findings indicate that
process performance is primarily controlled by oil concentration and
nanoparticle dosage rather than material category alone.

The plot of predicted versus actual response in Figure 9 values in
the figure below shows high prediction strength of the fitted model.

3.4.2 | Discussion of the model output
The perturbation plots in Figure 10 for NC and CN show how the
removal efficiency is affected by the input factors along the tested
ranges. The perturbation plots are prepared for the middle value
ranges of oil concentration and 1% NanoP. It shows that for NC, when
the oil concentration is kept constant at 1850, adding a nanoparticle
would improve the performance where the effect is also linear and
proportional. In contrast, adding nanoparticles at low concentrations
adversely affected CN, whereas increasing the amount of nanoparti-
cles has significantly improved the results.

3D plots of oil removal against nanoparticle percentage and initial
oil concentration in Figure 11 below represent a nonlinear behavior of
the whole process. Removal efficiency was better for both materials,
NC and CN, when a higher oil concentration up to ~2200 in the feed
was tested. Still, this increase did not continue for higher concentra-
tions. The addition of NC nanoparticles improved the performance
throughout the oil concentration. Range, but the case for CN was
interestingly different, where a low amount of NanoP enhanced the
removal efficiency. Then, further addition of NanoP improved effi-
ciency significantly, as can be seen in the figures below. Another sig-

nificant observation regarding the amount of NanoP was that a high

Perturbation
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Perturbation plot for NC (left) and CN (right) at 1850 value of oil concentration and 1% Nano.
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TABLE 7 (a) Constraints applied for optimization and the
100 optimum solutions. (b) Solutions found for maximized removal
efficiency.
95
(a)
= 90
& Lower Upper Lower Upper
é . Name Goal limit limit weight weight Importance
5
(7]
« A: Oil Conc. isinrange 500 3000 1 1 3
e}
B: NanoP  isinrange O 2 1 1 3
83.33 [ 98.61 C: Material isinrange NC CN 1 1 3
Oil Remov. maximize 83.33 98.61 1 1 3
(b)
B: NanoP (%) oil
No. OilConc. NanoP Material Remov. Desirability
1 2572.733 2.000 CN 98.271 0.978 Selected
100 2 2559.241 2.000 CN 98.271 0.978
N . 3 2618.457 2.000 CN 98.267 0.978
S
95 SN 4 2448915 2.000 CN 98.243 0.976
=W
SSSSSENN 5 2396.722 2.000 CN 98.214 0.974
S5 9 e
g 02332330‘ 6 2006609 2000 CN 97.674 0.939
E g . 7 2663447 2000 NC 97078 0900
o
3 8 2672.867 2.000 NC 97.077 0.900
. 80 9 2650.015 2.000 NC 97.077 0.900
83.33 [ 9861
10 2683.263 2.000 NC 97.077 0.900
P 11 2594315 2.000 NC 97.069 0.899
3000
5000 2500 12 2768.748 2.000 NC 97.057 0.898
. 9 1500 1 2546.128 2.000 N 97.052 0.89
B: NanoP (%) 1000 A: Ol Conc. (ma/h) 3 546.128 C 5 898
0 500 14 2394196 2.000 NC 96.943 0.891
FIGURE 11 3D plot of model output vs. NanoP % (top: CN, Solutions found for maximized removal efficiency for CN using RSM.

down: NC) and oil Conc. at all ranges.

amount of Nano (%), up to 2% improved the removal efficiency per-

formance at all ranges of oil concentration for both NC and CN.

3.4.3 | Optimization results
The obtained results when maximum removal efficiency were tar-
geted during optimization provide multiple solutions with highest
desirability in the range of input data. The range of the variables is
specified in Table 7 below. The desirability of the solution based
on the statistical analyses is also presented in graph (Figure 12
below) over the whole data space. Solutions for 2 combinations of
categoric factor levels (NC and CN) are presented in graph below.
The results show that the top ranked solution to optimize the pro-
cess is an oil Conc. = 2572.73, NanoP = 2.000 and Material = CN.
At this condition oil removal = 98.271% with a significantly high
desirability = 0.978 can be reached.

The value for the best solutions shows that in general CN had
better performance compared with NC. As listed below, the first

6 best solutions CN is suggested.

Regarding the effect of initial oil concentration, the results show
that handling a high concentration of 2500 is possible. The high con-
centration is also suggested for NC material.

Some of the set values which fall in the maximized oil removal
regions on the contour graph are listed in table below.

3.5 | Comparison

Table 8 presents a clear overview of recent studies utilizing clay-based
membrane additives for oil removal, demonstrating consistently high
oil rejection rates (ranging from 95% to over 99.9%) across different
oil types, including crude oil, lubricant oil, and vegetable oil.

The high removal efficiencies highlight the significant role of
clay materials such as halloysite, montmorillonite, and nanoclays,
which can significantly improve membrane performance by
increasing hydrophilicity and fouling resistance. This study
achieved oil removal rates of 97.08% and 98.27% with
PSF/Nanoclay and PSF/Nanomer clay membranes, respectively.
Results show that incorporating nanoclay into membranes is a
promising approach for efficiently treating oily wastewater and

matches values reported in previous research.
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FIGURE 12 The optimization solutions at the tested data range space for oil removal efficiency and desirability plots for CN: top and

NC: down.

As summarized in Table 8, while numerous studies have success-
fully utilized clay-based additives to achieve high oil rejection rates
(typically >95%), our nanoclay-enhanced PSF membranes exhibit sev-
eral distinct advantages that address existing gaps in the literature.
First, most of the cited studies evaluate their membrane performance
using synthetic oil-in-water emulsions or relatively low initial oil con-
centrations. In contrast, our optimally modified membranes main-
tained an outstanding rejection of over 98% even when challenged
with completely real, heavy-duty waste vegetable oil at severe con-
centrations up to 3000 mg/L. Furthermore, beyond just separation

efficiency, our membranes demonstrated exceptional antifouling resil-
ience, achieving a Flux Recovery Ratio (FRR) of over 96%. This indicates a
predominantly reversible fouling mechanism, which is often a major chal-
lenge and a limiting factor for traditional clay-modified membranes
reported in the literature. Finally, by employing Response Surface Meth-
odology (RSM), this study goes beyond a simple performance report; it
provides a comprehensive statistical framework comparing commercial
nanoclay (NC) with organically modified nanomer clay (CN), proving that
low-cost, naturally abundant nanoclays can sustainably and economically
handle complex, real-world industrial effluents.
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TABLE 8 Comparison of membranes based on clay for rejection of oil.

Membrane Additives

Tubular ceramic membrane Ball clay/Talc/Al,O4
Kaolin clay/PVA
Clay/TiOy/PVA

Pozzolanik clay/Nb,Os/TiO,

Ceramic microfiltration membrane
Composite membrane

Ceramic membrane

Ceramic membrane 95% Clay/5% starch

A red clay/nano-activated Red clay/CaF,/NAC

carbon membrane
Mixed matrix membranes

Composite electrospun
fiber membrane

PSF/NC Nanoclay
PSF/CN Nanomer clay
3.6 | Economic feasibility and practical

implications

From an economic feasibility perspective, the proposed PSF/NC and
PSF/CN membranes offer several distinct cost advantages for poten-
tial industrial scale-up. First, the utilization of natural and commer-
cially abundant clay-based nanoparticles (NC and CN) as membrane
additives provides a highly cost-effective alternative to expensive syn-
thetic nanomaterials typically used in literature (e.g., carbon nano-
tubes or complex metal oxides). Second, the significant improvements
in permeability (water flux) and the high oil rejection efficiency (up to
98.27%) inherently reduce the required energy consumption (trans-
membrane pumping pressure) during the continuous filtration process.
Furthermore, the membranes demonstrated predominantly reversible
fouling; the high flux recovery ratio (FRR) achieved through a simple
physical rinsing process with deionized water eliminates the need for
frequent, costly, and environmentally harmful chemical cleaning
agents. By integrating these low-cost natural materials with the statis-
tical optimization framework provided by the RSM model, this study
minimizes both experimental resource waste and future operational
costs, strongly supporting the economic viability of the modified

nanocomposite membranes for large-scale oily wastewater treatment.

3.7 | Limitations and future research directions

Although the nanoclay-enhanced membranes showed excellent oil
rejection and antifouling performance, there are a few limitations to
consider. Since the experiments were carried out under controlled lab-
oratory conditions, our RSM model is specifically limited to the tested
ranges (500-3000 mg/L oil and 0%-2% nanoclay). Real industrial
wastewater is usually much more complex, often presenting extreme
pH levels, high salinity, and various surfactants that were not included
in this study. Also, our tests focused on short-term filtration, meaning
the long-term continuous stability of the membranes needs further

investigation.

Halloysite (HT) and montmorillonite (MMT)

Co-polyamide/halloysite nanoclay
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Type of oil Oil rejection % References
Crude oil >99 41
Commercial gas-oil ~95% 42
Crude oil 99 43
North Sea heavy crude ~98-99.5 44
oil-in-water emulsion
Lubrax lubricant oil 99.91 45
Ultra-pure paraffin oil >95 18
Oily wastewater >95 46
Vegetable oil 97 47
Waste vegetable oil 97.08 This study
98.27

Moving forward, future research should aim to test these mem-
branes in pilot-scale continuous cross-flow systems using actual
industrial effluents. It would also be valuable to investigate how the
membrane's hydration layer holds up under harsh conditions, such as
high salinity or extreme pH. Additionally, combining nanoclays with
other green additives could be explored to further minimize irrevers-
ible fouling. Lastly, since economic feasibility is a major factor for
industrial scale-up, conducting a techno-economic analysis (TEA)
would be a highly practical next step.

4 | CONCLUSION

The incorporation of NC and CN into the polymer matrix has been
demonstrated to enhance the hydrophilicity and structural stability of
PSF membranes, resulting in an improvement in oil-water separation
performance. The experimental results showed high agreement with
the values predicted by the RSM model.

The contact angle test results confirmed that the addition of NC
and CN increased the hydrophilicity of PSF membranes. When com-
paring PSF membranes with NC and CN additions, the higher surface
wettability of those with NC additions may be explained by the strong
interactions between the polymer matrix and the interface. Funda-
mentally, the scientific rationale behind this enhanced performance
lies in the migration of the polar functional groups of the nanoclays to
the membrane surface during the phase inversion process. This migra-
tion establishes a tightly bound surface hydration layer via hydrogen
bonding. This stable water layer acts as a robust energetic and physi-
cal barrier exhibiting underwater oleophobicity, which strongly repels
hydrophobic waste vegetable oil droplets and prevents fouling. The
PSF/NC and PSF/CN clay membranes demonstrated high oil removal
efficiencies of 97.08% and 98.27%, respectively.

The optimized conditions obtained using RSM have provided a
valuable framework for designing high-performance membranes
adapted to environmental remediation applications. The final Reduced

Cubic model was selected after rejecting the full Cubic model due to
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overfitting concerns, as evidenced by its low Predicted R2 The
adopted model satisfies parsimony principles while maintaining high
explanatory power and predictive reliability. It gives a trustworthy
model capable of investigating the effect of multiple variables in the
tested ranges. Application of the Reduced Cubic model could capture
curvature in the response surface, which is expected in multipara-
metric studies with complex behavior. The cross-products in the
model enable the model to predict possible interactions and the effect
of parameters on each other. The model was then used to find opti-
mized conditions for the highest removal efficiency and possible
desirability.

In terms of industrial application, the high oil rejection (>98%) and
flux recovery (96.2%) indicate that low-cost clay additives are a viable
option for treating heavy oil loads. This approach offers a practical
way to extend membrane lifespan and reduce operational costs, sup-
porting sustainable wastewater management in the food industry. To
build upon these promising findings, future research directions should
focus on evaluating the long-term stability and continuous anti-fouling
performance of these modified membranes in pilot-scale industrial
setups using real continuous effluents. Furthermore, investigating the
impact of complex wastewater chemistries (such as high salinity and
various surfactants) on the surface hydration layer and exploring the
potential synergistic effects of combining nanoclays with other green
additives will be crucial for developing next-generation hybrid mem-
brane systems.
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