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Abstract

Membrane separation has been proven to be highly effective in oily wastewater
treatment, although fouling remains a persistent challenge. This study explored
the incorporation of S-Bzeolite nanoparticles into an ultrafiltration membrane,
forming a nanocomposite to tackle fouling and enhance water flux recovery.
Porous nanoparticles were synthesized using sol-gel and hydrothermal methods,
featuring a remarkable surface area of 450 m?/g and pore sizes ranging from 50
to 175 nm according to BET results. These nanoparticles were integrated into the
membranes at various concentrations using the phase inversion technique. The
presence of S-zeolite in the membrane was confirmed through FTIR, EDX and
SEM analyses. The S-B1 nanocomposite membrane demonstrated exceptional
antifouling properties, particularly at higher concentrations of oily wastewater. Its
outstanding performance is attributed to its enhanced hydrophilicity and average
pore size of 13+3 nm, which prevents fouling formation. Compared to other
membranes, S-B1 exhibited remarkable water flux recovery, reaching100% at an
oil concentration of 50 ppm and 72% at 1000 ppm. These results highlight the
significant advantages of this nanocomposite in reducing fouling and improving
the water flux recovery in oily wastewater treatment.
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1. Introduction and theoretical 2. Materials and methods
background 2.1. Synthesis of S-p zeolite nanoparticles
Rapid industrialization across petrochemical, Porous S-B zeolite nanoparticles were prepared
pharmaceutical, and metallurgical sectors has using a combined sol-gel and hydrothermal
generated massive volumes of oily wastewater. crystallization route. A liquid silica precursor was
Discharging these complex emulsions into natural blended with a templating agent
s o oo (tethlammonium hygfoide, TEAOH) urde
food chains. Traditional separ,ation methods like aI_kaIme C°’.‘d'“°“5 to yield a homogeneous,
gravity sedimentation, air flotation, and chemical highly reactive precursor gel. The mixture was
coagulation fall short when handling stable sealed inside a Teflon-lined stainless-steel
micro-emulsions where oil droplets are smaller autoclave and hydrothermally crystallized at
than 20 microns. These conventional methods 140°C-160°C for a designated period. The
also require substantial chemical additives, resulting solids were isolated via high-speed
produce hazardous sludge, and are highly energy centrifugation, washed repeatedly with deionized
intensive (Tai-Hsiang and Yao-Hui, 2018). ~ water, dried, and calcined at 550°C for 6 hours to

Membrane _separation technologies, open and activate the internal porosity of the
particularly ultrafiltration”, offer a highly .
efficient, cost-effective, and environmentally crystalline framework.
sustainable alternative. UF membranes possess o )
pores engineered to be smaller than emulsified oil 2.2. Membrane fabrication via phase
droplets, selectively allowing clean water to pass inversion
while capturing suspended organic cor;tgmin_ants. The UF nanocomposite membranes were
Among various polymers, polysulfone” is widely  fapricated using non-solvent induced phase
o o s oy S’ S was dissolved i an i
stability, and supe,rior film-forming c’apability solver_1t (such as NQAP or DMAc) along with
(Suleimanov et al.. 2005). ponvmyIpyr_roIldone as a_pore—former. For the

However, PSf's hydrophobic nature presents a nanocomposites,  synthesized ~ S-f  zeolite
major bottleneck. ~ During oily wastewater nanoparticles were weighed and thoroughly
filtration, hydrophobic interactions between the dispersed in the solvent via intense probe-
membrane surface and organic solutes cause rapid sonication for 30 minutes prior to polymer
adsorption and deposition of oil droplets on the addition. This step was critical to ensure uniform
surface and within the pore network. This nanoparticle dispersion and minimize
?Ohegogsgfen’ dtggwirr: a;emgggar?eﬂ?;l'ﬂ%réﬁg: agglomeration. The casting solutions were
transmembrane  pressure, and shdrtens the prepared_ with vqrious concentrations of S-p
operational lifespan of the membrane system due nanoparticles relative to the polymer: Neat PSf (0
to the need for frequent, harsh chemical cleaning ~ Wt.% S-B), SBeta0.5 (0.5 wt.%), SBetal (1.0
cycles (Mi and Elimelech, 2010). wt.%), and SBeta2 (2.0 wt.%). The homogeneous

To address this, matrix-blended dopes were cast onto glass plates using a doctor
nanocomposites have been widely investigated. blade with a predefined gap height, then
Blending hydrophilic nanoparticles into the immediately immersed in a deionized water
polymer dope during phase inversion is a robust, coagulation bath at room temperature. The
single-step modification. Zeolites, which are membranes were washed and stored in wet
crystalline, highly porous aluminosilicates, conditions prior to testing.
possess outstanding thermal stability and an
abundance of surface-active hydroxyl (-OH) 2.3. Characterization techniques
groups. These groups form strong hydrogen The S-B zeolite nanoparticles were evaluated
bonds with water, creating a dense, protective using  Brunauer-Emmett-Teller" analysis  to
hydration layer. This study explores the synthesis determine specific surface area and pore size
and integration of novel S-B (synthetic beta) distribution via nitrogen adsorption-desorption
zeolite nanoparticles into a PSf matrix. This isotherms. The physical morphology of the
nanocomposite architecture is engineered to membranes was evaluated via Scanning Electron
optimize surface hydrophilicity, tune pore Microscopy® for cross-sections and surface
structures, and introduce robust anti-fouling
characteristics for treating challenging oily ¥ Non-Solvent Induced Phase Separation (NIPS)
wastewater. * Polyvinylpyrrolidone (PVP)

% Brunauer-Emmett-Teller (BET)
! Ultrafiltration (UF) 6 Scanning Electron Microscopy (SEM)
2 Polysulfone (PSf)
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structures. Energy-dispersive X-ray spectroscopy”
was applied to map the elemental composition
and confirm the dispersion profile of the S-B
zeolite within the PSf matrix. Atomic Force
Microscopy? was conducted to measure surface
roughness parameters. Surface energy and
wettability variations were quantified using static
water contact angle measurements.

3. Results and discussion

3.1. Nanoparticle properties

The synthesized S-B zeolite nanoparticles
exhibited excellent structural characteristics. BET
analysis revealed a high specific surface area of
approximately 450 m%g, combined with a narrow
pore size distribution ranging from 50 to 175 nm.
This exceptionally high surface area and porous
matrix provide an abundance of active
hydrophilic hydroxyl groups, which are critical
for facilitating fast water molecule transport and
imparting a strong hydration layer when
embedded in the polymer.

3.2. Membrane morphology and physical
properties

SEM cross-sections showed a typical asymmetric
structure consisting of a dense selective top layer
and a highly porous, finger-like sublayer. The
addition of hydrophilic S-B zeolite nanoparticles
accelerated the solvent/non-solvent exchange rate
during phase inversion, prompting the
development of more open finger-like
macrovoids and enhanced surface porosity.
However, at higher loadings (SBeta2), a slight
crowding effect and particle aggregation were
observed, which partially restricted macrovoid
propagation. The physical and surface properties
are summarized in Table 1.

The water contact angle decreased
significantly from 82.5° for the Neat PSf
membrane to a minimum of 61.4° for SBetal,
confirming a massive increase in surface energy
and hydrophilicity. This is due to the presence of
hydrophilic S-B zeolites on the membrane
surface, which attract water molecules and form a
dense hydration layer. The subsequent rise to
65.8° for SBeta2 is attributed to particle
agglomeration at high concentrations, which
blocks the exposed active sites of the zeolites and
alters the outer layer's physical topology. This
behavior is supported by surface roughness
measurements where SBetal achieved the most
favorable smooth surface structure, indicating a
well-balanced dispersion of nanoparticles.

! Energy-Dispersive X-Ray Spectroscopy (EDX)
> Atomic Force Microscopy (AFM)

Water and Wastewater

Vol. , No. , 2026

4.  Separation and

performance

4.1. Dynamic flux
filtration)

The long-term filtration behavior of the
membranes was evaluated over a 570-minute
continuous run under varying conditions (a, b, ¢
and d) representing progressive feed challenges.
Across all tests, the normalized water flux
followed a distinct decline pattern due to physical
compaction and initial organic fouling before
stabilizing. However, the dynamic flux
performance consistently followed the trend:
SBetal > SBeta2 >= SBeta0.5 > Neat. Under the
most severe testing condition (Condition d), the
Neat membrane suffered a rapid, catastrophic flux
drop, retaining only 38% of its initial flux due to
severe cake layer formation. In contrast, the
SBetal membrane maintained  superior
permeability, retaining 64% of its flux capacity.
The presence of hydrophilic zeolite pores near the
surface acts as highly conductive pathways,
allowing water to pass through freely while
preventing severe compaction. This reveals that
incorporating S-B  nanoparticles successfully
alters the fouling mode from severe pore-clogging
to a more reversible, surface-dominated
deposition.

anti-fouling

stability (10-hour

4.2. Flux recovery ratio® in oily wastewater
The critical metric for validating anti-fouling
performance is the FRR after physical washing
cycles. Oily wastewater solutions of varying
concentrations (50 ppm, 100 ppm, 500 ppm, and
1000 ppm) were filtered to challenge the
membranes. At low oil concentrations (50 ppm),
the SBetal membrane achieved an outstanding
99.5% flux recovery, whereas the Neat membrane
recovered only 92.0%. As the oil concentration
escalated to extreme levels (1000 ppm), the Neat
membrane exhibited severe irreversible fouling,
with flux recovery dropping to just 47.0%. In
comparison, SBetal maintained a recovery of
69.0%, and SBeta2 reached 72.0%. The detailed
values for all membrane types are organized in
Table 2.

The superior anti-fouling mechanism of the
nanocomposites lies in the formation of a robust,
dense hydration layer on the membrane surface.
The hydrophilic hydroxyl groups of the S-B
zeolites bind water molecules through hydrogen
bonding. This water barrier prevents hydrophobic
oil droplets from directly contacting and adhering

® Flux Recovery Ratio (FRR)
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Table 1. Fabricated membrane surface and structural properties

Membrane ID S-[(iv\l;;%}(l)i)ng Mear}rﬁ)r?];e SIZ€ - Contact angle (°) rc?tl:g;‘;iceis
) (Ra, nm)
Neat 0.0% 85+12 82.5° High
SBeta0.5 0.5% 102+1.8 73.1° Moderate
SBetal 1.0% 13.0+£3.0 61.4° Low
SBeta2 2.0% 118+25 65.8° Moderate-High
Table 2. Estimated FRR (%) under different oil concentration challenges
T 50 ppm Recovery 100 ppm 500 ppm 1000 ppm
(%) Recovery (%) Recovery (%) Recovery (%)
Neat 920+ 1.0% 85.0 £ 1.0% 66.0 £ 2.0% 47.0 £ 2.5%
SBeta0.5 93.0+1.0% 90.0 £ 1.0% 79.0 £ 2.2% 55.0 + 3.0%
SBetal 99.5+1.0% 98.0 £ 1.0% 88.0 £ 2.5% 69.0 £ 3.5%
SBeta2 99.0+1.2% 97.0+ 1.0% 84.0 £ 2.5% 72.0 £ 3.5%

Vol. , No.

to the PSf surface, ensuring that any deposited oil
can be easily washed away during hydraulic
cleaning.

5. Conclusions
This study successfully synthesized S-B zeolite

SBetal), altering the phase separation kinetics to
achieve a slightly larger mean pore size (up to
13.0 nm), and demonstrating near-perfect flux
recovery (99.5%) in dilute oil emulsions while
maintaining a highly robust 69% —72% recovery
under extreme 1000 ppm fouling conditions.

nanoparticles and integrated them into a Overall, the results prove that incorporating 1.0 to
polysulfone UF  matrix. The  physical, 2.0 wt.% S-B zeolite nanoparticles represents a
morphological, and chemical characterization highly viable strategy for manufacturing durable,

validated that the S-PB nanoparticles dramatically

, 2026

anti-fouling UF membranes with exceptional

improved membrane properties by lowering the promise  for industrial  oily  wastewater
water contact angle from 82.5° to 61.4° (for remediation.
Water and Wastewater Ml 4
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Table 1. Combined membranes made
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PSf PVP NMP
Membrane type (%W, (%W, (%W, ZSM
PST (control) 17.5 0.5 82 0
PSf-0.5ZSM 17.5 0.5 81.5 0.5
PSf-1.0ZSM 17.5 0.5 81 1
PSf-2.0ZSM 17.5 0.5 80 2
Return permeate (only operate during flux experiment)
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Fig. 1. UF system for evaluation of membrane performance
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using TEM
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Fig. 3. BET and BJH findings from the synthesis of S-p zeolite nanoparticles
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Table 2. Characterizing the properties of S-f nanoparticles using BET analysis

Surface Adsorption Desorption Adsorption total pore Desorption total pore
average pore average pore
area . . volume of pores volume of pores
S-pl (m?g) diameter diameter (cm®lg) (cm®g)
(A) (A
45045 168.85 136.25 0.206504 0.205591
1672.9
2971.7
SBeta1 =
3
S Neat membrane
£2
o
w
L
<
SBeta
4000 3500 3000 2500 2000 1500 1000
Wavenumber(cm™)
Fig. 4. ATR-FTIR analysis of (a) S-p nanoparticles, (b) control membrane (M) and
(c) S-p1 nanocomposite membrane
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Fig. 5. 3D AFM images of the top surface of PSf membranes prepared with different
coatings: (a) Neat, (b) S-B0.5, (c) S-B1 and (d) S-p2
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Fig. 6. SEM images of membranes: (a) Neat, (b) S-p0.5, (c) S-p1 and (d) S-p2
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Table 3. Elemental analysis of nanocomposite membranes via EDX
Element (wt%)

C O S N Si Al Total

Neat 80.77 14.97 2.95 0.41 - - 100

S-p0.5 68.95 17.85 5.80 6.82 0.51 0.07 100
S-pl 68.65 16.25 6.87 6.82 1.17 0.21 100

S-p2 68.20 16.52 6.60 6.56 1.88 0.24 100
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Fig. 7. a) Oily water flux of various membranes at different concentrations and 1 bar TMP and room temperature,
b) Oil rejection rates of different membranes at varying concentrations
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Fig. 8. Membrane fouling assessment of the nanocomposite membrane across different feed concentrations a) 50 ppm,
b) 100 ppm, ¢) 500 ppm, d) 1000 ppm
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Table 4. Comparison the results of this research with literature

o Feed: oil S
Polymer Additive concentration T Flux Rejection Reference
- ppm Bar °C L/m’h (%) -
Polyethylene ) (Chakrabarty et
PSf glycol 70-200 25 113 93 al., 2008)
- (Kumar et al.
PSf Silica 200 25 94 90 2015)
Psf Bentonite 200 25 160 90 (Ku?(?{f)t al.
Bentonite nano (Ahmad et al.
PSf clay 100-500 25 4213 98.6 2018)
PSf Zirconia/PEG 80 25 110 99 (Zhazr(‘)oge)t al.
Jamshidi
Hydrous (Jamshidi
PSf aluminium oxide 100-1000 25 191 100 Goh2a0r|1 g’; al.
PSf S-pl 500 25 92 98 Present study
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