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Abstract

The growing expansion of industrial operations, particularly within the oil and gas sector, has led to a substantial increase in produced 

water generation, an effluent rich in recalcitrant organic and inorganic contaminants. Conventional membrane based separations 

remain limited by low permeability and severe fouling, necessitating the development of more robust and multifunctional treatment 

systems. In this study, a durable photocatalytic hybrid membrane composed of polyvinylidene fluoride integrated with tungsten based 

polyoxometalate was fabricated via phase inversion. The incorporation of 2 wt% tungsten based polyoxometalate notably enhanced 

both permeability and contaminant rejection through improved interfacial compatibility and photocatalytic activity. Controlled 

ultraviolet irradiation for five minutes further optimized surface hydrophilicity and pore structure, achieving an outstanding water 

flux of 158.83 L/(m2 h), while excessive exposure induced pore densification and reduced flux. A synergistic adsorption–ozonation 

pretreatment for three hours was integrated prior to photofiltration, resulting in 89% chemical oxygen demand removal and 85% 

ammonia nitrogen removal, effectively minimizing fouling and enhancing overall system stability. Under optimized conditions the 

membrane exhibited a steady permeate flux of 145 L/(m2 h) over 600 minutes and achieved removal efficiencies of 99.0% chemical 

oxygen demand, 99.5% ammonia nitrogen, 20.5% total dissolved solids, and 6.87% phenol. These results demonstrate the combined 

effects of tungsten based polyoxometalate incorporation and pretreatment integration in improving both separation performance 

and operational durability. This work provides a scalable and sustainable strategy toward next-generation hybrid photocatalytic 

membranes for advanced produced water purification.

Keywords

photocatalytic membrane, polyoxometalate, ozonation–adsorption, produced water

1 Introduction
Produced water (PW), a major byproduct of oil and gas 
extraction processes represents one of the most pressing 
environmental challenges due to its substantial volume 
and chemically diverse nature [1]. Each barrel of oil pro-
duced can generate several barrels of PW, which often 
contains dispersed hydrocarbons [2], dissolved organics, 
metal ions, sulfides, and high salinity components [3–5]. 
The coexistence of these contaminants, coupled with sus-
pended particulates and residual chemical additives, ren-
ders PW an exceptionally difficult waste matrix to treat and 
reuse effectively. Conventional treatment strategies such 
as coagulation–flocculation [6], gravity separation  [7], 

or biological degradation [8] have been widely applied. 
However, these conventional approaches frequently 
exhibit limited efficiency in eliminating persistent and 
hazardous contaminants. Furthermore, their poor adapt-
ability to the variable composition of produced water, 
coupled with the tightening environmental discharge reg-
ulations, underscores the necessity for more advanced, 
integrated, and sustainable treatment technologies.

Among advanced oxidation processes (AOPs), ozona-
tion has emerged as a promising approach for decompos-
ing refractory organic pollutants into smaller and more 
biodegradable intermediates [9]. This process depends on 
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the in situ generation of hydroxyl radicals (•OH), which are 
powerful, non-selective oxidants capable of mineralizing 
a wide range of contaminants. Nevertheless, the practical 
application of ozonation as a standalone technique is con-
strained by intrinsic drawbacks such as the short lifetime 
of reactive radicals, poor ozone solubility and mass trans-
fer in aqueous systems, and substantial energy require-
ments [10, 11]. As a result, incomplete oxidation and the for-
mation of secondary by-products often occur. To address 
these limitations, coupling ozonation with adsorption pre-
treatment has gained significant attention [12]. Adsorption, 
utilizing porous materials such as bentonite, activated car-
bon or zeolite, can effectively remove hydrophobic and 
ionic pollutants, thereby reducing the organic load prior 
to ozonation and enhancing the utilization efficiency of 
ozone. This combined ozonation–adsorption process offers 
a synergistic mechanism that not only enhances degrada-
tion kinetics and pollutant removal but also minimizes cat-
alyst deactivation and downstream fouling [13].

In parallel with pretreatment advancements membrane 
photocatalysis has emerged as a highly effective technology 
capable of integrating pollutant separation and degradation 
within a single operational system. Photocatalytic mem-
branes merge the physical selectivity of membrane filtration 
with the oxidative degradation capability of photocatalysis, 
enabling continuous operation with minimal secondary con-
tamination [14, 15]. In the context of produced water treat-
ment, ultrafiltration membranes are particularly suitable 
due to their ability to retain macromolecular organic matter, 
colloids, and oil-associated aggregates while maintaining 
relatively high permeate flux. Among available polymeric 
substrates, poly(vinylidene fluoride) (PVDF) is widely rec-
ognized for its excellent thermal resistance, chemical inert-
ness, and mechanical robustness, making it one of the most 
commonly employed materials for ultrafiltration membrane 
fabrication via non-solvent induced phase separation [16]. 
However, pristine PVDF is inherently hydrophobic and 
lacks photocatalytic functionality, necessitating surface or 
structural modification to enable reactive separations [17]. 
Incorporating polyoxometalate (POM) compounds, partic-
ularly tungsten based POM, into PVDF matrices has proven 
to be a  powerful modification route. POM are discrete, 
nanoscale metal–oxygen clusters characterized by high 
redox flexibility, reversible electron transfer, and structural 
stability. When embedded into a PVDF ultrafiltration mem-
brane framework, tungsten based POMs serve as photoac-
tive centers that enhance light absorption, promote charge 

separation, and improve hydrophilicity and antifouling 
characteristics [18, 19].

Despite these advances, standalone photocatalytic mem-
branes often face challenges in treating the highly variable 
and complex chemical matrix of produced water. Organic 
macromolecule fouling, potential leaching of active species, 
and the incomplete degradation of persistent contaminants 
can restrict the long-term stability and scalability of such sys-
tems. To address these limitations, the present study adopts 
a hybrid treatment strategy combining adsorption–ozonation 
pretreatment with a  PVDF based ultrafiltration photocata-
lytic membrane. The pretreatment stage effectively breaks 
down and captures large organic molecules, mitigating foul-
ing, while the subsequent PVDF/W based POM photocat-
alytic membrane further mineralizes residual pollutants 
under light irradiation. This hybrid configuration provides 
a multi-barrier system that leverages physical adsorption, 
chemical oxidation, and photocatalytic degradation syner-
gistically, resulting in enhanced purification performance, 
operational durability, and overall energy efficiency.

2 Materials and methods
2.1 Materials
The membrane fabrication process utilized PVDF (SOLEF 
6020/1001, 99%) with number average molar mass 
Mn = 153 g/mol, weight average molar mass Mw = 352 g/mol 
as the base polymer, which was acquired from Sigma-
Aldrich Chemie (Germany). N-Methyl-2-pyrrolidone 
(NMP, 85%), supplied by Merck, served as the solvent in 
the dope preparation, while deionized water sourced from 
Indrasari, Semarang, acted as the coagulation medium. 
Zeolite was incorporated as an adsorptive component in the 
pretreatment step to enhance contaminant removal. The syn-
thesis and modification procedures employed analyti-
cal-grade reagents, namely potassium permanganate, nitric 
acid, sodium tungstate dihydrate (Na2WO4·2H2O), tere-
phthalic acid (H2BDC), N,N-dimethylformamide  (DMF), 
and tungsten trioxide (WO3 ), all obtained from Merck.

2.2 Fabrication of polyvinylidene fluoride/tungsten 
based polyoxometalate-membrane
The synthesis of PVDF/W based POM membranes was 
conducted through a controlled phase inversion method to 
ensure the uniform dispersion of photocatalytic nanopar-
ticles within the polymer matrix. Initially, 2 wt% W based 
POM nanoparticles were dispersed in NMP via ultra-
sonic agitation for 60 min to achieve a stable colloidal 
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suspension. Subsequently, PVDF (13 wt%) was gradually 
introduced into the nanoparticle suspension and contin-
uously stirred at 60–70 °C for approximately 10 h until 
a clear and homogeneous casting solution was obtained. 
The resulting solution was then left undisturbed at room 
temperature for 24 h to facilitate degassing and the removal 
of entrapped air bubbles. Membrane films were prepared 
by casting the polymer solution onto a clean glass sub-
strate using a 150 μm casting knife, followed by brief UV 
exposure to enhance interfacial bonding and photocata-
lyst stability. The cast films were immersed in deionized 
water for 24 h to induce phase separation, and the result-
ing membranes were subsequently dried at 30 °C for 24 h 
to yield flexible and defect-free structures.

2.3 Characterization of polyvinylidene fluoride/
tungsten based polyoxometalate membrane
The surface morphology of the prepared membranes was 
examined using a field-emission scanning electron micro-
scope (FE-SEM, JEOL JSM-6510LA, Japan) to assess their 
structural uniformity and pore architecture. The  chem-
ical functionalities and potential bonding interactions 
among the membrane components were investigated using 
Fourier transform infrared (FTIR) spectroscopy (Thermo 
Fischer Scientific RaptIR, USA), offering valuable infor-
mation on the modifications in surface chemistry result-
ing from POM incorporation. Furthermore, the nanoscale 
topography and roughness characteristics were analyzed 
through atomic force microscopy (AFM, Park NX10, USA) 
operated in tapping mode, enabling high-resolution visual-
ization of the membrane surface features.

2.4 Membrane performance evaluation
The performance of the fabricated membranes was 
assessed through photofiltration experiments using pro-
duced water as the feed solution. All filtration tests were 
conducted in a continuous cross-flow filtration mode to 
minimize concentration polarization and fouling effects. 
The experiments were performed at a constant trans-
membrane pressure of 5 bar, an operating temperature of 
25 ± 2 °C, and an active membrane area of 1.26 ∙ 10−3 m2. 
The recovery was defined as the ratio of permeate flow 
rate to feed flow rate and was maintained at a constant 
value throughout the experiments. Evaluation parame-
ters included permeate flux and the removal efficiencies 
of chemical oxygen demand, phenol, and ammonia nitro-
gen. Prior to testing, each membrane was compacted with 
deionized water at 5 bar for 30 min to ensure hydraulic 

stability. Subsequent filtration was conducted at 5 bar with 
an active membrane area of 1.26 ∙ 10−3 m2. Permeate was 
collected at 30 min intervals, and the water flux was deter-
mined according to Eq. (1):
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where J denotes the permeate flux ( L / (m2 h)), where ΔV is 
the permeate volume (L) collected over the filtration time 
Δt (h), and S is the effective membrane area (m2 ).

The concentrations of chemical oxygen demand, phe-
nol, and ammonia nitrogen in both feed and permeate sam-
ples were measured using a Thermo Scientific Genesys 10s 
UV–Vis spectrophotometer (Thermo Electron Scientific 
Instruments LLC., Madison, WI, USA). The rejection effi-
ciencies were subsequently calculated using Eq. (2):
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where RE is the pollutant removal efficiency (%), Ct and Co 
are the contaminant concentrations in the permeate and 
feed, respectively.

2.5 Pretreatment process
The pretreatment sequence was designed as a coupled 
adsorption–ozonation process to enhance contaminant 
degradation prior to membrane photofiltration. In the 
adsorption stage, produced water was continuously passed 
through a fixed-bed column packed with commercial zeo-
lite, facilitating the removal of hydrophobic organics and 
ammoniacal species through ion exchange and surface 
adsorption mechanisms. The contact time was maintained 
for 1–3 h, during which effluent samples were periodi-
cally collected at 30 min intervals to quantify reductions 
in COD, NH3–N, and phenolic compounds. Upon achiev-
ing approximately 1 L of adsorbate-treated effluent, the 
stream was subsequently subjected to ozonation using 
a  laboratory-scale unit (Aquazon JQ0518, China) oper-
ated at a constant ozone dosage of 70 mg/L and a flow rate 
of 0.5 L/min. The ozonation process, sustained for 1–3 h. 
The pretreated effluent was then directed to the photocat-
alytic membrane module for final purification under con-
trolled photofiltration conditions.

2.6 Stability of polyvinylidene fluoride/tungsten based 
polyoxometalate membranes
Prior to conducting the stability test, each membrane sam-
ple was pre-conditioned by flushing with deionized water 
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under a transmembrane pressure of 5 bar for 30 min to 
achieve steady-state permeability and remove any residual 
impurities. The long-term operational stability was subse-
quently assessed through continuous photofiltration using 
produced water as the feed solution. The experiments 
were carried out under a constant transmembrane pressure 
of 5 bar, at ambient temperature (25 ± 2 °C), and with an 
effective membrane surface area of 1.26 ∙ 10−3 m2. The pho-
tofiltration process was maintained for a total duration of 
600 min. Permeate samples were collected and analyzed 
separately at 30 min intervals, rather than being com-
bined, to monitor the temporal stability of membrane per-
formance over the entire operation period. The stability 
of the PVDF/W based POM membranes was evaluated by 
quantifying the levels of COD, NH3–N, phenol, and TDS 
in the collected permeates.

3 Results and discussion
3.1 Produced water characteristics
Produced water is an inevitable effluent generated during 
oil extraction activities and is characterized by a complex 
mixture of organic pollutants, inorganic salts, suspended 
solids, and residual hydrocarbons. Its chemical profile is 
highly variable and strongly influenced by multiple fac-
tors, including the geographic setting, reservoir geology, 
formation water chemistry, and the operational practices 
applied during drilling and production. Owing to this vari-
ability, site-specific characterization of produced water is 
essential to accurately assess its environmental impact 
and to design effective treatment strategies. This issue 
is particularly relevant in Indonesia, where extensive oil 
exploration and production activities necessitate careful 
evaluation of produced water prior to disposal or reuse. 
In the present study, the analyzed produced water exhib-
ited contaminant concentrations that exceeded the permis-
sible limits specified by both national and international 
environmental regulations [20]. According to Indonesia's 
Ministerial Regulation No. 19 of 2010 [21], wastewater 

discharged from oil, gas, and geothermal operations 
must comply with maximum allowable concentrations 
of 4000 mg/L for total dissolved solids (TDS), 200 mg/L 
for chemical oxygen demand (COD), 25 mg/L for total oil 
and grease, and 5 mg/L for NH3–N. However, the mea-
sured values particularly for COD and NH3–N were sub-
stantially higher than these regulatory thresholds, con-
firming the inadequacy of untreated produced water for 
direct discharge. These substances are often released from 
subsurface formations or mobilized during fluid mixing 
processes, further complicating the treatment of produced 
water and underscoring the need for advanced purification 
technologies. The detailed physicochemical composition 
of the produced water used as feed for membrane testing 
is summarized in Table 1 [22–26].

3.2 SEM surface analysis
The surface morphology of the fabricated membranes 
was examined using SEM. The neat PVDF membrane 
(Fig. 1 (a)) exhibits a relatively smooth and homogeneous 
surface structure with uniformly distributed pores. These 
surface pores, which are characteristic of PVDF mem-
branes fabricated via phase inversion, facilitate permeate 
transport but also indicate limited surface roughness. The 
overall smoothness of the PVDF neat surface suggests the 
dominance of the dense skin layer formation during sol-
vent–nonsolvent exchange, which is typical for pure poly-
meric membranes without inorganic fillers. In  contrast, 
the PVDF/W based POM membrane (Fig. 1 (b)) displays 
a more heterogeneous and textured surface morphology, 
attributed to the incorporation of W based POM nanopar-
ticles within the polymer matrix. The embedded bright 
spots observed on the membrane surface correspond 
to the presence of dispersed POM domains, confirming 
successful integration of the photocatalytic component. 
The local aggregation of W based POM particles likely 
enhances the interfacial roughness and alters the micro-
structural topology of the surface. This morphological 

Table 1 The properties of contaminants in the sample of produced water obtained from oil and gas production in Cirebon, Indonesia

Parameters Value Method Local standards International standards Unit

pH 7.34 ± 0.015 pH meter 6–9 6.5–8.5 –

TDS 4629 ± 0.58 TDS meter 4000 1200 mg/L

Total suspended solids (TSS) 136 ± 0.28 SNI 06-6989.25-2005 [22] – 30 mg/L

COD 1000 ± 1.36 SNI 6989.2:2019 [23] 200-300 <50 mg/L

Biochemical oxygen demand (BOD) 310 ± 0.88 SNI 6989.72:2009 [24] 80 <30 mg/L

Total oils and fats 15 ± 1.51 SNI 6989.10:2011 [25] 25–50 – mg/L

NH3–N 665.54 ± 1.05 SNI 06-6989.30-2005 [26] 5 100 mg/L
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transformation may facilitate improved hydrophilicity and 
interfacial charge transfer during photocatalytic opera-
tion. The pronounced surface roughness exhibited by the 
composite membrane may be attributed to the accelerated 
phase separation kinetics occurring during the casting 
process, which are likely governed by interfacial interac-
tions between the dispersed nanoparticles and the polymer 
matrix [27]. These morphological alterations are particu-
larly advantageous for photocatalytic membrane systems, 
as they facilitate an increased density of catalytically 
active sites, promote enhanced photon scattering within 
the membrane matrix, and improve interfacial interactions 
between the membrane surface and pollutant molecules 
present in the feed solution [28]. These features collec-
tively contribute to the superior permeation and photocat-
alytic performance observed in the PVDF/W based POM 
membranes compared with the PVDF neat.

3.3 Surface roughness
AFM analysis was conducted to quantitatively evalu-
ate the influence of W based POM incorporation on the 
surface morphology of the PVDF membranes, as illus-
trated in Fig. 2. The PVDF neat membrane (Fig. 2 (a)) 

exhibited a relatively smooth and uniform topography 
characterized by shallow surface undulations, indicating 
the dense and homogeneous structure typical of mem-
branes formed through non-solvent induced phase separa-
tion (NIPS). In contrast, the PVDF/W based POM mem-
brane (Fig. 2 (b)) demonstrated a significantly rougher and 
more irregular surface profile, with distinct elevations 
and depressions distributed across the membrane plane. 
The quantitative roughness parameters derived from AFM 
measurements reveal a notable enhancement in surface 
textural features following POM incorporation. The aver-
age roughness (Ra ) increased from 8.3 nm for PVDF neat 
to 28.1 nm for PVDF/W based POM, while the root mean 
square roughness (Rq ) rose from 10.7 nm to 45.4 nm con-
firming a more heterogeneous and microstructured sur-
face. These changes suggest that the embedded W based 
POM nanoparticles acted as nucleation sites during phase 
inversion, interrupting polymer chain packing and induc-
ing microscale surface corrugation [29].

Although AFM does not directly determine membrane 
pore size, the nanometer-scale surface roughness and dense 
top-layer morphology observed are characteristic of poly-
vinylidene fluoride ultrafiltration membranes fabricated via 
non-solvent induced phase separation. Such modification 
in the surface topology is beneficial for membrane–liquid 
interactions. The increased surface roughness contributes 

Fig. 1 SEM surface morphology (a) PVDF neat and (b) PVDF/W based 
POM membranes

Fig. 2 Surface roughness of (a) PVDF neat and (b) PVDF–W-based 
POM membranes (the unit corresponding to the axes values is μm)
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to a larger effective contact area, promoting enhanced 
hydrophilicity and water permeability. The intrinsic 
hydrophilicity and high surface energy of W based POM 
clusters facilitate more effective water molecule adsorp-
tion and spreading, counteracting the hydrophobic nature 
of the PVDF backbone [30]. Consequently, the improved 
wettability reduces interfacial resistance to water trans-
port, resulting in higher initial flux and enhanced long-
term permeation stability. The formation of micro/nano-
scale roughness enhances the light-scattering capability of 
the membrane surface, which can improve photon absorp-
tion efficiency during photocatalytic operation. This mor-
phological characteristic allows more active sites to be 
exposed and increases the likelihood of charge transfer at 
the membrane–solution interface. Nevertheless, excessive 
roughness may potentially aggravate fouling by promoting 
the physical entrapment of organic matter within surface 
asperities. Therefore, the moderate roughness observed in 
PVDF–W based POM membranes represents an optimal 
compromise between increased hydrophilicity, photocata-
lytic efficiency, and antifouling resistance.

3.4 FTIR analysis
The FTIR spectra provide profound insight into the molec-
ular-level interactions and structural transformations occur-
ring within the PVDF matrix upon the incorporation of 
W based POM as presented in Fig. 3. For  the PVDF neat 
membrane, the spectral signatures are dominated by vibra-
tional modes characteristic of the α-crystalline phase, reflect-
ing its semi-crystalline fluoropolymer nature. The absorption 
bands observed at 1400–1450 cm−1 correspond to CH2 bend-
ing vibrations, whereas the peaks within 1175–1250  cm−1 
are assigned to symmetric and asymmetric stretching of 
CF2 groups, confirming the dominance of the non-polar 
α-phase configuration [31]. The prominent absorption at 

approximately 840–880 cm−1 is attributed to the C–F stretch-
ing vibrations of PVDF chains, while a  weak band near 
1650  cm−1 may be ascribed to residual C=C stretching, 
likely arising from unsaturated end groups or polymerization 
by-products. These spectral characteristics collectively con-
firm the highly ordered chain conformation of the PVDF neat 
structure. The incorporation of W based POM into the PVDF 
matrix, substantial modifications in spectral features are evi-
dent, signifying the occurrence of strong physicochemical 
interactions at the polymer–inorganic interface. The notice-
able attenuation of CF2 and C–F band intensities indicates 
a perturbation of the α-phase crystalline domains, implying 
either a partial α to β phase transition or an increase in amor-
phous content. The β-phase of PVDF, characterized by an all-
trans (TTT) chain conformation, is known to exhibit higher 
dipole orientation and enhanced electroactivity, which could 
significantly improve interfacial charge separation in photo-
catalytic applications [32]. The observed modification in the 
crystalline phase composition thus suggests that the presence 
of POM clusters induces local electric field heterogeneity, 
acting as a polarizing agent that promotes β-phase nucleation.

The broadening and intensification of absorption fea-
tures in the 2800–3000 cm−1 region corresponding to 
C–H  stretching vibrations reflect the establishment of 
weak hydrogen bonding and dipole–dipole interactions 
between the PVDF backbone and the oxygen-rich POM 
surface [33]. These interactions are indicative of improved 
compatibility and interfacial adhesion, which play a cru-
cial role in suppressing nanoparticle agglomeration and 
facilitating homogeneous dispersion of the inorganic phase 
within the polymer matrix. In addition, the appearance of 
new vibrational bands in the 500–700 cm−1 region can be 
unequivocally attributed to metal–oxygen (W–O) stretch-
ing modes, confirming the successful immobilization and 
structural integrity of the W based POM entities within 
the hybrid membrane framework. Collectively, these FTIR 
findings elucidate the intricate interfacial chemistry gov-
erning the PVDF/W based POM nanocomposite system. 
This synergistic interfacial structure is expected to facil-
itate efficient charge carrier migration, enhance dipole 
polarization under illumination, and ultimately improve 
the photocatalytic response and operational stability of the 
membrane during produced water treatment.

3.5 Effect of UV light on membrane performance
As depicted in Fig. 4, the PVDF/W based POM mem-
branes exposed to ultraviolet irradiation for 5 min 
demonstrated the most stable and efficient. The mem-
branes achieved an initial water flux of approximately  Fig. 3 FTIR analysis
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158.83 L/(m2 h) within the first 30 min of operation, with 
only a  marginal decline to 155.83 L/(m2  h) during the 
final 30 min, indicating excellent hydraulic stability and 
structural integrity under continuous filtration condi-
tions. In contrast, the PVDF neat membranes exposed to 
UV  (Neat  +  UV) demonstrated markedly lower perme-
ate flux, decreasing from 96.67 L/(m2 h) to 71.67 L/(m2 h) 
over the same period. These findings underscore the pos-
itive influence of controlled UV irradiation on mem-
branes permeability, particularly in enhancing water 
transport dynamics. The observed improvement in flux 
is closely associated with the increased surface hydro-
philicity induced by UV exposure. Ultraviolet radia-
tion initiates surface photochemical transformations, 
leading to the incorporation of polar functional groups 
such as hydroxyl  (–OH) and carbonyl (C=O) into the 
polymeric matrix. These moieties increase the surface 
energy and affinity for water molecules, thereby reducing 

interfacial resistance and facilitating more efficient per-
meation  [34,  35]. Additionally, UV exposure can cause 
localized polymer chain scission or surface restructuring, 
which may contribute to the enlargement of pore struc-
tures and an overall increase in membranes porosity. 
The extent of hydrophilic enhancement is also influenced 
by the density of grafted monomers on the membranes 
surface. As the concentration of hydrophilic moieties 
increases, a more compact and uniform graft layer is 
formed, thereby improving water sorption and flux. 
The incorporation of photoresponsive inorganic nanoma-
terials further enhances this effect by introducing photo-
catalytic functionality and improving the membranes's 
resistance to UV-induced degradation [36]. These nano-
structures act as radical scavengers, mitigating polymer 
breakdown while concurrently facilitating the oxidative 
degradation of organic pollutants during operation [37]. 
However, it is crucial to regulate the UV irradiation dura-
tion, as excessive exposure (>5 min) has been shown to 
produce adverse effects. Prolonged UV treatment inten-
sifies photo-crosslinking and accelerates the formation of 
a highly compact selective layer, which restricts pore con-
nectivity and significantly diminishes flux [38]. Moreover, 
extended irradiation induces alterations in the polymer's 
thermal behavior and phase transition properties, consis-
tent with oxidative degradation, polymer recombination, 
and morphological densification processes. These phe-
nomena ultimately reduce membranes permeability and 
operational efficiency. UV-modified membranes demon-
strated enhanced rejection of TDS and COD relative to 
unmodified membranes. The denser membranes layer 
formed via photochemical crosslinking impedes solute 
passage, thereby improving contaminant retention [39].

Simultaneously, UV irradiation contributes to the 
photodecomposition of complex organic molecules into 
simpler and smaller compounds, further supporting the 
observed reduction in COD and TDS concentrations.

3.6 Effect of pretreatment on the performance of the 
membranes
Pretreatment plays a critical role in wastewater treatment 
systems by reducing pollutant concentrations before mem-
branes filtration. This process helps to minimize mem-
branes fouling, enhance overall system efficiency, and 
extend membranes lifespan. In this study, the individual 
and synergistic effects of ozonation and adsorption pre-
treatments were investigated to evaluate their contribu-
tions to membranes separation performance. As presented 

Fig. 4 Flux (a) and rejection performance (b) of PVDF neat and 
PVDF/W-based POM membranes under ultraviolet irradiation at 

a transmembrane pressure of 5 bar

(a)

(b)
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in Fig. 5, longer pretreatment durations particularly 3 h 
treatments yielded significantly higher pollutant rejection 
compared to shorter treatments (1 h). Ozonation achieved 
removal efficiencies of 89% for COD and 85% for NH3–N, 
while TDS and phenol removal reached 12.61% and 4%, 
respectively. Similarly, adsorption pretreatment resulted 
in 85%, 80%, 13%, and 3.5% removal of COD, NH3–N, 
TDS, and phenol respectively. Ozonation, an AOPs facil-
itates the degradation of complex organic pollutants 
through the generation of highly reactive hydroxyl radi-
cals (•OH). Upon dissolution in water, ozone decomposes 
to form reactive species capable of breaking down large, 
hydrophobic molecules such as hydrophilic fragments via 
mineralization [40]. This process is vital for minimizing 
membranes fouling and improving permeate flux, as evi-
denced by the PVDF/W based POM membranes treated 
with 3 h ozonation, which exhibited the highest flux val-
ues due to enhanced organic degradation. A key advan-
tage of ozonation is its ability to operate without gener-
ating secondary sludge, thereby simplifying downstream 
treatment and supporting sustainable wastewater manage-
ment [41]. Additionally, it promotes the transformation of 
natural organic matter (NOM) into more biodegradable 
compounds, reducing the pollutant load and contributing 
to stable membranes operation [42]. In parallel, adsorption 
using zeolite based materials has gained attention for its 
simplicity, cost-effectiveness, and favorable performance 
under mild conditions. Zeolites, comprising a crystalline 
framework of aluminosilicate units, provide a high sur-
face area and excellent ion-exchange capacity. Chemical 
activation increases the number of exchangeable H+ ions, 
thereby enhancing adsorption efficiency  [43]. However, 
excessive acid treatment can compromise the pore struc-
ture, reducing adsorption performance. In this study, 
adsorption effectively removed recalcitrant organic com-
pounds and improved overall membranes rejection, espe-
cially when integrated with ozonation  [44]. The sequen-
tial application of adsorption followed by ozonation was 
found to be particularly effective. Adsorption preferen-
tially captures high-molecular-weight organics, allow-
ing ozonation to subsequently degrade the remaining 
low-molecular-weight compounds. This approach accel-
erates degradation kinetics, reduces membranes foul-
ing, and promotes flux stability and membranes durabil-
ity  [45]. The  improvement is attributed to the extended 
ozone residence time, which enhances the generation of 
hydroxyl radicals and increases the extent of pollutant 
oxidation. Membranes subjected to the combined pretreat-
ment showed significantly higher rejection of COD, TDS, 

Fig. 5 Adsorption–ozonation pretreatment (a) flux behavior (b), 
and rejection efficiency (c) of membranes coupled with the 

pretreatment process

(a)

(b)

(c)
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NH3–N, and phenol. This enhanced performance is asso-
ciated with increased oxidative degradation resulting from 
prolonged ozonation, which elevates hydroxyl radical 
concentrations and accelerates contaminant breakdown. 
Furthermore, surface adsorption is known to facilitate 
photocatalytic degradation by increasing the contact fre-
quency between active sites and pollutants, thus enhanc-
ing removal efficiency, particularly in systems employing 
photoactive materials. In conclusion, the integrated pre-
treatment strategy involving 3 h ozonation and 3 h adsorp-
tion offers an effective, scalable, and environmentally 
friendly solution for treating complex effluents such as 
produced water. This dual-stage approach maximizes pol-
lutant rejection, improves flux stability, and significantly 
enhances the overall performance of membranes filtration 
systems in advanced water treatment applications.

3.7 Membrane stability
The stability and rejection performance of the mem-
branes were evaluated using produced water as the 
feed solution. The flux decline profiles clearly indi-
cate that the PVDF-W-based POM membrane exhib-
ited significantly better flux stability compared 
to the neat PVDF membrane, as shown in Fig. 6.  
PVDF/W  based POM showed a high permeate flux of 
approximately 145 L/(m2 h) which gradually decreased to 
around 117 L/(m2 h) after 600 min filtration, corresponding 
to about 80.7% flux retention. In comparison, the PVDF 
neat membrane exhibited a substantially lower initial per-
meate flux of approximately 37 L/(m2  h) which progres-
sively decreased to nearly 10 L/(m2 h) over the course of 
operation, corresponding to a flux retention of only about 
27% of its initial value. This marked difference suggests 
that W based POM incorporation effectively improves the 
membrane's resistance to fouling and maintains permea-
bility over prolonged operation.

Regarding rejection performance, PVDF/W  based 
POM demonstrated substantially higher removal efficien-
cies for key contaminants present in produced water com-
pared to PVDF neat. COD rejection increased drastically 
from 5.83% for PVDF neat to complete removal  (99%) 
for PVDF–W  based POM. Similarly, NH3–N rejec-
tion improved from 63.66% to 99.5%, TDS from 2.17% 
to 20.5%, and phenol rejection increased modestly from 
3.81% to 6.87%. These results indicate that the W based 
POM modified membrane not only maintains higher flux 
but also enhances selective separation of pollutants com-
monly found in produced water. The improved performance 

of W based POM can be attributed to the unique structural 
and chemical properties introduced by the W based POM. 
The nanoparticle provides additional porous pathways 
and increases membrane hydrophilicity, which facilitates 
water permeation while reducing the accumulation of fou-
lants on the membrane surface. The high surface area and 
tunable pore size of W based POM also contribute to the 
effective adsorption and size exclusion of organic and inor-
ganic contaminants, thus enhancing rejection. In contrast, 
the neat PVDF membrane lacks these features, making 
it more susceptible to fouling and pore blockage, which 
leads to rapid flux decline and poor contaminant removal. 
Overall, these findings demonstrate that the incorpora-
tion of W based POM into PVDF membranes significantly 
improves their applicability for produced water treatment 
by enhancing both operational stability and treatment 

Fig. 6 The result of reusability test (a) and pollutant rejection (b)

(a)

(b)
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efficiency. This modification addresses critical challenges 
in oilfield wastewater management, enabling longer mem-
brane lifespan and more effective removal of complex pol-
lutants such as organics, NH3–N, and dissolved solids.

4 Conclusion
This study successfully developed a robust and multifunc-
tional PVDF/W  based POM photocatalytic membrane 
integrated with an adsorption–ozonation pretreatment 
system for efficient produced water treatment. The incor-
poration of 2 wt% W based POM significantly enhanced 
membrane permeability and pollutant rejection through 
improved interfacial bonding and photocatalytic activ-
ity. UV irradiation (5 min) further optimized membrane 
surface energy and pore morphology, yielding a supe-
rior flux of 158.83 L/(m2 h) with excellent hydraulic sta-
bility. The  integrated adsorption–ozonation pretreat-
ment achieved up to 89% COD and 85% NH3–N removal, 

effectively mitigating fouling and improving long-term 
performance. Under continuous operation for 600 min, 
the  optimized membrane maintained a stable flux of 
145 L/(m2 h) and achieved exceptional removal efficiencies 
of 99% COD, 99.5% NH3–N, 20.5% TDS, and 6.87% phe-
nol. This approach provides valuable insights for scaling 
up hybrid photocatalytic membranes capable of address-
ing the challenges of complex industrial wastewater, par-
ticularly in the oil and gas sector, while promoting envi-
ronmentally responsible water management.
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