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Abstract

This study investigates the enhancement of poly(vinylidene fluoride) (PVDF) membranes modified with TiO,, tungsten trioxide, and
coated with polydopamine (PDA) for rubber industry wastewater treatment. PDA coating improved the adhesion and dispersion of
photocatalyst particles on the PVDF membrane. Membrane characterization using FTIR, SEM, SEM-EDX, XRD, mechanical strength,
porosity, pore size analysis, water contact angle, and water uptake confirmed the structural and surface property enhancements
of the PVDF-TiO,-WO,/PDA membrane, which contributed to improved pollutant rejection performance. The PVDF-TiO,-WO,/PDA
membrane enhanced ammonia, phenol, chemical oxygen demand, and total dissolved solids rejection by 98.22%, 99.39%, 87.18%, and
51.06%, respectively, compared to the pristine PVDF membrane. After pretreatment, the flux value was 154.32 L/m?h. The membrane
exhibited the best photocatalytic degradation activity, with TiO,-WO, nanoparticles enhancing pollutant removal under visible light
and PDA coating contributing to enhanced selective permeability. Kinetic studies indicated that the zero-order kinetic model best
describes photocatalytic activity. Membrane performance remained stable over five cycles, with high pollutant rejection despite some
pore blockage and swelling. Overall, PDA modification on PVDF-TiO,-WO, membranes offers a promising solution for efficient and
environmentally friendly rubber wastewater treatment.
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1 Introduction

The sustainable management of industrial wastewa-
ter is crucial to achieving several of the United Nations
Sustainable Development Goals (SDG), particularly SDG 6
(Clean Water and Sanitation) and SDG 12 (Responsible
Consumption and Production) [1]. With rapid industrial-
ization, wastewater treatment has become an urgent chal-
lenge, especially in industries producing large volumes of
effluent that can significantly impact water quality, eco-
systems, and public health. Indonesia, one of the largest
natural rubber (NR) producers globally, faces considerable
difficulties in effectively managing the effluents generated
during rubber processing. Currently, 115 rubber indus-
tries are operating in Indonesia, collectively producing
over 12 million tonnes of NR annually, which is utilized

in various commercial products such as gloves, tyres, bal-
loons, rubber shoes, mattresses, swimming caps, catheters,
and bottle cap [2]. However, rubber manufacturing compa-
nies produce a significant quantity of waste annually. Each
Indonesian rubber sector typically generates 300400 m?
of effluent daily [3]. High concentrations of chemical oxy-
gen demand (COD) (187,432.1 mg/L), pH (4.23), total nitro-
gen (1,157.1 mg/L), ammonia nitrogen (1,113.0 mg/L), total
phosphorus (1,181.2 mg/L), zinc (593.3 mg/L), chromium
(0.6127 mg/L), and nickel (0.2986 mg/L) [4] in untreated
rubber processing wastewater pose a significant risk of
environmental degradation. Inadequate treatment and
improper disposal of such waste can result in water contam-
ination, threatening aquatic ecosystems and endangering
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human populations reliant on water resources. Addressing
the treatment of rubber industry wastewater is, therefore,
essential for maintaining water quality and ensuring sus-
tainable industrial practices that align with SDG 6.

The use of ozonation for wastewater treatment has
gained attention due to its ability to degrade pollutants
efficiently [5]. However, ozonation can cause significant
damage to biopolymers, reducing the effectiveness of
ultrafiltration (UF) and microfiltration (MF) membranes
by contributing to flux decline and membrane fouling [6].
This drawback necessitates exploring alternative or com-
plementary treatment methods to mitigate membrane foul-
ing and enhance wastewater treatment. One such method
is adsorption, where pollutants are removed through their
accumulation on adsorbent surfaces [7]. Adsorption is an
effective and low-cost process that can be particularly use-
ful when combined with other treatment techniques [8].
Consequently, integrating ozonation [9], adsorption [10],
and membrane filtration [11] has emerged as a highly
promising strategy for the effective treatment of rubber
wastewater. Membrane technology has become a prom-
inent solution for wastewater treatment due to its many
advantages, including low energy consumption, ease of
operation, minimal land area requirements, and environ-
mental sustainability [12]. The versatility of membrane fil-
tration is further enhanced when combined with photo-
catalytic degradation, a process known for its efficiency,
low cost, and environmental benefits. Photocatalysis has
emerged as an effective method to degrade harmful pol-
lutants, making it particularly suitable for water treatment
applications [13]. In this study, a novel approach to rubber
wastewater treatment is explored using poly(vinylidene
fluoride) (PVDF) membranes modified with TiO, and
WO,, incorporating polydopamine (PDA) as a coating.
This combination is expected to improve membrane per-
formance and photocatalytic properties, thus enhancing
the overall treatment efficiency.

PVDF resistance to oxidative degradation, its thermal
and hydrolytic stability, and superior mechanical strength
ensure its durability and reliability in harsh industrial
conditions. These properties make it indispensable for
advanced membrane development, especially when mod-
ified with nanomaterials to enhance hydrophilicity, anti-
fouling, and pollutant rejection [14]. The incorporation
of photocatalytic materials into membrane systems has
gained attention for enhancing membrane performance
and functionality. TiO, is widely used for its high photo-
catalytic activity, chemical stability, and environmental

safety. However, its wide bandgap (3.2 eV) limits activa-
tion to UV light, which represents only ~5% of solar radi-
ation, necessitating strategies to extend its activity into the
visible light spectrum [15]. Blending TiO, with WO, , a vis-
ible-light-active photocatalyst with a narrower bandgap
(2.4-2.8 eV), is a promising solution. WO, offers strong
oxidative potential, photostability, and resistance to pho-
to-corrosion [16]. The TiO,/WO, combination enhances
light absorption, improves charge separation by reducing
electron-hole recombination, and achieves superior photo-
catalytic performance compared to either material alone.
Incorporating TiO,/ WO, composites into membranes also
improves hydrophilicity, antifouling properties, and pol-
lutant rejection. In addition to the photocatalytic materi-
als, PDA has shown great potential as a membrane modi-
fier. PDA is known for its high hydrophilicity, which can
improve membrane properties by enhancing water flux
and reducing fouling [17].

The primary objective of this study is to evaluate the
effects of TiO,/WO, concentration in PVDF-TiO,-WO,
nanohybrid membranes on membrane characteristics
and performance for the treatment of rubber wastewater.
Bentonite was incorporated as a pretreatment adsorbent
due to its high surface area and cation exchange capac-
ity, which enable effective adsorption of various organic
contaminants prior to membrane photocatalytic treatment.
The study also aims to assess the impact of ozone pretreat-
ment and bentonite adsorption on membrane fouling mit-
igation and overall performance. Furthermore, the effect
of PDA coating on the properties of PVDF-TiO,-WO,
membranes will be explored, as well as the photocatalytic
kinetics in the treatment of rubber effluent. By investigat-
ing these factors, this research aims to contribute to the
development of more efficient, sustainable, and cost-effec-
tive methods for treating industrial wastewater, specifi-
cally in the rubber industry, thus supporting global efforts
toward clean water and responsible industrial practices.

2 Materials and methods

2.1 Materials

The materials and reagents used in this research included
rubber waste liquid, PVDF (SOLEF 6020/1001, 99%)
with M =153 g/mol, M = 352 g/mol, nano material TiO,
were supplied by Nano Center Indonesia. WO, (99%) and
N-methyl-2-pyrrolidone (NMP, 99%) were purchased
from Merck, Germany, and used as a solvent. Sigma-
Aldrich provided dopamine hydrochloride and tris(hy-
droxymethyl)amino-methane hydrochloride (Tris-HCI,



99.8%). Bentonite, an adsorption pretreatment agent for
contaminant removal in rubber wastewater, was supplied
by Brataco Chemika, Indonesia. K,Cr,0., H,SO,, ferro
ammonium sulfate (FAS), potassium hydrogen phthal-
ate (KHP), and deionized water for phase inversion were
obtained from Indrasari, Local Chemical Indonesian.
Bentonite clay granule was supplied by Brataco Chemika,
Indonesia. All the materials used in this research were of
analytical grade and applied as received. The NR waste-

water as feed was obtained from Bengkulu, Indonesia.

2.2 Fabrication of PDA-coated PVDF-TiO,-WO,
membrane

The fabrication of composite membranes composed of
PVDF, TiO,, WO,, and PDA is summarized in Table 1.
The membranes were prepared using a combination of
the dry-wet phase inversion technique and the dip-coat-
ing method to achieve optimal structural and functional
properties [18]. The fabrication process commenced with
the preparation of a 15% (m/v) PVDF polymer solution
by dissolving PVDF granules in NMP under continuous
stirring at 60—70 °C for 12 h to ensure complete disso-
lution. Simultaneously, TiO, and WO, nanoparticles were
dispersed in the same solvent through ultrasonication at
20 kHz for 1 h to achieve uniform dispersion and prevent
nanoparticle agglomeration. The nanoparticle suspension
was then gradually added to the polymer solution under
constant stirring to produce a homogeneous casting solu-
tion. The casting solution was spread onto clean glass plates
to form membranes with a thickness of approximately
150 um, using a casting knife for uniformity. To remove
entrapped air bubbles, the solution was left undisturbed
for 24 h at ambient temperature. The cast film was then
immersed in deionized water for 24 h to induce phase sep-
aration, leading to the formation of a porous membrane
structure. Following phase separation, the membranes
were transferred to a coagulation bath containing distilled
water, where they were soaked for an additional 24 h at

Table 1 Composition of fabricated membranes

NMP PVDF TiO, WO, TiO,/WO, PDA

Membrane o0 (wiv) (Wi%) (Wi%)  (Wi%)  (wi%)
M-01 85 15 - - - -
M-02 85 15 1 - - -
M-03 85 15 - 1.5 ; .
M-04 85 15 . - 1/1.5 -
M-05 85 15 . - 1/1.5 0.5
M-06 85 15 - - 1/1.5 1
M-07 85 15 . . 1/1.5 L5
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room temperature to enhance residual solvent removal and
improve membrane structural integrity. Finally, the mem-
branes were air-dried at 30 °C for 24 h.

2.3 Characterization of PVDF-TiO,-WO,/PDA
membrane

The morphological features of the fabricated membranes
were examined using a scanning electron microscope
(SEM, JEOL Series JSM-6510-LA, Japan) coupled with
energy-dispersive X-ray (EDX) spectroscopy for ele-
mental composition and mapping analysis. The phase
crystallinity of the materials was determined via X-ray
diffraction (XRD, SHIMADZU XRD-7000, Japan).
The hydrophilicity of the membranes was evaluated
using a contact angle goniometer (OCA25, Dataphysics
Instruments, Germany) to determine both the static con-
tact angle and surface energy.

2.4 Membrane performance evaluation

The performance of the synthesized membranes was evalu-
ated based on their permeability and ability to remove COD,
phenol, and NH,-N during wastewater treatment via pho-
tofiltration. The parameters were determined at room tem-
perature (30 °C). The assessment focused on permeate flow
rates and pollutant COD, phenol, and NH,-N using NR as
the feed. Before filtration, the membranes were compacted
with demineralized water at 5 bar for 30 min. The system
was then operated at 5 bar, with an effective membrane area
of 1.26 - 1073 m’. Permeate samples were collected every
30 min, and water flux was calculated using Eq. (1).

J-2 0

In Eq. (1), J represents the flux value (L/m>h), AV rep-
resents the total volume of the permeate (L) collected
during the operation time Af¢ (h), and S represents the
membrane effective area for filtration (m?).

Inassessingcontaminantrejection, the concentrations of
COD, phenol, and NH,-N were quantified using a Thermo
UV-Vis
(Thermo Electron Scientific Instruments LLC., Madison,

Scientific Genesys 10s Spectrophotometer
WI, USA). The rejection value of the membrane can be

calculated using Eq. (2):

C

R, =|1-—|-100% )
CO

where R, is the pollutant removal efficiency (%), whereas

C, and C are the concentration of the contaminant in per-

meate and feed, respectively.
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2.5 The photocatalytic activity of PVDF-TiO,-WO,/PDA
nanohybrid membranes

The photocatalytic activity test of PVDF-TiO,-WO,/PDA
nanohybrid membranes are based on procedures that refer
to research conducted by Kusworo et al. [19], by evaluat-
ing the rate of organic degradation indicated by a decrease
of rejection values in rubber wastewater. The mem-
brane is mounted on a glass slide and then inserted into
a container containing rubber wastewater and allowed to
stand in a dark environment for 60 min to start adsorp-
tion and ensure only photocatalytic activity will be tested.
The experiment was conducted in a batch reactor system
for 120 min and every 30 min samples were taken from
the reactor for rejection testing. The photocatalytic degra-
dation kinetics of the fabricated photocatalytic membrane
composites were further analyzed using the zero-order,
pseudo-first-order, and modified Freundlich kinetic mod-
els. The mathematical formulations for these models are
provided in Egs. (3), (4), and (5), respectively.

C,—-C, =kt ©)
C
In (F‘)J =kt Q)
L
C =k Cyt™ )

The k, (mg/L'min), &k, (1/min), and &, (1/min) repre-
sent the rate constants for the zero-order, pseudo-first-or-
der, and modified Freundlich kinetic models, respectively,
while ¢ stands for time (min). The m represent dimension-
less heterogeneity factor in the modified Freundlich model.

2.6 Reusability and stability of PVDF-TiO,-WO,/PDA
nanohybrid membranes

To assess the stability and reusability of the membranes,
a series of experiments were conducted over five consecu-
tive cycles to evaluate permeate flux and pollutant removal
efficiency. Each cycle involved 120 min of produced water
filtration, with permeate flux and pollutant removal rates
measured at 30 min intervals to track the membrane per-
formance over time. Before each subsequent cycle, the
membrane was thoroughly cleaned with demineralized
water to remove any fouling or contaminants, ensuring
the membrane's optimal performance was maintained
throughout the experiment. This cleaning procedure was
crucial in evaluating the membrane's ability to retain
its effectiveness after each cycle. The structured testing
approach provided detailed insights into the membrane's

stability, performance consistency, and capacity to recover
its filtration properties after cleaning. The results of these
multi-cycle experiments offer a comprehensive assess-
ment of the membrane's long-term durability, operational
efficiency, and suitability for continuous use in real-world
applications, such as wastewater treatment, where long-
term performance and ease of cleaning are essential for
practical implementation.

3 Results and discussion

3.1 Characteristics of the NR wastewater

The water quality index (WQI) analysis in Table 2 yielded
a value of 83.188, classifying the water quality as poor
and underscoring the need for improvement across several
parameters. The evaluated parameters include pH, total
dissolved solids (TDS), COD, ammonia, and phenol key
indicators of industrial wastewater pollution, particularly
from NR treatment [20]. The pH 8.2, slightly alkaline,
contributed 3.856 to the WQI. Although within accept-
able regulatory limits (pH 6-9) set by local and interna-
tional standards, pH levels exceeding 8.5 may indicate
the presence of alkaline detergents or processing chemi-
cals, warranting stabilization measures. The TDS concen-
tration 421 mg/L contributed 0.263 to the WQI, indicat-
ing elevated dissolved solids, likely derived from residual
chemicals and salts used in rubber coagulation. Such lev-
els pose risks to freshwater ecosystems, necessitating
treatment to meet discharge thresholds, typically around
500 mg/L. The COD level 91.755 mg/L, contributing 1.176
to the WQI, signifies substantial organic contamination,
which may deplete dissolved oxygen in receiving waters.
This value is nearing the upper regulatory threshold (50—
100 mg/L), underscoring the necessity for additional treat-
ment to reduce the organic load. Ammonia, measured

Table 2 WQI of NR wastewater in Bengkulu, Indonesia

Param- Sn Sn  W=K/Sn On=Vn/Sn)100 Wm-On
eters

pH 82 0122 0.36 28333 3.856

TDS 421 0.002  0.003 99.287 0.263

CoD 91755 0011  0.012 96.670 1176

fir:m"' 132 0758  0.846 91.667 77.505
Phenol 27858  0.004  0.004 96.669 0.387

Total 0896 1 83.188

" The parameters were determined at room temperature (30 °C).
Sn: standard permissible value for parameter n,

W: unit weight of parameter n in the WQI calculation,

K: proportionality constant for assigning unit weights in WQI,
Vn: observed value of parameter # in the water sample,

On: quality rating scale for parameter 7,

Wm: weighted quality rating of parameter n.



as 1.32 mg/L, accounted for the highest contribution to
the WQI, 77.505. As a byproduct of nitrogen-based com-
pounds in rubber processing, ammonia concentrations
exceeding 1 mg/L pose a significant threat to aquatic eco-
systems, necessitating advanced treatment methods such
as nitrification or stripping. Phenol, with a concentra-
tion 278.58 ng/L, contributed 0.387 to the WQI. While its
level remains below regulatory limits, phenol is a toxic
pollutant that requires further mitigation. In conclusion,
the WQI value of 83.188 reflects marginally acceptable
water quality, yet parameters such as ammonia, COD, and
TDS exceed permissible thresholds and demand targeted
improvements. To enhance water quality and ensure com-
pliance with environmental regulations, comprehensive
treatment strategies combining physical, chemical, and
biological methods are strongly recommended.

3.2 Characterization of membrane TiO,/WO,

3.2.1 SEM EDX analysis for elemental composition and
distribution

The SEM-EDX analysis of M-07 membrane provides valu-
able insights into its elemental composition, offering key
information about its surface characteristics and potential
performance in filtration applications. As confirmed by the
SEM image in Fig. 1 (a), the membrane surface exhibits
a well-integrated structure, with TiO, and WO, nanopar-
ticles dispersed within the PVDF matrix. The overlay of
TiO,-WO,/PDA distribution in Fig. 1 (b) further illustrates
the uniform distribution of these components across the
membrane surface. Table 3 shows the elemental analysis
revealing that the membrane is predominantly composed
of carbon (47.82% m/m) and fluorine (43.85% m/m), which
are attributed to the PVDF matrix and contribute to the
membrane hydrophobicity and chemical stability. Oxygen
(2.23% m/m) is also present, primarily as part of the TiO,
and WO,, which are essential to the composite struc-
ture. This proves the successful incorporation of TiO,
and WO, into the PVDF membrane. The presence of oxy-
gen in the membrane identifies an increase in membrane
hydrophilicity due to the high affinity of oxygen-contain-
ing compounds to water [21]. The distribution of fluorine
shown in Fig. 1 (c) and titanium in Fig. 1 (d) clearly indi-
cates that these elements are embedded within the mem-
brane, confirming the presence of the PVDF matrix and
TiO, nanoparticles. The distribution of tungsten shown
in Fig. 1 (¢) further verifies the incorporation of WO,
nanoparticles, which enhance the membrane's photocat-
alytic properties. The presence of titanium (1.38% m/m)
and tungsten (3.97% m/m) suggests that TiO, and WO,
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nanoparticles are integrated into the membrane. They are
known for their photocatalytic properties that improve
the membrane's ability to degrade organic contaminants,
particularly under light irradiation. Trace elements, such
as thallium, aluminum, and copper, were also detected
in minimal amounts, indicating that these elements may
be impurities or byproducts from the synthesis process,
as reflected in the EDX spectrum shown in Fig. 1 (f).
The compound analysis further confirms the dominance
of carbon and fluorine from the PVDF matrix, while TiO,
and WO, are identified as key photocatalytic components.
Overall, the SEM-EDX analysis demonstrates that the
PVDF-TiO,-WO,/PDA membrane possesses a well-in-
tegrated structure with significant photocatalytic func-
tionality, making it a promising candidate for advanced
filtration applications where fouling resistance and photo-
catalytic degradation are critical.

3.2.2 XRD analysis of fabricated membranes

In Fig. 2, the XRD analysis of the PVDF-TiO,-WO,/PDA
membrane is presented. Phase identification was per-
formed by detecting diffraction peaks corresponding to
several crystalline phases, namely TiO,, WO,, PDA, and
PVDF, which contribute to the overall properties of the
membrane. Diffraction peaks at 26 25.3°, 27.39°, 34.28°,
36.17°, 43.67°, and 54.51° correspond to the anatase
phase of TiO,, known for its high photocatalytic activ-
ity. The most prominent peak at 25.3° corresponds to the
(101) crystal plane of anatase TiO, [22], while the peaks at
27.39° and 36.17° correspond to the (002) and (101) planes,
respectively [23]. The high intensity of these peaks indi-
cates the dominant presence of the anatase phase, which
is highly beneficial for photocatalytic applications due to
its efficient charge transfer capabilities [24]. In addition to
TiO,, the XRD pattern also reveals diffraction peaks at
22.47°, 33.42°, 50.33° and 56.8°, associated with the WO,
phase, confirming the incorporation of WO, into the mem-
brane matrix. WO, is well known for its photocatalytic
properties, and its presence in the membrane can enhance
photocatalytic efficiency, particularly under visible light
irradiation. These peaks can be indexed to the WO, crys-
tal planes using Miller indices, namely (001) at 22.47°,
(110) at 33.42°, (200) at 50.33°, and (220) at 56.8°, indicat-
ing specific crystal orientations within the WO, structure.
The presence of these peaks suggests successful crystal-
lization of WO,, contributing to the enhancement of the
membrane's photocatalytic efficiency. The XRD analy-
sis further revealed characteristic "bread" peaks of PDA,
along with unique diffraction peaks between 20° and 27°,
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Fig. 1 (a) SEM image, (b) overlay of TiO,-WO,/PDA distribution, (c) fluorine distribution, (d) titanium distribution, (e) tungsten distribution,
(f) EDX spectrum of M-07 membrane

indicating the successful incorporation of PDA into the with a diffraction peak at 20.99°, indicating a phase tran-

membrane surface. PDA plays a crucial role in enhanc- sition from the a-phase of PVDF. The f-phase exhib-
ing the hydrophilicity and antimicrobial properties of the its higher polarity compared to the a-phase, which can
membrane, which are vital for improving long-term fil- enhance interactions with water and improve the hydro-

tration performance [25]. Moreover, the emergence of the philicity of the membrane. The presence of the f-phase
fS-phase of PVDF in the XRD analysis was also detected, PVDF is expected to improve the membrane's filtration



Table 3 Elemental and oxide composition analysis for M-07 using EDX

Kusworo et al. | 391
Period. Polytech. Chem. Eng., 69(3), pp. 385-402, 2025

Table 4 Water contact angle and water uptake ability fabricated membranes

Elementals N{)ZSS Atcu)/znic Compound N{)ZSS At(;/inic Membrane  Contact angle (°) w, w, ?l;?ltft;fu(ﬂ?/lrlr(s
C 47.82 58.39 C 47.92 49.433 M-01 87.80 0.024  0.045 46.66
(6] 2.23 5.38 - - M-02 76.80 0.0150 0.073 79.45
F 43.85 35.28 F 43.85 38.22 M-03 84.40 0.0180  0.072 75.00
Ti 1.38 0.42 TiO, 2.30 3.22 M-04 73.20 0.0130 0.080 83.75
w 3.97 0.32 WO, 5.0 7.36 M-05 70.61 0.0128  0.082 84.35
Tl 0.01 0.00 TLO, 0.01 0.02 M-06 67.93 0.0129 0.084 85.65
Al 0.13 0.04 AlLO, 0.24 0.207 M-07 62.60 0.0110  0.086 89.90
Cu 0.62 0.15 CuO 0.77 1.36
Total 100.00  100.00 100.0  100.00 a lower absorption capacity (46.66%), making it less effi-
cient at absorbing water. In contrast, Membrane M-02,
0000 M07 ——M03 —M-02 —— M-01 with a lower contact angle (76.80°) and higher absorption
5000 4 o (79.45%), demonstrates enhanced hydrophilicity, improv-
ing its ability to absorb and drain water. The addition of
B 4000 1 TiO, in M-02 contributes to its hydrophilic properties by
5_:"/ 3000 ] _ . reducing the contact angle and increasing water absorp-
s tion, thereby enhancing its filtration efficiency. Membrane
é 2000 4 M-03, with a contact angle of 84.40° and a water absorp-
a e = 2 tion capacity of 75.00%, exhibits intermediate hydro-
1000 = aA - i philicity. The incorporation of WO, into the membrane
o M e B PVDF phase matrix resulted in only a marginal enhancement of hydro-
philic properties, indicating that the full potential of WO,

T T T T T T T T T

10 20 30 40 50 60 70 80 90
26 (°)
Fig. 2 XRD diffractogram of the membranes

performance by reducing water rejection coefficients and
enhancing its fouling resistance [26]. Overall, the XRD
results reveal well-ordered crystalline structures for TiO,,
WO,, and PVDF, with characteristic peaks for each phase.
The synergistic combination of TiO,, which possesses
high photocatalytic activity, WO,, which also contrib-
utes to photocatalytic degradation, and the f-phase PVDF,
which enhances hydrophilicity, collectively improves the
photocatalytic and filtration performance of the mem-
brane. The addition of PDA further enhances the surface
properties of the membrane, increasing resistance to foul-
ing and improving hydrophilicity, making it more suitable
for advanced water filtration and purification applications.

3.2.3 Water contact angle and water uptake ability

Table 4 presents the water contact angle and absorption
capacity of the fabricated membranes, reflecting their sur-
face affinity for water and moisture absorption. The con-
tact angle indicates the membrane's hydrophobicity or
hydrophilicity, with lower values signaling increased
hydrophilicity. Membrane M-01, with a higher con-
tact angle (87.80°), exhibits stronger hydrophobicity and

in improving surface wettability was not effectively har-
nessed [27]. This suboptimal performance is plausibly
attributed to the heterogeneous distribution and partial
agglomeration of WO, nanoparticles within the poly-
meric framework, as illustrated in the SEM micrograph
(Fig. 1 (e)). Such morphological inhomogeneities likely
restrict the availability of surface-exposed hydroxyl func-
tionalities, which play a pivotal role in facilitating water—
surface interactions. Furthermore, if the introduction of
WO, predominantly increases the surface roughness with-
out a corresponding augmentation in surface energy, the
membrane may exhibit elevated contact angles. This phe-
nomenon is consistent with theoretical interpretations pro-
vided by the Wenzel and Cassie—Baxter models, wherein
the entrapment of air within surface asperities can impede
effective wetting [28]. In addition, the relatively low WO,
content employed in the M-03 formulation may be inad-
equate to induce a significant transformation in surface
chemical characteristics, particularly when the host poly-
mer is intrinsically hydrophobic. Consequently, the inher-
ent interfacial properties of the base material may dom-
inate over the hydrophilic contributions of the additive,
thereby mitigating the expected decrease in water con-
tact angle. Membrane M-04, with a water contact angle
of 73.20° and a high water absorption capacity (83.75%),
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is more hydrophilic than M-01 and M-02, offering poten-
tial benefits for filtration and separation applications.
However, it lacks photocatalytic materials, limiting its
photodegradation capabilities. Membrane M-07, with
the lowest contact angle (62.60°) and the highest water
absorption capacity (86.90%), is the most hydrophilic. The
PDA coating enhances its hydrophilicity, improving water
absorption and interaction [29]. FTIR analysis confirms
the presence of hydrophilic groups, such as —OH groups
from TiO, and WO,, which further strengthen the mem-
brane affinity for water [30]. The PDA coating, combined
with TiO, and WO,, optimizes the membrane's hydro-
philic properties, making it highly suitable for water treat-
ment and biomolecule filtration applications.

The water uptake capacity of the membrane was eval-
uated using the gravimetric method. In this procedure,
the membrane was immersed in deionized water for 24 h,
after which its wet weight was measured. Subsequently,
the membrane was oven-dried at 60 °C for 24 h, and the
dry weight was recorded. The w represents the water
uptake percentage, while W _and W, denote the weights of
the wet and dry membranes, respectively (g).

3.3 Membrane performance

3.3.1 Effect of PDA coating on the membrane

Fig. 3 presents the integration of PDA into the membrane
matrix offers a promising strategy for improving membrane
performance in filtration processes, particularly in terms of
flux and rejection efficiency. As a derivative of dopamine,
PDA exhibits hydrophilic properties, which modify the mem-
brane surface, enhance water interaction, and improve foul-
ing resistance [31]. This study explores the effects of incor-
porating PDA at concentrations of 0.5% m/m, 1% m/m, and
1.5% m/m to determine the optimal concentration for maxi-
mizing membrane performance. The results indicate that the
addition of PDA increases membrane flux, with the most sig-
nificant improvements observed at 1% m/m and 1.5% m/m
concentrations. This enhancement in flux can be attributed to
the hydrophilic nature of PDA, which strengthens the inter-
action between water and the membrane surface. At the lower
concentration of 0.5% m/m, the increase in flux is more mod-
erate, still outperforming membranes without PDA, but less
pronounced compared to the 1% m/m and 1.5% m/m con-
centrations. At the 1.5% m/m PDA concentration, the mem-
brane demonstrates the highest flux, due to the formation
of a more effective PDA surface layer that reduces resis-
tance to water flow. The denser PDA layer at this concentra-
tion optimizes permeability, allowing smoother water flow
through the membrane and enhancing its long-term stability
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Fig. 3 (a) Flux and (b) rejection performance demonstrating the effect
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and durability. Furthermore, membrane rejection reaches its
highest value at the 1.5% m/m PDA concentration, attributed
to the formation of a more compact and stable PDA layer
on the membrane surface. This layer not only enhances the
hydrophilic properties of the membrane but also strengthens
the interactions between the membrane and contaminants,
leading to improved separation efficiency.

3.3.2 Effect of pre-treatment on membrane
performance

Pretreatment using bentonite adsorption and ozonation sig-
nificantly reduces the concentration of the pollutants, such
as TDS, phenol, ammonia, and COD in NR wastewater.
As shown in Fig. 4 (a), activation of bentonite with 1 M
HCI increases its adsorption capacity by expanding the
pore structure, which facilitates the release of ions such as
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Fig. 4 (a) Adsorption—ozonation pretreatment (L-01: adsorption
for 1 h, L-02: adsorption for 2 h, L-03: adsorption for 3 h,
L-04: ozonation for 1 h, L-05: ozonation for 2 h, L-06: ozonation for

3 h), (b) flux values, and (c) rejection efficiency of pollutants with

membrane integration and pretreatment
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Al Fe, and Mg, along with other impurities [32]. This acti-
vation results in a more physically active surface, enhanc-
ing pollutant adsorption. A 3 h contact time achieved
pollutant reductions 26.13% for TDS, 17.08% for phenol,
11.35% for ammonia, and 48.24% for COD. Prolonged con-
tact time allows greater diffusion and adsorption of pol-
lutants, although the saturation of active sites may limit
further adsorption. Ozonation pretreatment also demon-
strates significant efficacy, with a 3 h process reducing
TDS by 23.75%, phenol by 8.66%, ammonia by 17.02%,
and COD by 46.98%. This improvement is attributed to
the generation of highly reactive species, including *OH,
*0,", and ozone radicals, which facilitate the oxidation
of complex organic compounds [33]. Extended ozonation
further enhances ozone solubility and oxidation capac-
ity, accelerating the breakdown of pollutants into simpler,
more soluble by-products [34]. This effect is particularly
evident in complex compounds like ammonia and phenol,
which require extended oxidation periods for complete
degradation. The combination of adsorption and ozona-
tion demonstrates complementary efficacy, with adsorp-
tion capturing pollutants on the adsorbent surface, while
ozonation decomposes compounds resistant to adsorp-
tion [35]. Experiments indicate optimal pollutant removal
at 3 h durations for both processes (L-03 and L-06). L-03
(adsorption for 3 h) and L-06 (ozonation for 3 h) represent
the pretreatment conditions with the best performance
among the tested variables. Integrating these optimized
pretreatment methods with membrane technology results
in superior performance, as shown in Fig. 4 (b) and (c).
Pretreatment reduces membrane fouling, stabilizes flux,
and extends operational lifespan. This synergy minimizes
the pollutant load during filtration, allowing membranes
to effectively target residual pollutants, including complex
organic compounds. The combined pretreatment and mem-
brane approach significantly improves NH,-N and COD
rejection, highlighting its effectiveness in reducing fouling
potential and enhancing pollutant removal. This integrated
methodology offers a highly efficient and sustainable solu-
tion for rubber wastewater treatment, ensuring compliance
with environmental standards while maintaining opera-
tional stability and reducing maintenance requirements.

3.3.3 Photodegradation performance and kinetic
evaluation

Photodegradation has garnered significant attention as an
effective method for wastewater treatment due to its abil-
ity to decompose organic pollutants into simpler com-
pounds through photocatalytic mechanisms. Fig. 5 and
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Table 5 present the photodegradation performance and
the kinetic evaluation of three membrane types (M-01,
M-04, M-07). Zero-order, pseudo-first-order, and modi-
fied Freundlich kinetic models were used to understand
the material efficiency and the underlying reaction mecha-
nisms. The results highlight significant differences in per-
formance metrics, providing a deeper understanding of
the strengths and limitations of each membrane.
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Zero-order kinetic analysis revealed that M-01 exhibited
the highest reaction rate constant (k, = 0.126 mg/L-min), sur-
passing M-04 (0.095 mg/L-min) and M-07 (0.092 mg/L-min).
This higher rate constant indicates the superior photodegra-
dation capability of M-01 under high-concentration condi-
tions where active sites are saturated. Interestingly, M-01
achieved this performance despite the absence of incorpo-
rated photocatalytic materials. This result may be attributed
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Fig. 5 (a) Photodegradation profiles of NR wastewater. Kinetic model fitting curves: (b) zero-order, (c) pseudo-first order, and (d) modified

Freundlich models

Table 5 Model parameter estimates of photodegradation kinetics

Zero-order kinetic

Membranes k

Pseudo-first order

k k

Modified Freundlich

(mg/Lmin) ® (1/min) r (1/min’m) " ®
M-01 0.126 0.963 0.001 0.962 1.008 0.008 0.854
M-04 0.095 0.994 0.001 0.994 1.007 0.007 0.978
M-07 0.092 0.976 0.0009 0.977 1.001 0.001 0.839




to several intrinsic physicochemical attributes. Consequently,
M-01 demonstrates accelerated initial photodegradation
kinetics, even in the absence of added photocatalysts. In con-
trast, the incorporation of photocatalytic materials into M-04
and M-07, while designed to improve photocatalytic activity,
may have introduced structural and optical drawbacks [36].
These include photocatalyst agglomeration and non-uniform
dispersion, which can result in localized light scattering and
shadowing effects. Such phenomena reduce the absorption
of incident photons and hinder activation of the photocata-
lytically active domains, ultimately lowering the photodeg-
radation efficiency [37, 38]. Thus, the slightly reduced rate
constants for M-04 and M-07 are more likely indicative of
practical morphological limitations rather than deficiencies
in their inherent photocatalytic potential.

The pseudo-first-order kinetic model which is partic-
ularly suited to heterogencous photocatalytic systems,
where reaction rates are influenced by pollutant concentra-
tion, revealed that M-04 exhibited the highest rate constant
(k, = 0.001 1/min) and an excellent linear fit (R* = 0.994),
followed closely by M-07 (k, = 0.0009 1/min; R*> = 0.977).
These findings strongly support the notion that both M-04
and M-07 possess superior photocatalytic activity, likely
attributed to their incorporation of TiO,/WO,-based nano-
hybrids, which effectively generate reactive oxygen spe-
cies (ROS) under visible light [39].

Although M-01 showed a slightly higher zero-order
rate constant (k, = 0.126 mg/L-min), this is not indicative
of higher photocatalytic performance, but rather reflects
non-catalytic photolysis and surface-driven adsorption at
higher initial concentrations. The relatively lower R? value
(0.963) compared to M-04 and M-07 also suggests a less
consistent degradation mechanism. In contrast, the excel-
lent fitting of M-04 in both zero-order (R? = 0.994) and
pseudo-first-order models further confirms its consistent
and efficient photocatalytic behavior.

The modified Freundlich model, which considers non-
linear adsorption on heterogeneous surfaces, also supports
the enhanced performance of M-04. It demonstrated the
best fit (R? = 0.978) with a relatively high Freundlich rate
parameter (k, = 1.007 1/min"™), suggesting a strong syner-
gistic interaction between surface adsorption and photo-
catalytic degradation. While M-07 exhibited slightly lower
adsorption capacity (k, = 1.001), its consistent performance
across all models affirms its reliability as an effective pho-
tocatalytic membrane, albeit requiring further optimiza-
tion [40]. The performance differences among the mem-
branes also highlight the role of material properties, such
as bandgap energy, surface area, and oxygen-rich active
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site generation, in determining the photodegradation effi-
ciency. Materials with narrower bandgaps exhibit higher
photocatalytic activity under visible light, facilitating more
efficient pollutant removal. For instance, M-04 membrane's
superior bandgap characteristics likely contributed to its
enhanced COD degradation via a synergistic combination
of adsorption and photocatalysis. Moreover, performance
variations among the membranes also reflect differences in
material properties such as surface area, bandgap energy,
and the generation of oxygen-rich active sites under irradi-
ation. Membranes with narrower bandgaps, such as M-04,
tend to exhibit enhanced photocatalytic activity under vis-
ible light due to more efficient charge carrier excitation.
Furthermore, the formation of oxygen-rich sites within
nanohybrid membranes enhances oxidative degradation,
as these species serve as powerful oxidants in the break-
down of organic contaminants.

Meanwhile, M-01, which lacks photocatalytic additives,
presented higher initial degradation rates under zero-or-
der kinetics but lower fitting accuracy and reduced perfor-
mance in the modified Freundlich model (R? = 0.854). This
indicates that while M-01 may facilitate some degree of
photolytic or adsorptive degradation, its overall photocat-
alytic contribution is limited. The comprehensive kinetic
modeling confirms that M-04 and M-07 outperform M-01
in terms of true photocatalytic activity, driven by well-dis-
persed photocatalyst phases, optimized membrane, and
favorable light absorption properties. These results under-
score the critical role of photocatalyst incorporation and
membrane design in enhancing pollutant removal effi-
ciency in photocatalytic membrane systems.

3.3.4 Photocatalytic mechanism TiO,/ WO, membrane
The photocatalytic mechanism of the TiO,/WO, membrane
was systematically analyzed to evaluate its efficacy in degrad-
ing pollutants under visible light irradiation. As depicted in
Fig. 6, the analysis focused on potential values relative to
the normal hydrogen electrode (NHE). Both TiO, and WO,
demonstrate strong light absorption at 450 nm, correspond-
ing to direct band gaps of 3.07 eV and 2.01 eV, respectively.
The conduction band (CB) and valence band (VB) positions
of these materials were calculated using Mulliken electro-
negativity values and relevant equations [41].

Eyw=yx,-E —05E, ©)
Ey=Eq +E, (M

The y represents the Mulliken electronegativity, £, denotes
the free electron energy on the hydrogen scale (4.5 eV),
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Fig. 6 The proposed photocatalytic mechanism of the TiO,/ WO,

heterojunction

E,,, corresponds to the maximum energy of the VB, £,
refers to the maximum energy of the CB, and E, is the
band gap energy. TiO, and MoS, exhibit electronegativ-
ity values 6.59 eV and 5.28 ¢V, respectively. The CB and
VB potentials for WO, were determined to be +0.95 eV
and +3.05 eV, while those for TiO, were —0.23 eV and
+2.85 eV, relative to NHE. Under visible light irradiation,
the membrane initiates a photocatalytic process in which
incident photons excite electrons (¢7) in the VB of the pho-
tocatalyst, elevating them to the CB and leaving positively
charged holes (h") in the VB [42]. This photon-induced
charge carrier generation is essential for efficient photo-
catalysis. The TiO,/WO, composite structure promotes
effective charge separation and transport through strate-
gic band alignment. Electrons in the CB of TiO, transfer
to the CB of WO, due to the lower energy level of WO,'s
CB, while holes migrate from the VB of WO, to the VB
of TiO, because of the relative energy differences. This
dual-directional charge carrier movement minimizes elec-
tron-hole recombination, a common challenge in photo-
catalysis that otherwise reduces efficiency. The separated
charge carriers drive redox reactions that generate ROS,
critical for pollutant degradation. Electrons in the CB of
TiO, interact with molecular oxygen to produce superox-
ide radicals (*O,), which subsequently react with water
to form hydroxyl radicals (*OH). Simultaneously, holes
in the VB of WO, oxidize water or hydroxide ions (OH")
to produce additional hydroxyl radicals. These ROS are
instrumental in decomposing complex organic pollutants
and NH,-N into environmentally benign products such

as CO,, N,, and H,O [43]. While the CB of WO, cannot
directly reduce oxygen to *O, due to its higher potential
(+0.95 eV) and the VB of TiO, cannot oxidize water to
generate *OH radicals, the synergistic interaction between
TiO, and WO, overcomes these individual limitations.
This interaction facilitates continuous ROS generation,
enhancing pollutant degradation and improving the mem-
brane permeability and pollutant rejection capabilities.
The integration of TiO, and WO, into the membrane sys-
tem represents a significant advancement in water treat-
ment technologies, leveraging visible light-driven photo-
catalysis to achieve high efficiency and effectiveness in
pollutant degradation. The photocatalytic reactions, out-
lined in Egs. (11)—(38), provide a detailed understanding
of ROS generation and their role in pollutant removal.

TiO, +hv — h* (TiO, ) +¢™ (TiO, ) 8)
e (TiO,)+0, - TiO, + 0, )
0, +2H" +2¢™(TiO,) - H,0, (10)
H,0+e¢ — ‘OH+H" (11)

The generation of holes in the VB of WO, under visible
light irradiation.

WO, +hv —h" (WO, )+e (WO,) (12)
h*(WO,)+OH +H" — WO, + "OH +H" (13)

The photodegradation reactions of pollutants are:

‘OH + pollutant organic — degradation by-products

(CO, +H,0 + other micromolecules) (14
‘0, + pollutant organic — degradation by-products (15)
(CO, +H,0 + other micromolecules).
The NH,-N degradation reactions are:

NH; +20H™ — NO, +3H, (16)
2NO; +0, — 2NO; (17)
NO; +2H" +2¢” —» ON, +H,0 (18)
NO; +10H" +8¢” — NH; +3H,0 (19)
2NO; +12H" +10e” — 2N, +3H,0. (20)



3.3.5 Membrane stability

The stability of the membranes was evaluated by exam-
ining the reduction in normalized flux and the effective-
ness of pollutant removal under both dark and visible
light irradiation conditions, as shown in Fig. 7. Over five
cycles, all membrane types demonstrated a gradual decline
in normalized flux (J/J)), indicating their vulnerability to
fouling. M-07 membrane exhibited the highest stability,
with the least flux reduction. In contrast, the M-01 mem-
brane showed the greatest reduction, which can likely be
attributed to variations in its surface and structural proper-
ties. The incorporation of TiO,/WO, photocatalytic mate-
rials and PDA coating notably enhanced the membrane
structural integrity by increasing porosity, which promoted
the formation of non-clogged water channel. This design
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effectively minimized clogging and ensured a consistent
production of ROS throughout multiple cycles, thereby
supporting the membrane's long-term operational effi-
ciency in water treatment [44]. Furthermore, the addition
of photocatalytic materials improved the hydrophilicity of
the membranes, as demonstrated by a reduction in contact
angle, which enhanced water affinity and reduced fouling
deposition on the membrane surface. While backwashing
was effective in restoring flux for all membranes, a slight
decrease in recovery rates was observed with each subse-
quent cycle, indicating some degree of irreversible foul-
ing or material degradation [45]. The pollutant removal
efficiency remained consistently high, with all membranes
maintaining removal rates above 90% under visible light
conditions across all cycles. This stability highlights the
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membranes' exceptional separation performance, with min-
imal influence from operating conditions on their pollut-
ant rejection capabilities. Visible light irradiation played
a critical role in enhancing both flux stability and pollutant
rejection, underscoring the positive impact of photocataly-
sis on membrane performance. Overall, M-07 membrane
displayed the most promising outcomes, characterized by
superior flux retention, efficient backwash recovery, and
consistent pollutant removal throughout all cycles.

3.3.6 Fouling evaluation membrane

To further assess the fouling resistance of the TiO,/ WO,
composite membrane, a comprehensive evaluation was
conducted. Fig. 8 (a) presents a comprehensive analysis
of the antifouling performance of the M-07 membrane,
which represents the optimal formulation incorporating
both TiO,/WO, photocatalysts and 1.5% m/m PDA. Fig. 8
illustrates key fouling-related parameters, including the
flux recovery ratio (FRR), total fouling resistance (R,),
reversible fouling resistance (R ), and irreversible foul-
ing resistance (R, ), under both visible light and dark con-
ditions. These parameters are essential in evaluating the
membrane resilience to fouling and its ability to recover
performance after filtration cycles. The FRR reflects the
extent to which the membrane can restore its initial water
flux after a cleaning process, with higher FRR values indi-
cating superior fouling reversibility and membrane reus-
ability. R, quantifies the overall decline in flux resulting
from the accumulation of foulants on or within the mem-
brane matrix. This resistance can be further delineated
into reversible and irreversible components. The R, cor-
responds to the fraction of fouling that can be effectively
removed through physical cleaning methods such as back-
flushing, implying weakly bound foulants. In contrast,
the R, represents the fouling that persists despite clean-
ing efforts and often necessitates chemical treatment, typ-
ically due to the strong adhesion or entrapment of pollut-
ants within the membrane pores. Membranes subjected to
visible light irradiation exhibited a lower R, and a higher
FRR, indicating that visible light exposure effectively
reduced fouling and improved the membrane perfor-
mance. In contrast, under dark conditions, the membranes
demonstrated lower fouling resistance, with the R value
surpassing R, further confirming the excellent antifoul-
ing properties of the membrane. This enhanced perfor-
mance is attributed to the superior hydrophilicity of the
membrane, which promotes the spreading of water across
the surface and inhibits the accumulation of foulants. This
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is supported by the presence of hydroxyl (—OH) groups
on the membrane, as revealed by FTIR analysis, which
contributes to the membrane's enhanced hydrophilic
characteristics. The increased hydrophilicity reduces the
interaction between the membrane surface and specific
foulant molecules, thereby improving fouling resistance.
The comparative analysis of results under visible light
irradiation versus dark conditions emphasizes the signif-
icant role of light in activating the TiO,/WO, composite
incorporated into the membrane. The photocatalytic activ-
ity of TiO,/WO, under visible light likely facilitates the
degradation of organic foulants, thus reducing their depo-
sition on the membrane surface and further enhancing the
antifouling performance. This activation of TiO,/WO,
under visible light improves the membrane's ability to
resist fouling by breaking down pollutants before they can



adhere to the membrane surface. The inclusion of PDA
further improves fouling resistance, as evidenced by a
substantial reduction in fouling deposition resistance (R).
This enhancement can be attributed to the photocatalytic
degradation of foulants on the membrane surface, which
prevents the accumulation of contaminants. Membranes
modified with 1.5% m/m PDA concentration exhibited
the lowest fouling resistance, reflecting superior anti-
fouling properties. According to Davari et al. [46], PDA
enhances nanoparticle binding stability, thereby improv-
ing membrane functionality. Additionally, PDA has been
shown to facilitate pollutant removal and offer protection
against fouling. The PDA coating not only increases the
membrane selectivity but also provides an additional layer
of antifouling defense. Notably, longer coating durations
result in thicker PDA layers, which further enhance the
membrane resistance to water absorption and improve its
overall fouling resistance. In conclusion, the incorpora-
tion of TiO,/WO, photocatalytic materials and the PDA
coating enhances both the fouling resistance and the over-
all performance of the membrane. The synergistic effects
of visible light-driven photocatalysis and the hydrophilic
properties of the membrane, combined with the protective
and stabilizing role of the PDA coating, lead to a substan-
tial reduction in fouling deposition.

3.4 Comparison with previous studies

The performance of the PVDF/TiO,/WO,/PDA ultra-
filtration membrane developed in this study was evalu-
ated in comparison to other photocatalytic membranes
reported in the literature for the treatment of NR waste-
water. Table 6 [47-50] highlights the key differences in
membrane configurations, nanoparticle compositions,
feedwater properties, and resulting flux values. This anal-

ysis emphasizes the superior performance of the current
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membrane, particularly in achieving higher flux and pol-
lutant removal efficiencies, including NH,-N, phenol,
COD, and TDS. The advancements in the current mem-
brane design are attributed to the synergistic effects of the
TiO,/WO,/PDA composite. The incorporation of WO,
enhances visible-light absorption, while PDA improves the
hydrophilicity and antifouling properties of the membrane.
These features collectively contribute to the enhanced flux
and pollutant rejection efficiencies observed in this study.

4 Conclusion

The PDA coating improved the adhesion and dispersion of
photocatalyst particles, leading to superior membrane per-
formance. Comprehensive characterization confirmed that
the PVDF-TiO,-WO,/PDA membrane exhibited improved
mechanical properties, porosity, hydrophilicity, and pol-
lutant rejection. The membrane achieved remarkable
rejection rates for ammonia (98.22%), phenol (99.39%),
COD (87.18%), and TDS (51.06%), with a flux value of
154.32 L/m*h after pretreatment. The incorporation of
TiO,-WO, nanoparticles enhanced photocatalytic degra-
dation under visible light, while the PDA coating ensured
high selectivity and stability. Kinetic analysis indicated
that the photocatalytic activity followed a zero-order reac-
tion model. Notably, the membrane maintained stable per-
formance over five operational cycles, showing resilience
against fouling and swelling.
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Table 6 Comparison of the photocatalytic membranes

Membrane Nanoparticles Feed water (L]jrl;l;( h) Features Ref.

PES/Nanofiltration TiO, NR wastewater 80 Organic removal 95.83%, salt 72.40%, NH,-N 95.66%. [47]

PSf/Nanofiltration TiO,/GO NR wastewater 16.29 Organic removal ~80%, ammonia removal ~90% [48]
TDS 73.26%

PSf/Nanofiltration ZnO-MnO,@SiO, NR wastewater 27.31 Phenol 68.33% COD 78.92% [49]

PVDEF/Nanofiltration MoS,@WO, NR wastewater  63.69

PVDF/Ultrafiltration TiO,/WO,/PDA  NR wastewater ~ 154.32

NH,-N 75.69%
COD 97.04%, TDS 90.63%

NH,-N 95.64% 01
NH,-N 98.22%
Phenol 99.39% [Present study]

COD 87.18%, TDS 51.06%
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