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ARTICLE INFO ABSTRACT

Editor: Tzyy Haur Chong The oily wastewater presents serious environmental and operational challenges due to its stable emulsions and

resistance to degradation. Commercial polymeric membranes, such as polyvinylidene fluoride (PVDF) mem-

Keywords: branes, could be used to remove oil through microfiltration. However, most of them are susceptible to severe

PVPF membrane fouling due to inherent hydrophobicity. In this study, a surface modification strategy was developed by coating

E,}‘lt‘?san PVDF hollow fiber membranes with a biopolymer blend of chitosan and lignin, followed by photoelectrocatalytic
ignin

oxidation to tune surface properties. The biopolymer blend coating with oxidized functional groups showed
changes in surface wettability. The photoelectrocatalytic oxidation using TiO2/H203 slurry under UV irradiation
and a 3 V bias generates surface hydroxyl radicals, further increasing wettability and enhancing membrane
performance. Among the biopolymer coatings, a 1:1 chitosan-lignin ratio exhibited optimal performance. The
modified membrane achieved a permeate flux of 1.6862 L-m2h7, oil rejection of 99.26 %, and a reduced water
contact angle of 17.34° after photoelectrocatalytic oxidation (4 h UV, 0.6 g/L TiO3, 1.0 vol% H305). The pho-
toelectrocatalytic oxidation of biopolymer-coated membranes offers tunable membrane surface properties. The
synergy between biopolymer coating and photoelectrocatalytic oxidation offers a green, scalable route to

Photoelectrocatalysis
Oil removal

fabricate biopolymer membranes with tunable properties for oily wastewater treatment.

1. Introduction

The oily wastewater from the edible oil industry is a continuous
environmental challenge, requiring a great amount of chemicals and
energy to remove the oil. In addition, the used cooking oil from
households and restaurants not only enters sewage systems, but also
natural water bodies. Oily wastewater contains high concentrations of
oils, fats, and organic pollutants with high COD and BOD levels, which
deteriorate aquatic ecosystems, promote bioaccumulation, and pose
risks of contaminating drinking water sources [1]. The persistent
emulsions and poor biodegradability of oily wastewater require effective
treatment strategies. Various techniques such as flotation, coagulation,
biological treatments, and adsorption have been employed for oily
wastewater remediation [2,3]. However, many of these methos suffer
from drawbacks, including limited separation efficiency, high chemical
demand, and secondary pollution. Membrane filtration has emerged as a
robust and energy-efficient solution in recent years. Membranes can
selectively separate oil droplets and suspended solids from water,
making them ideal for treating oil-laden effluents [4-6].
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Commercial membranes are mostly produced from synthetic poly-
mers, including polyvinylidene fluoride (PVDF), polysulfone (PSf) [7],
polyethersulfone (PES) [8], and polypropylene (PP) [9], due to their
excellent chemical resistance, thermal stability, and mechanical
strength under harsh operating conditions [10,11]. Despite these ad-
vantages, these membranes are inherently hydrophobic, which pro-
motes oil fouling and reduces water permeability. This leads to
increased cleaning costs and a shortened membrane lifespan. To over-
come these limitations, different strategies of membrane modification
have been widely explored to improve membrane hydrophilicity and
fouling resistance without altering bulk membrane integrity for filtering
oily wastewater. In this context, natural biopolymers at a low cost have
been explored. Chitosan, derived from crustacean shells, is rich in amino
(-NH>) and hydroxyl (-OH) groups that improve water affinity [12]. Liu
et al. [13] precipitated an alkaline chitosan dope solution in an ethanol
coagulation bath at low temperature to form a chitosan membrane. The
chitosan membrane with hierarchical morphology could reject bovine
serum albumin effectively. Hardian et al. later [14] fabricated a chito-
san/cellulose membrane with an oil removal efficiency of 44 % through
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Fig. 1. Schematic illustration of the PEC modification and gravity-driven filtration using lignin and/or chitosan-modified PVDF HFMs.

phase inversion as well. Chitosan and cellulose were dissolved in
dimethyl sulfoxide containing [Bmim][OAc] ionic liquid, before casting
on PP support and precipitating in water. During phase inversion, chi-
tosan derivatives such as carboxymethyl chitosan or chitosan quaternary
ammonium salt were added into the aqueous bath to manipulate the
phase inversion of the PES dope solution to form an oil separation
membrane [15]. Polyvinylpyrrolidone (PVP) was added to the dope
solution as the chitosan derivatives could crosslink PVP through the
formation of hydrogen bonding to construct a hydrophilic coating on the
PES membrane. In addition, chitosan hydrogel was coated onto alkali-
treated PVDF membrane, which was enriched with —~OH, Cu®**, which
could form coordination bonds with ~OH, chitosan, and dopamine [16].
Due to the formation of an underwater superoleophobic surface, the
chitosan hydrogel-coated membrane attained a flux recovery ratio (FRR)
of 90.3 % even after 10 cycles of filtration. A chitosan membrane could
also be fabricated through electrospinning. Zeng et al. [17] added poly
(ethylene oxide) into the acetic acid to form the spinnable chitosan so-
lution, besides CNC, which could increase membrane hydrophilicity.
The chlorinated chitosan membrane removed more than 85 % of oil in
the aqueous feed. Chlorination reduced the hydrogen bond and elec-
trostatic interaction involving -NHj within chitosan to prevent prema-
ture fiber cracks caused by the excessive hydrogen bond.

Recent studies have also explored light-driven modification of bio-
polymeric coatings to further enhance membrane functionality. Xu et al.
[18] valorized, cleaned, and regenerated lignin-coated PVDF mem-
branes in the TiOy slurry through photocatalytic and photo-
electrochemical approaches. The lignin coating could be valorized
through cleavage of C—O and C—C bondings, while cleaning was
mainly driven by reactive oxygen species (ROS) such as hydroxyl (*OH)
and superoxide radicals (*O2) during photocatalytic or photo-
electrocatalytic treatment. The lignin coating could even be degraded to
regenerate PVDF membranes for reuse purposes after recoating. Similar
to lignin, chitosan could be readily valorized by oxidation since past
studies have shown the effectiveness of HyO5 in the manipulation of
molecular weight [19]. The treated chitosan samples showed new car-
boxyls and reduced amines. Chitosan is a cationic biopolymer with
abundant amino (-NHj3) and hydroxyl (-OH) groups, which can undergo
oxidation. The additional UV irradiation promoted the generation of

hydroxyl radicals from HyO3 to attack the $-p-(1 — t) glucosidic bond-
ings in chitosan [20]. The oxidation of chitosan using HyO, could be
even promoted by peroxomolybdate catalysts [21]. Since different bio-
polymers with varied functional groups have different oxidation
mechanisms and rates, the membranes coated with biopolymer blends
should be further explored. It is important to understand the effects of
different functional groups generated through oxidation on membrane
filtration and fouling behaviors. In addition, the cleaning and degrada-
tion mechanisms are helpful in designing durable biopolymer mem-
branes. Templating effects can even be attained after degrading one of
the biopolymers.

Hence, this study focuses on the oxidation of lignin/chitosan blend-
coated PVDF membrane. The present study also includes the photo-
electrocatalytic (PEC) activation during the oxidation of lignin/chitosan
coatings. Unlike conventional PEC systems that operate during filtration
for pollutant and cleaning purposes [22-24], this study applies PEC to
modify biopolymer membranes for chemical modification of the mem-
brane surface. By combining UV irradiation, TiO, photocatalysis,
hydrogen peroxide, and applied voltage, the PEC system generates
reactive oxygen species (*OH, O3) that oxidatively tune surface energy
and wettability. This pre-treatment strategy facilitates precise control
over the lignin-chitosan modified PVDF hollow fiber membrane (LigCS-
PVDF HFMs) surface for oil-water separation. By bridging the afore-
mentioned gaps, the present work offers a surface modification para-
digm that is scalable, green, and adaptable. The resulting membranes
are evaluated in terms of hydrophilicity, oil-water separation perfor-
mance, and long-term reusability, with emphasis on optimization of PEC
operational parameters to ensure practical relevance. These findings are
expected to provide new insights into the design of biopolymer-
integrated membranes for sustainable oily wastewater treatment.

2. Materials and methods
2.1. Materials
PVDF hollow fiber membranes (HFMs) with a pore diameter of 0.1

pm, inner diameter of 1.5 mm, and outer diameter of 2.6 mm were ac-
quired from Tuoyan Technology Co. Ltd. (China). Ethanol (CoHsOH,



S.L. Chiam et al.

Journal of Water Process Engineering 81 (2026) 109293

() o[Blement [ W% [ A%
- F 584 [ 478

C 366 | 474

0 50 |49

0 0s 1 15 2 25 3 35 4
1 Scale BB s Cursor 0107 [0 cts)
(f) f Element | Wt% | At%
F 52.6 | 42.7
C 373 | 47.6
] 0 10.1 | 9.7

1 15 2 25 3 35 4
[Full Scale 711 cts Cursor 0141 (@ cts)

(i) d Element | Wt% | At%
F 53.8 | 42.0
C 36.5 | 48.1
(6] 9.7 9.9

o

0 05 1 25 3 35 4
[Full Scale 1145 cts Cursor 0141 (0 cts)

(1) Element | Wt% | At%
| F 473 | 37.6

C 40.3 | 50.7
¢
* J\JJL
0 05 15 2 25 3 35 4

(6] 124 | 11.7
B [FFui cale 1145 ets Cursor 0141 @ ets)

F 49.1 392
C 39.6 | 50.1
O 11.3 1107

[

e e

(0) ][ Element | Wt% | At%
0

o
05 1 15 2 25 3 35 4
Full Scale 1145 cts Cursor -0 141_( cts)

Fig. 2. SEM images and EDS analysis results of (a, b, ¢) pristine PVDF, (d, e, f) Lig-PVDF, (g, h, i) CS-PVDF, (i, j, k) Lig1CS;-PVDF, and (k, 1, m) Lig>CS;-PVDF HFMs

after PEC activation (4 h UV irradiation, 0.6 g/L TiO,, 1.0 vol% H,0,, 3 V).

99.7 % purity, denatured) was purchased from R&M Chemicals
(Malaysia). Lignin (purity >99.5 %) and food-grade chitosan were ob-
tained from Guangdong Yunxing Biotechnology Co., Ltd. and Xi’an
Lanshan Biotechnology Co., Ltd. (China), respectively. Acetic acid
(CH3COOH, purity >99 %) and sodium hydroxide (NaOH, analytical
grade) were supplied by Sigma-Aldrich (USA) and R&M Chemicals
(Malaysia), respectively. Titanium dioxide (TiO2) nanoparticles with a
particle size of 21 nm and purity >99.5 % (trace metal basis) were ob-
tained from Sigma-Aldrich (USA). Hydrogen peroxide (H20-, analytical
grade) was sourced from QREC (New Zealand), while sodium sulfate
(NayS0y, purity >99 %) was purchased from Sigma-Aldrich (USA). Corn
cooking oil (100 %) and Tween 80 (analytical grade) used in oily
wastewater preparation were obtained from ACH Food Companies, Inc.

(USA) and Merck (Germany), respectively.
2.2. Coating of PVDF HFMs

PVDF HFMs were modified to enhance hydrophilicity and separation
performance by applying biopolymer-based coatings comprising lignin
and chitosan at different weight ratios. Membranes were first cut into
uniform lengths of 70 cm. Before coating, membranes were cleaned by
soaking in ethanol for 15 min to remove surface oils and contaminants,
followed by rinsing with deionized water. The membranes were then air-
dried at room temperature and stored in a clean, dust-free environment
to ensure optimal adhesion during coating.

In the preparation of the pure lignin coating (Lig-PVDF HFMs), 7.5 g
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Fig. 3. High-resolution XPS spectra of (a) pristine PVDF, (b) Lig; CS;-PVDF, and PEC-modified Lig; CS;-PVDF HFMs (0.6 g-L ™! TiOs, 1.0 vol% Hy05, 3 V, 4 h UV) with

(i) C 1s, (ii) O 1s, and (iii) N 1s regions.

of lignin was dissolved in 1000 mL of distilled water containing 5 g of
NaOH. The solution was continuously stirred until complete homoge-
nization, yielding a stable dark-brown liquid. The pure chitosan coating
(CS-PVDF HFMs) was prepared from 7.5 g of chitosan, which was added
to a mixture of 10 mL of acetic acid and 1000 mL of distilled water.
There were two types of lignin—chitosan blend coatings. For preparing
lignin-chitosan blend coating at the ratio of 1:1 (Lig;CS;-PVDF HFMs),
3.5 g of lignin and 2.5 g of NaOH were dissolved in 500 mL of distilled
water, while 3.75 g of chitosan was dissolved in 500 mL of distilled
water containing 5 mL of acetic acid. The lignin-chitosan blend coating
at the ratio of 2:1 (LigoCS;-PVDF HFMs) was prepared similarly. 7.5 g of
lignin and 5 g of NaOH were dissolved in 500 mL of water, while 3.75 g
of chitosan was prepared in the same manner. For both blend coatings,
the lignin and chitosan solutions were stirred individually until fully
dissolved before mixing for at least 4 h to ensure uniform dispersion and
compatibility of the two biopolymers.

PVDF HFMs were then immersed in the coating solution under stir-
ring at room temperature for 24 h to ensure uniform adsorption of the
coating materials. Following immersion, the membranes were rinsed
with deionized water to remove loosely bound polymers and dried under
ambient conditions for 24 h in a clean environment. The coated PVDF
HFMs were then stored in sealed plastic containers until further pho-
toelectrocatalytic treatment and filtration performance evaluations.

2.3. PEC treatment of lignin and/or chitosan-coated PVDF HFMs

PEC treatment was conducted through a series of parametric tests

using lignin and/or chitosan-coated PVDF HFMs to understand the key
parameters known to influence separation performance and fouling
resistance in oil-water separation. The coated membranes were verti-
cally immersed in 250 mL of an aqueous solution containing 0.2 to 1.0
g/L TiOy, 1 M sodium sulfate (NaySO4) as supporting electrolyte, and 0.5
to 2.0 vol% hydrogen peroxide (H202). Two UV lamps were positioned
beside the membranes to ensure uniform irradiation across the mem-
brane surface. A photoanode and a stainless steel metal cathode with
dimensions of 2 cm x 4 cm were immersed in the solution and connected
to a DC power supply to facilitate electrochemical reactions alongside
photocatalysis. The solution was stirred throughout the treatment to
maintain solution homogeneity while minimizing hydrodynamic
disturbance at the membrane interface. The following sub-sections
describe the individual experiments used to evaluate the effects of
each parameter.

To study the effects of treatment duration, two pieces of coated PVDF
HFMs were immersed in 250 mL of a solution containing 0.2 g/L of TiOy
and 0.5 vol% of HyO5. A fixed voltage of 3 V was applied throughout.
The membranes were exposed to UV light placed beside the beaker, with
the treatment duration varied between 1 and 6 h. To understand the
effects of TiOy loading on the PEC treatment, the concentration of TiOy
was varied from 0.2 to 1.0 g/L while keeping the H,O5 concentration
constant at 0.5 vol% and the applied voltage at 3 V under UV irradiation
for 4 h. The effects of HyO, were studied by varying the H,O, volume
fraction from 0.5 to 2.0 vol% while maintaining TiO» concentration at
0.6 g/L and a fixed applied voltage of 3 V under UV irradiation for 4 h.
Lastly, the applied voltage was manipulated between 1 V and 5 V
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roughness (S,) and material ratio (S;,) under ISO 25178 analysis.

applied across the electrodes to understand the effects of applied voltage
on the PEC treatment. The TiO5 and HyO, concentrations were main-
tained at 0.6 g/L and 0.5 vol% under UV irradiation for 4 h, respectively.

To verify the involvement of reactive oxygen species (ROS) during
the PEC activation process, scavenger inhibition tests were conducted.
Three types of scavengers in 1 mL of test solution were introduced
individually into the PEC treatment solution, namely tert-butanol (t-
BuOH, 10 mM) as the hydroxyl radical (*OH) scavenger, p-benzoquinone
(BQ, 1 mM) as the superoxide radical (Oy*") scavenger, and ethyl-
enediaminetetraacetic acid (EDTA, 1 mM) as the hole (h") scavenger.

LiglCS1-PVDF HFMs under the optimum treatment conditions were
used in scavenger inhibition tests.

2.4. Characterization

The surface morphologies of samples were analyzed by field emis-
sion scanning electron microscopy (FESEM, Zeiss Supra 35 VP). The
surface chemical composition and elemental states of the membranes
were analyzed using a high-resolution multi-technique X-ray photo-
electron spectrometer (XPS, Axis Ultra DLD, Kratos Analytical Ltd., UK)



S.L. Chiam et al.

100.0
100 — iy (@ — (b)

S0 Lignin \ IS Chitosan

- decomposition ;‘; 99.5 decomposition N\

= 60 o BN\

K] K]

240 £ 990 \

250 L \\

% 20| _PVDF % 985 PVDF \\

& ,)|—LigPVDF & 983 " LigPVDF \ \\

——CS-PVDF CS-PVDF ‘

20/~ LigiCS1-PVDE o= LiziCS-PVDF \\

98.
0 100 200 300 400 500 600 700 800 100 200 300 400 500 600 70C
Temperature (°C) Temperature (°C)

(c)

d

CS-PVDF

Intensity (a.u )
S
[lIQ
o
] &
3 d
i
Transmittance (a.n )

A
L 2£E ft
g Se CH tebing Chashutiy beritg
| “ ; ——PVDF UgPVDF ~——CS-PVDF Lig,CS,-PVOF
10 20 3

3500 3000 2500 2000 1500 1000
Wavelength (cm™)

Fig. 5. TGA spectra with (a) full degradation range (30-800 °C) and (b) initial
region highlighting weight losses from chitosan decomposition and moisture
evaporation, (c¢) XRD, and (d) FTIR spectra of pristine and modified PVDF HFMs
after PEC activation (0.6 g-L’1 TiO,, 1.0 vol% Hy0,, 3V, 4 h UV).

equipped with a monochromatic Al Ka radiation source (1486.6 eV).
The crystal structures were studied using an automated X-ray diffrac-
tometer (XRD) system (D8 Advance Bruker, Karlsruhe, Germany) with
Cu-K, radiation (15.4056 nm) at 40 kV and 40 mA, ranging from 20° to
90° at room temperature. Thermogravimetric analysis (TGA) was car-
ried out using the SETSYS Evolution TGA system under a nitrogen at-
mosphere from room temperature to 900 °C at a heating rate of 20 °C/
min. The covalent bonding interaction and functional group of samples
were determined using a Fourier-transform infrared (FTIR) spectrom-
eter (Nicolet IS10, USA). The surface roughness and topography of the
membranes were examined using a confocal laser scanning microscope
(CLSM, Zeiss LSM 700 MAT with Axio Imager. Z2 Vario, Germany).
Three-dimensional surface profiles were captured over a 250 x 250 pm?
area, and the data were analyzed using ConfoMap software (ISO 25178)
to obtain the areal roughness (S;) and material ratio (S,,) parameters.
The droplet size distribution of the oil-in-water emulsion before and
after separation was determined using a laser diffraction particle size
analyzer (CILAS 1180, France) based on the Fraunhofer optical model.
The emulsion was further examined using a digital optical microscope
(HiView Plus-WiFi).

Unless otherwise stated, all the lignin and/or chitosan-coated PVDF
HFMs presented herein were characterized after PEC activation (4 h UV
irradiation, 0.6 g/L TiO», 1.0 vol% H0,, 3 V) to represent the final form
of membranes in separation performance evaluation. The pristine PVDF
HFM was characterized as the unmodified control HFM.

2.5. Performance tests

The performance of the coated PVDF HFMs was evaluated based on
permeate flux, oil rejection, and water contact angle (WCA) measure-
ments to assess filtration efficiency and surface wettability. All tests
were conducted under controlled laboratory conditions using a stan-
dardized oil-in-water emulsion as the feed solution.

The permeate flux was measured during gravity-driven filtration
using a dead-end setup, as shown in Video 1 (Supplementary data). The
coated membrane was inserted into a 25 cm-long PTFE tube and sealed
at one end with epoxy resin to prevent leakage. The feed solution was
prepared by mixing 10 mL of deionized water, 1 mL of cooking oil, and
1.5 mL of Tween 80, stirred for 15 min to ensure homogeneous disper-
sion. During the test, the emulsion was introduced into the PTFE tube,

Journal of Water Process Engineering 81 (2026) 109293

and the permeate was collected at 2-h intervals. The permeate volume
was recorded, and the permeate flux (J, L-m~2h~!) was calculated using
the following equation:

J=gxt &
where V is the permeate volume (L), A is the effective membrane area
(mz), and t is the filtration time (h).

The oil rejection efficiency was assessed by comparing the oil con-
centrations in the feed and permeate solutions. The oil-in-water emul-
sion was prepared as described above, with extended stirring for 30 min
to ensure consistent dispersion. Following filtration, the permeate
samples were analyzed using a UV-Vis spectrophotometer. Absorbance
was measured at 225 nm, the characteristic wavelength for oil in
aqueous systems. Prior to analysis, a calibration curve was established
using standard oil-in-water solutions with known concentrations. The
linear regression equation from the calibration, y = 0.1081x + 0.03 (R?
=0.9969), was used to determine the oil concentration in both feed (Cy)
and permeate (Cp) samples. The oil rejection (R) was calculated using
the equation:

R= (1 —&> x 100% (2)
Cr

The membrane surface wettability was evaluated based on the WCA
value. A droplet of 5 pL of deionized water was carefully deposited onto
the membrane surface using a precision micro-syringe. The droplet was
placed gently to avoid disturbance, and a side-view image was imme-
diately captured using a high-resolution camera via the HiView mobile
application. The WCA at the water-membrane interface was determined
using the ImageJ software. The underwater oil contact angle (UWOCA)
was measured using a goniometer (LSA 200, Lauda Scientific). The
membranes were immersed in deionized water for 30 min and placed in
a beaker filled with water. A droplet of oil (2 pL) was injected beneath
the water phase, and the static contact angle was recorded within 5 s.

2.6. Stability tests

The reusability of the selected HFMs was assessed through multiple
oil-water separation cycles. After each cycle, the membrane was rinsed
thoroughly with deionized water, followed by measurements of oil
rejection efficiency, permeate flux, and WCA to monitor performance
stability over repeated use. The chemical stability was tested by
immersing membranes in 1 M HCl, 1 M NaOH, and ethanol for 24 h.
They were rinsed before the separation test and wettability measure-
ment. Thermal stability was assessed by performing oil-water separa-
tion at 25, 40, 55, and 70 °C. The matrix stability tests were conducted
using 5 wt% NaCl, 0.1 wt% SDS, as well as a mixture containing 5 wt%
NaCl and 0.1 wt% SDS to simulate saline and surfactant-rich conditions.
Each sample was pre-soaked for 1 h before testing to ensure equilibrium
was reached.

3. Result and discussion
3.1. Characteristics of biopolymer-coated PVDF HMFs

Fig. 1 illustrates the overall synthesis and activation process used to
fabricate the modified PVDF HFMs. Initially, the PVDF HFMs were
coated with a biopolymer blend consisting of chitosan and lignin. Chi-
tosan was dissolved in acetic acid to promote protonation of the amino
groups [25], while lignin was dispersed in alkaline media to facilitate
solubility [26]. Upon mixing, the blend was applied onto the PVDF
surface, forming a functionalized coating layer through hydrogen
bonding, n-m stacking, van der Waals forces, and electrostatic in-
teractions with the membrane substrate [27]. The coated membranes
were then subjected to PEC activation by immersion in a TiO2/H20,
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solution under UV irradiation and DC bias. The generated reactive ox-
ygen species (ROS) further oxidized the surface and enhanced hydro-
philicity [28,29]. This dual-modification approach was designed to
improve membrane wettability, reduce fouling, and enhance oil-water
separation performance.

The surface morphology and elemental composition of pristine and
modified PVDF HFMs were evaluated using SEM and EDX, as shown in
Fig. 2. The pristine PVDF HFMs (Fig. 2a—c) exhibited a smooth surface
and a composition dominated by fluorine (55.3 wt%), with relatively
low carbon (34.7 wt%) and oxygen (10.0 wt%), reflecting the intrinsic
hydrophobicity of the fluoropolymer. Following surface coating with
lignin (Fig. 2(d)-(f)), a slight decrease in fluorine (52.6 wt%) and an
increase in carbon (37.3 wt%) and oxygen (10.1 wt%) contents were
observed. This is attributed to the partial coverage by lignin, a poly-
phenolic compound rich in oxygenated functionalities. Chitosan-coated
PVDF (Fig. 2(g)-(i)) exhibited a similar elemental profile (53.8 wt% F,
36.5 wt% C, 9.7 wt% O). Notably, the lignin—chitosan composite coat-
ings led to more substantial changes. The Lig;CS;-PVDF HFMs (Fig. 2(j)—
(1)) showed a pronounced reduction in fluorine (47.3 wt%) and an

increase in carbon (40.3 wt%) and oxygen (12.4 wt%). The result sug-
gests a synergistic effect between lignin and chitosan, resulting in a
denser and more functionalized coating. In contrast, increasing the
content to a 2:1 ratio (LigaCS;) resulted in slightly higher fluorine
content (49.1 wt%) and lower oxygen (11.3 wt%), due to potential
lignin aggregation. These modifications were further influenced by PEC
treatment. PEC treatment generates ROS from TiO,/H30, under UV
irradiation and applied bias. These ROS facilitated oxidative function-
alization of the membrane surface, enriching oxygen-containing groups
and enhancing hydrophilicity [30]. The observed increase in surface
oxygen content across biopolymer-coated membranes aligns with this
mechanism and is expected to improve membrane wettability, fouling
resistance, and oil-water separation performance [31,32].

To complement the morphological observations and decouple the
effects of biopolymer coating and PEC activation, XPS was performed on
pristine PVDF, Lig1CS1-PVDF, and PEC-modified Lig1CS1-PVDF HFMs,
as shown in Fig. 3. In the C 1s spectra [Fig. 3(a)-(c)(i)], pristine PVDF
exhibited three main components assigned to C—C/C—H (~284.68 eV),
CFy (~288.51 eV), and C-CF5 (~290.9 eV), characteristic of the
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fluoropolymer backbone. After coating, the intensity of the CF5 and C-
CF; peaks decreased, while new C—0O/C—N (~285.93 eV) components
appeared, confirming the introduction of oxygen- and nitrogen-
containing groups from lignin and chitosan. Following PEC activation,
the CF; and C-CF; peaks further decline while the C—0O/C—N compo-
nent became more prominent. The decline indicates further oxidation of
the surface and partial replacement of fluorinated carbon with polar
functionalities. The O 1s spectra [Fig. 3(a)-(c)(ii)] of pristine PVDF
showed two peaks at ~532.8 eV (C—0O/-OH) and ~531.5 eV (C=0).
Upon coating and PEC activation, the proportion of the C—0/C=0
species increased due to the presence of phenolic, hydroxyl, and amide
functionalities from the biopolymers and PEC treatment. The N 1s
spectra [Fig. 3(a—c)iii] further verified these changes. No nitrogen signal
was detected for pristine PVDF, whereas a distinct peak near
399.6-399.8 eV appeared for the biopolymer-coated and PEC-activated
membranes. This distinct peak was induced by -NH/-NH, and amide
(N—C=0) groups originating from chitosan. The XPS results clearly
distinguish the chemical changes introduced by biopolymer coating and
PEC activation, confirming the formation of oxygen-rich functionalities
on the membrane surface. To further evaluate how these surface mod-
ifications influence the bulk stability and structural characteristics,
additional characterization was carried out on the final PEC-modified
PVDF HFMs.

The CLSM height maps (Fig. 4(a)-(e)) reveal the progressive surface
modification of PVDF HFMs after lignin and chitosan coating. The color
gradients represent height variations, where red-white zones corre-
spond to raised regions and blue-green zones to valleys. The pristine
PVDF (Fig. 3(a)) shows distinct peaks and depressions, indicating a
rough and open surface. The Lig-PVDF (Fig. 3(b)) and CS-PVDF (Fig. 3
(c)) membranes display smoother and more uniform topographies,
although minor localized valleys remain. The co-blended membranes,

Lig1CS1-PVDF (Fig. 3(d)) and Lig2CS1-PVDF (Fig. 3(e)), exhibit broader
red-yellow plateaus and shallower valleys, implying increased surface
texturing and coating continuity. Quantitatively, as shown in Fig. 3(f),
the S, increased from 1.67 pm (PVDF) to 2.67 pm (LiglCS1-PVDF).
Meanwhile, the S, shifted from 2.06 % for PVDF to 2.63 % for Lig1CS1-
PVDF and further to 9.72 % for Lig2CS1-PVDF. The sharp increase in S,
indicates a more compact and load-bearing surface for Lig2CS1-PVDF,
likely due to over-densification of lignin. These morphological trends
are consistent with the EDX results, verifying that lignin—chitosan co-
deposition leads to a more compact surface layer.

Fig. 5(a) displays the thermal stability of pristine and modified PVDF
HFMs. The pristine PVDF HFMs showed a single-step degradation
beginning at approximately 450 °C, corresponding to the decomposition
of the PVDF polymer backbone. The residual mass at 800 °C is
approximately 20 %, indicative of the high thermal resistance and char-
forming nature of the base polymer [33]. In contrast, the Lig-PVDF
HFMs displayed a two-step degradation profile. An early mass loss
that occurred between 100 and 150 °C could be attributed to the
degradation of low molecular weight lignin fragments and volatile im-
purities [34]. The second major degradation event, observed around
450 °C, corresponds to PVDF decomposition. Notably, this sample ex-
hibits the lowest final residue (~5 %). The outcome suggested that
lignin, when used alone, may facilitate a more complete thermal
decomposition. This behavior could be linked to the catalytic effects of
lignin’s phenolic structures, which may destabilize the PVDF matrix
during pyrolysis [35]. The CS-PVDF HFMs also presented a two-stage
degradation behavior (Fig. 5b). The initial weight loss near 150 °C is
due to the evaporation of bound moisture and degradation of labile
amine or acetyl groups in chitosan [36]. The second degradation stage
occurs near 450 °C, similar to pristine PVDF, and is associated with main
chain scission. The final residue is slightly higher than that of Lg-PVDF
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HFMs, indicating that chitosan imparts moderate thermal stability,
potentially through intermolecular hydrogen bonding or limited barrier
effects [37]. The Lig;CS;-PVDF HFMs exhibited the most thermally

stable profile among all modified membranes. The early-stage weight
loss is minimal, and major degradation occurs in the 400-500 °C range.
The residual mass at 800 °C is approximately 15 %, comparable to that
of pristine PVDF. This improved performance is likely due to synergistic
interactions between lignin and chitosan within the polymer matrix,
enhancing thermal resistance through cross-linking or network forma-
tion that suppresses chain mobility and degradation.

XRD analysis was performed to investigate the crystalline phases and
structural changes in the pristine and coated PVDF HFMs. As shown in
Fig. 5(c), the diffraction pattern of pristine PVDF HFMs corresponding to
the y-phase PVDF, in accordance with ICCD No. 00-061-1406. The
y-phase crystalline structure is known for its mixed polar properties and
intermediate conformation between the non-polar a-phase and the
highly polar B-phase. The presence of y-phase PVDF is particularly ad-
vantageous in membrane applications due to its balance of mechanical
strength and surface polarity [38]. Incorporation of lignin and/or chi-
tosan did not alter the y-phase features, indicating that the bulk crys-
talline phase of PVDF remained intact. However, notable differences in
peak intensity and broadening were observed. CS-PVDF HFMs and
LigCS-PVDF HFMs showed reduced peak intensity and increased peak
width, suggesting a reduction in crystallinity and enhanced amorphous
content. This may be due to hydrogen bonding or electrostatic in-
teractions between the PVDF chains and the functional groups in lignin
(phenolic ~-OH) and chitosan (-NH; and -OH), which interfere with
regular chain packing. The Lig1CS;-PVDF HFMs exhibited the most
significant disruption of crystallinity, indicating stronger synergistic
effects between lignin and chitosan in the polymer matrix. This reduc-
tion in crystallinity may enhance the hydrophilicity, interfacial adhe-
sion, and permeability of the membranes [39].

FTIR spectra of PVDF HFMs with and without PEC modification are
presented in Fig. 5(d). The pristine PVDF exhibited characteristic
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absorption bands at ~2970-2850 em! (C—H stretching), 1500 cm!

and 880 cm™! (CF, bending), consistent with the y-phase structure.

Upon lignin incorporation (Lig-PVDF), additional peaks emerged near
1600 cm ™, corresponding to aromatic C=C stretching of lignin units.

Besides, the O—H stretching band at 3400 cm™! indicates the intro-
duction of phenolic groups from lignin. Chitosan-coated PVDF (CS-
PVDF) displayed a broad O—H/N—H stretching band at 3200-3500
cm ™! besides new peaks at ~1650 cm™ ' and ~1580 cm™!. The new
peaks are assignable to amide I (C=0) and amide II (N—H) vibrations,
respectively. With lignin-chitosan composite coating, the Lig;CS;-PVDF
HFMs exhibited both aromatic and amide-related bands due to the
coexistence of phenolic and amino functionalities, respectively. Among
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the modified membranes, the relative intensity of PVDF’s CFy absorp-
tions decreased. The decrement suggests strong hydrogen bonding and
electrostatic interactions between PVDF chains and the introduced
biopolymers. These spectral changes verify the successful immobiliza-
tion of lignin and chitosan on the PVDF surface. The verification was
further supported by the enhanced oxygen content observed by EDX and

the reduced crystallinity seen in XRD.

3.2. Influence of PEC parameters on oil-water separation performance

The impact of UV exposure duration on membrane performance is
illustrated in Fig. 6. All modified PVDF HFMs showed improved oil
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rejection and permeate flux with increasing exposure time from 1 to 3 h,
driven by enhanced photoactivation and formation of ROS (e.g., *OH)
that increased surface hydrophilicity and reduced fouling. However, a
further increase to 4 h led to a slight decline in performance for most
formulations, likely due to overexposure, leading to biopolymer degra-
dation and pore structure damage. Interestingly, the Lig;CS;-PVDF
HFMs remained stable and showed their best overall performance at 4 h,
maintaining high oil rejection (96.88 + 0.63 %), flux (1.65 + 0.02
L-m’z-h’l), and hydrophilicity (WCA = 28.6 + 1.1°). This indicates that
the synergistic effect of lignin and chitosan at a 1:1 ratio provides a
robust coating capable of withstanding longer PEC activation while
maximizing membrane performance.

The influence of TiO2 dosage on the PEC performance of coated
PVDF hollow fiber membranes is shown in Fig. 7. Among all formula-
tions, Lig,CS,-PVDF HFMs exhibited the highest oil rejection (96.81 +
0.83 %) and permeate flux (1.66 + 0.01 L-m 2h~!) at 0.6 g TiO,,
indicating an optimal activation point. Oil rejection and flux slightly
declined beyond this dosage for all samples. Similarly, the lowest water
contact angle (25.9 + 0.7°) was also observed for Lig;CS;-PVDF at 0.6 g,
reflecting improved surface wettability. A general trend of decreased
WCA with increasing TiO, loading up to 0.6 g, followed by a gradual
rise, was consistent across all formulations. This enhancement is
commonly attributed to increased surface activation via hydroxyl
radical formation during PEC treatment, as reported in previous studies
[18,40]. Beyond the 0.6 g threshold, reduced performance may stem
from increased light scattering and shielding by excess TiO, particles,
which can inhibit effective UV penetration and ROS generation. Addi-
tionally, high TiO2 concentrations may promote particle agglomeration,
reducing active surface area for photocatalytic reactions [41].

H,0, was employed as an oxidizing agent during PEC pre-activation
to enhance the generation of ROS radicals via photolysis and TiO»-
catalyzed decomposition. As shown in Fig. 8, increasing the Hy04 vol-
ume from 0.5 to 1.0 vol% improved the membrane performance. The
effect is obvious, particularly for the Lig;CS;-PVDF HFMs, which ach-
ieved peak oil rejection of 96.65 + 0.87 % and flux of 1.64 + 0.01
L-m~2h~L. This is attributed to the synergistic interaction between HyOy
and UV-activated TiO, which accelerates the formation of ROS and
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enhances surface hydroxylation. Unlike post-treatment methods, this
PEC step does not remove surface contaminants but rather serves to
activate the surface of the biopolymer-coated membrane by generating
reactive species that promote hydrophilic functionalization. However,
higher Hy0, concentrations beyond 1.0 vol% led to reduced perfor-
mance, possibly due to the quenching of hydroxyl radicals and
biopolymer degradation [42,43]. WCA results supported this trend, with
the lowest contact angle (19.2 + 0.9°) observed at 1.0 vol% H3O,,
indicating a highly hydrophilic surface ideal for oil-water separation.

The effect of applied voltage during PEC activation is depicted in
Fig. 9. Increasing the voltage from 1 V to 3 V enhanced oil rejection and
permeate flux across all membrane types, with the Lig;CS;-PVDF HFMs
again outperforming others by achieving 96.52 + 0.69 % oil rejection
and 1.67 + 0.02 L-m~2h ! flux at 3 V. The electric field likely promoted
electron-hole separation in TiOy, intensifying ROS formation and sur-
face hydroxylation. However, further increase of voltage to 4-5 V led to
diminished performance. The diminished performance could be attrib-
uted to excessive electrochemical stress and localized Joule heating at
the electrode-solution interface, which accelerated charge recombina-
tion [44]. When the voltage was too high, the strong electric field pushes
electrons and holes to move fast, making them more likely to collide and
recombine before producing ROS. The heat generated at high voltage
also increased the recombination by disturbing charge stability. In
addition, the high voltage caused charge build-up on the TiO surface,
which led to the reverse flow of electrons and further loss of active
charges [45]. The heat buildup under prolonged operation at the high
voltage could also induce partial deterioration of TiO,-based layers,
reducing PEC stability and hydrophilicity [46]. The WCA trend showed
a sharp decrease up to 3 V, reaching 20.1 + 1.2°, followed by an increase
at higher voltages, consistent with the reduction in surface
hydrophilicity.

Across all parameters tested, the LigyCS;-PVDF HFMs formulations
consistently delivered the highest oil-water separation performance
under PEC treatment. Optimal conditions were identified as UV expo-
sure of 4 h, TiO5 content of 0.6 g, H0, volume of 1.0 vol%, and applied
voltage of 3 V. These conditions facilitated maximum radical formation
and surface activation, resulting in significant improvements in oil
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rejection, water permeability, and membrane hydrophilicity. Fine-
tuning of PEC variables was able to improve the efficacy of PVDF
HFMNs membranes in oil-water treatment. To further confirm the
involvement of ROS during PEC activation, radical scavenger inhibition
experiments were performed using LiglCS1-PVDF HFMs after PEC
activation (0.6 g/L TiO9, 1.0 vol% Hy05, 3V, 4 h). As shown in Fig. S1,
the presence of scavengers suppressed both surface hydrophilization and
separation performance compared to the scavenger-free control. The
inhibition trend followed t-BuOH > BQ > EDTA, indicating that *OH was
the dominant species responsible for surface oxidation.

The optical microscope images in Fig. 10(a) and (c) illustrate the
morphological changes in the oil-in-water emulsion before and after
separation. The feed emulsion (Fig. 10(a)) exhibited numerous large and
coalesced oil droplets, whereas the permeate (Fig. 10(c)) showed only
fine and sparsely distributed droplets with greatly reduced density and
size. The visual comparison of the feed and permeate emulsions (Fig. 10
(b)) also demonstrated a clear decrease in turbidity. To further quantify
these observations, the particle size distribution of the emulsions was
evaluated, as shown in Fig. 10(d). The feed exhibited a broad droplet
size distribution (D19 = 67.3 pm, Dsg = 169.9 pm, Dgg = 348.9 pm, mean
= 189.9 pm), whereas the permeate displayed a markedly narrow dis-
tribution with significantly smaller droplets (D19 = 2.17 pm, Dsg =
17.14 pm, Dgg = 170.15 pm, mean = 61.45 pm). About 90 % reduction
in Dsg confirms the high oil rejection efficiency of the Lig;CS;-PVDF
membrane. The combined evidence from optical microscopy and par-
ticle size analysis is in agreement with the high oil rejection and
improved hydrophilicity results discussed earlier.

The proposed mechanism of the PEC activation process is illustrated
in Fig. 11. Under UV irradiation, TiO2 nanoparticles in the reacting
medium generate photoinduced electrons (e”) and holes (h™). The
applied electrical bias facilitates charge separation by driving the elec-
trons toward the cathode and holes toward the anode, thereby sup-
pressing recombination and sustaining continuous redox reactions. The
photogenerated holes react with surface-adsorbed water molecules
(H20) to produce highly reactive *OH, while the electrons reduce Hy02
to form additional *OH species. These ROS oxidize the organic compo-
nents of the lignin and/or chitosan coating, introducing hydroxyl (-OH)
functional groups onto the membrane surface. The surface hydroxyl-
ation increases surface polarity and hydrophilicity, improving water
permeability and reducing oil fouling during filtration.

3.3. Membrane stability assessment

Fig. 12 illustrates the comparative and cyclic performance among
pristine PVDF HFMs, Lig;CS;-PVDF HFMs and PEC modified Lig;CS;-
PVDF HFMs. Pristine PVDF HFMs exhibited a baseline oil rejection of
~78 %, which significantly improved to ~88 % following biopolymer
modification (1:1 ratio of lignin: chitosan). Upon PEC activation, oil
rejection further increased to ~97 %, affirming the synergistic effect of
surface coating and radical-mediated activation in enhancing separation
efficiency. A similar trend was observed for permeate flux, which
improved progressively from ~1.3 L-m 2h! (pristine PVDF HFMs) to
~1.4L-m~2h! (Lig;CS;-PVDF HFMs), and peaked at ~1.68 L-m2-h~*
with PEC-treated Lig;CH;-PVDF HFMs. The result demonstrated the
dual benefit of structural and chemical surface enhancement. The
wettability of the PVDF, LigiCS;-PVDF, and PEC-activated LigCS;-
PVDF HFMs was evaluated by measuring the WCA in air and the
UWOCA in water, as shown in Fig. 10(b), with corresponding photo-
graphs shown in Fig. S2. The pristine PVDF membrane exhibited a WCA
of 63.18°. After modification with lignin and chitosan (Lig;CS;-PVDF),
the WCA decreased to 36.39°, indicating the successful introduction of
hydrophilic functional groups. Subsequent PEC activation further
reduced the WCA to 17.19°, confirming a highly hydrophilic surface due
to the generation of additional oxygen-containing species. In contrast,
the UWOCA increased from 19.75° (PVDF) to 33.96° (Lig;CS;-PVDF)
and 50.36° (PEC Lig;CS;-PVDF), revealing enhanced underwater
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oleophobicity after modification and activation. This dual change in-
dicates that the surface became more hydrophilic and less oil-adhesive,
facilitating selective water permeation while effectively repelling oil
droplet.

Importantly, the reusability performance across five treatment cycles
for PEC-treated Lig;CS;-PVDF HFMs (Fig. 9(c) and (d)) revealed
remarkable stability. Oil rejection remained consistently above 93 %,
and flux experienced only a minor reduction (<7 %) over five cycles.
The contact angle gradually increased from 20° to 25° (Fig. 9d), likely
due to minor surface fouling or coating degradation. However, the
change remained within acceptable operational limits. These findings
affirm the durability and practical potential of PEC-activated Lig;CH;-
PVDF HFMs for repeated oil-water separation.

The chemical, thermal, and matrix stability of the LiglCS1-PVDF
HFMs were assessed to verify their durability under practical condi-
tions (Fig. S3). In the presence of HCl, NaOH, or ethanol (Fig. S3(a) and
(b)), the membranes still exhibited strong stability, maintaining oil
rejection above 90 %. Exposure to 1 M HCl and ethanol caused negli-
gible changes. A moderate decline of about 8 % in rejection and a slight
increase in WCA were observed in NaOH, attributed to partial lignin
dissolution [47] and chitosan deprotonation [48]. Thermal stability
tests (Fig. S3(c) and (d)) showed minor performance variations with
temperature. Oil rejection decreased slightly from 99.26 % to 97.9 % as
the permeate flux increased with temperature. The increase in permeate
flux at a higher temperature is due to the reduced viscosity. Water could
flow through slightly expanded pores easily. However, the small drop in
oil rejection occurred because oil droplets could more easily penetrate
the membrane under these conditions [49]. Meanwhile, WCA rose
marginally. The heat can loosen the bonds between chitosan and lignin
on the membrane surface, making it less hydrophilic. In the presence of
NaCl and/or surfactant (Fig. S3(e) and (f)), oil rejection decreased
progressively, reaching 91.45 % in 5 % NacCl, 88.45 % in 0.1 % SDS, and
80.35 % in the combined saline and surfactant feed, corresponding to an
8-20 % reduction relative to the control. The decrease in oil rejection
under salinity and wetting changes was mainly caused by the reduced
charge screening and the surface adsorption effects [50]. With the
increasing salinity, ions compress the electrical double layer and reduce
electrostatic repulsion between oil droplets and the membrane. Surfac-
tant molecules adsorbed onto the membrane surface mask hydrophilic
sites with a thin hydrophobic layer. Despite this, the membranes still
maintained more than 80 % rejection and WCA values below 22°,
indicating slight antifouling and interfacial stability.

4. Conclusions

This study presents the successful fabrication and optimization of
PEC-activated PVDF HFMs coated with a lignin and chitosan biopolymer
blend for efficient oil-water separation. Morphological, thermal, and
crystalline characterization confirmed the structural integrity and syn-
ergistic enhancement of membrane properties via dual biopolymer
coating and PEC treatment. The Lig;CH;-PVDF HFMs composition
offered the most uniform surface morphology, minimized surface
roughness, and induced favourable microstructural features that
improved hydrophilicity and reduced fouling tendencies. TGA results
revealed enhanced thermal stability of LigCS-PVDF HFMs, while XRD
analysis indicated decreased crystallinity and increased amorphous
content. These changes in membrane properties contributed to the
improved water permeability and interfacial interactions. PEC treat-
ment under optimized conditions (0.6 g/L TiO3, 1.0 vol% H302, 3V, 4 h
UV) activated the membrane surface via ROS generation, enhancing
surface polarity and eliminating organic contaminants. The resulting
membranes demonstrated remarkable performance of 99.26 % oil
rejection, 1.69 L-m~2-h~! permeate flux, a low contact angle of 17.34°,
and strong reusability over five cycles. These findings underscore the
critical role of material synergy and PEC surface engineering in
advancing membrane-based oily wastewater treatment. This work
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highlights a promising strategy toward the development of high-
efficiency, low-fouling membranes tailored through rational
biopolymer design and ROS-mediated surface activation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jwpe.2025.109293.
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