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Methylene blue (MB) remains one of the most resilient contaminants in industrial wastewater which

presents serious threats to both environmental integrity and human health. Its high chemical stability and

resistance to natural degradation render most conventional treatment methods ineffective. As such, this

study aimed to develop a multifunctional nanocomposite membrane that mitigates membrane fouling,

enhances dye separation, and improves water permeability. Correspondingly, a modified phase inversion

method was employed to fabricate polyvinylidene fluoride (PVDF) membranes reinforced with bamboo-

derived nanocellulose (NC), titanium dioxide (TiO2), and varying graphene (GR) contents (0–1 wt%).

Characterization through FTIR confirmed the successful integration of GR through the attenuation of

semi-ionic C–F bonds and the emergence of C]C stretching bands while XRD results revealed that all

membranes retained their b-phase crystallinity with slight enhancements in peak intensity attributed to

structural modification by GR. Besides, FESEM and EDX analyses revealed that GR-loaded membranes

exhibited improved pore morphology, greater surface porosity, and increased carbon content, with

average pore size rising from 4.89 × 10−3 mm to 13.56 × 10−3 mm and porosity from 79.68% to 84.86%,

indicating enhanced structural openness, interconnectivity, and effective GR dispersion within the

membrane matrix. Experimental results revealed that the membrane with 0.6 wt% GR (PVDF-NC/TiO2/

GR3) achieved a balanced performance with superior pore interconnectivity contributing to water

permeation flux of 270.74 L m−2 h−1. This pore architecture favoured water transport without significant

loss in selectivity. In terms of separation performance, the 0.4 wt% GR membrane achieved the highest

dye rejection of 97% and a flux recovery ratio (FRR) of 98%, which confirmed its strong antifouling

properties under UV irradiation. The adsorption behaviour was best described by the Langmuir isotherm

model with high correlation coefficients (R2 = 0.85 to 0.99), indicating monolayer dye uptake on

uniform active sites. The PVDF-NC/TiO2/GR3 showed the highest adsorption capacity (Qmax = 1.866 mg

g−1), supported by R2 = 0.96. In contrast, the control membrane (PVDF-NC/TiO2) exhibited the strongest

dye-binding affinity (KL = 478 L mg−1, R2 = 0.97). Overall, this study introduces a practical

nanocomposite membrane that effectively mitigates the conventional trade-off between permeability

and selectivity by delivering high dye removal, strong antifouling performance, and promising

applicability for industrial wastewater treatment. Comparative analysis with previously reported PVDF-

based membranes further highlighted the superior performance of the developed formulation.
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1 Introduction

The pervasive contamination of water sources by synthetic dyes
represents a critical environmental challenge with far reaching
ecological and public health implications. According to Al-
Tohamy et al.,1 the presence of synthetic dyes in industrial
wastewater continues to pose a serious threat to public health
and aquatic ecosystems owing to their toxic, mutagenic, and
carcinogenic properties. These pollutants exhibit exceptional
persistence in aqueous environments by resisting natural
degradation processes and accumulating in the food chain.2
RSC Adv., 2025, 15, 31471–31497 | 31471
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The discharge of MB dye, one of the most persistent dyes from
textile, pharmaceutical, and paper industries, is particularly
problematic owing to the global production of this dye exceeds
10 000 tons annually.3 Its molecular structure confers high
solubility, chemical stability, and resistance to biodegradation
which eventually creating signicant challenges for conven-
tional water treatment systems.4 Additionally, the toxicological
prole of MB includes acute effects such as skin irritation,
respiratory distress, and disruption of aquatic photosynthesis
along with chronic impacts on metabolic and reproductive
functions in aquatic organisms.5 The signicant escalation in
dye contamination which driven by increasing global industrial
activities have created an urgent need to advanced remediation
techniques.6

According to Abdul Rahman et al.,7 current water treatment
infrastructure relies heavily on conventional processes including
coagulation, biological oxidation, and activated carbon adsorption
for contaminant removal. Although these methods demonstrate
efficacy for certain pollutants, such undertaken exhibit funda-
mental limitations in addressing persistent micro contaminants,
particularly at low concentration between 1 to 100 ppm commonly
found in industrial effluents.8 As reported in study conducted by
Fito et al.,3 themolecular stability and cationic nature ofmethylene
blue could render its resistant to biological degradation while its
solubility limits adsorption efficiency. Furthermore, these
conventional systems face operational challenges including high
chemical consumption, frequent regeneration requirements,
signicant sludge generation, and susceptibility to fouling which
substantially increasing lifecycle costs.6,7,9,10

Membrane technology has emerged as a promising alterna-
tive for advanced water treatment owing to its controllable pore
structure, selective separation capability, and potential for
continuous operation.11 As informed by ref. 12, pressure driven
membrane processes, particularly reverse osmosis, nano-
ltration, and ultraltration have demonstrated superior dye
rejection capabilities with over 90% in comparison to conven-
tional methods. However, polymeric membranes oen face
intrinsic limitations, most notably the permeability selectively-
relationship, where high dye rejection typical reduces water
ux and subsequently leading to compromised treatment effi-
ciency.8 Besides, membrane fouling remains a persistent chal-
lenge due to the foulant accumulation reduces permeate ow,
increases maintenance requirements as well as necessitates
chemical cleaning that damages the membrane structure.13

These limitations are exacerbated in real wastewater sources
containing complex mixtures of contaminants, salts, and
organic matter.14,15

In order to mitigate these limitations, nanotechnology
enhanced membranes represent a paradigm shi in water
treatment systems. Recent developments suggest that the
application of nanomaterials with hydrophilic, antibacterial, or
photocatalytic properties into membrane structures could
signicantly reduce fouling while improving the contaminant
separation process.16 These nanocomposite membranes offer
a promising route to overcome the permeability-selectivity trade
off while supporting antifouling functions in order to make
such membrane attractive for industrial applications.17 A
31472 | RSC Adv., 2025, 15, 31471–31497
multifunctional membrane could leverage the synergistic
interactions between several components in which nano-
cellulose provides mechanical reinforcement and water trans-
port channels, TiO2 offers photocatalytic degradation
capabilities, and pristine graphene enhances adsorption
capacity and electrical conductivity.18–20 Several studies in the
published literature have incorporated functional nano-
materials into polymer matrices in order to enhance structural
integrity and ltration performance.12,21,22 As reported by Akram
et al.,20 carbon-based materials have demonstrated exceptional
promise owing to its tuneable surface chemistry and unique
two-dimensional structure. Bamboo-derived nanocellulose
presents a sustainable and biodegradable reinforcement
material with high tensile strength of 7.6 GPa and surface area
up to 500 m2 g−1.18 The sustaining sourcing of this natural
material from abundant lignocellulosic biomass aligns with
green chemistry principles and reduces environmental impact
compared to synthetic nanomaterials.5

Although these nanomaterials have been individually
explored in membrane design, its combined application within
a single polymer matrix remains under investigated.12 Most
prior works focus on binary ller systems, namely nano-
cellulose-TiO2 or graphene TiO2, or lacks optimization of
interfacial interactions.22 Limited studies have validated the
functional synergy of NC, TiO2, and GR within with PVDF
membranes under real dye exposure conditions, particularly
regarding long-term stability and fouling resistance.15 As such,
this study proposes a multifunctional membrane composed of
PVDF reinforced with bamboo-derived NC, TiO2, and GR. Such
hybrid membrane is fabricated by using a modied phase
inversion process which designed to enhance ller dispersion,
pore uniformity, and membrane durability. Correspondingly,
the objectives of this study are to (i) fabricate nanocomposite
membranes with integrated llers and characterize their
structural morphological, and compositional features, (ii)
investigate the effect of graphene content on pore development,
surface roughness, and elemental uniformity, (iii) evaluate the
membrane water permeability, dye rejection efficiency, and
antifouling performance under methylene blue exposure, and
(iv) analyze the adsorption behaviour using established
isotherm models to determine the dominant removal mecha-
nism. By integrating multiple functionalities into a single
membrane structure, this study advances nanocomposite
membrane technology toward industrial implementation while
addressing environmental sustainability through the utilization
of bamboo nanocellulose and energy efficient photocatalytic
processes.

2 Materials and methods
2.1 Materials and chemicals

Bamboo NC used in this study was extracted from Gigantochloa
scortechinii as reported in the previous work (A. James et al.,
2024). It was chosen due to its abundance in Borneo, low
toxicity, biocompatibility, high aspect ratio and tunable surface
chemistry, all of which contribute benecial physical properties to
the membrane development.15 The outstanding chemical
© 2025 The Author(s). Published by the Royal Society of Chemistry
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resistance, mechanical robustness and thermal stability of poly(-
vinylidene uoride) (PVDF) (CASNo: 24937-79-9, molecular weight:
534 000 g mol−1) supported its selection as the primary polymer
matrix for fabricating high-performance membranes in this
study.23 PVDF was obtained from Sigma-Aldrich Sdn. Bhd. (Petal-
ing Jaya,Malaysia). Additional chemicals such as titanium(IV) oxide
(TiO2) (CAS No: 13463-67-7), dimethylacetamide (DMAc) (CAS No:
127-19-5), lithium chloride (LiCl) (CAS No: 7447-41-8) and gra-
phene powder (1034343-98-0) were also sourced from Sigma-
Aldrich Sdn. Bhd. (Petaling Jaya, Malaysia). TiO2 was employed
as a photocatalytic additive, offering self-cleaning properties under
UV light exposure by generating reactive oxygen species capable of
degrading organic foulants on the membrane surface.24,25 DMAc,
a dipolar aprotic solvent, was selected for its effectiveness in di-
ssolving PVDF and ensuring uniform homogeneous nanoparticles
dispersion in the casting dope solution during membrane prepa-
ration.26,27 LiCl was utilized to inuence the phase separation
process by adjusting the thermodynamic and kinetic behaviour of
the casting solution. Its inclusion enhanced efficient solvent–
nonsolvent exchange, improved membrane hydrophilicity, and
promoted the formation of a highly porous and interconnected
structure, thereby enhancing water ux and fouling resistance (A.
James et al., 2024). Ultrapure and deionized (DI) water used
throughout the experimental procedures were supplied by Uni-
versiti Malaysia Sarawak (UNIMAS). All chemicals used were of
analytical grade.
2.2 Fabrication of nanocomposite membrane via phase
inversion technique

The nanocomposite membranes were fabricated using the
phase inversion technique with modications based on previ-
ously established procedures.28,29 To initiate the membrane
fabrication process, the desired amount of GR as specied was
accurately measured and dispersed in half of the total weight of
DMAc solvent in a conical ask, following procedures reported
in the literature.30 This mixture was referred to as the GR
solution. The conical ask was then placed in a particle
homogenizer with a water bath and agitated at 80 °C and
250 rpm for 1 hour in order to ensure a uniform and stable
dispersion of GR. Concurrently, the remaining portion of the
DMAc was used to dissolve LiCl at 70 °C and 100 rpm. Aer the
LiCl was completely dissolved, NC was gradually added until
a homogeneous solution was formed according to the method
described in the previous work.31 This step was intended to
ensure a uniform distribution of NC, enhance membrane
porosity and reduce the tendency for NC agglomeration. The
resulting solution was labelled as the NC solution.

Following these steps, the GR solution was combined with
the NC solution and thoroughly mixed to achieve a uniform
mixed solution. TiO2 nanoparticles were subsequently added at
a xed loading of 3 wt% relative to the PVDF weight. This
concentration was selected based on prior ndings, which
identied 3 wt% as the optimum level for improving antifouling
and photocatalytic performance in the resulting PVDF-NC/TiO2

nanocomposite membranes. PVDF pellets were gradually added
to the mixed solution to form the PVDF-NC/TiO2/GR dope
© 2025 The Author(s). Published by the Royal Society of Chemistry
solution. The resulting dope solution was continuously stirred
at a constant temperature of 50 °C and 350 rpm for 24 hours to
ensure complete dissolution of PVDF, promote uniform mixing
of all components, and eliminate trapped air. The specic
compositions of the control and GR-incorporated nano-
composite membrane formulations were prepared based on the
weight ratios listed in Table 1.

Once the 24-hour dope solutionmixing process was completed,
approximately 10 ml of the solution was carefully poured onto
a glass plate with a measurement of 21 cm × 30 cm and cast at
room condition. The cast lmwas immediately immersed in a rst
coagulation bath containing DI water for 20 minutes to initiate
phase separation and promote the solidication of the nano-
composite membrane through solvent and non-solvent exchange
process. The partially solidiedmembrane was then transferred to
a second DI water bath and le undisturbed for an additional 24
hours to remove excess solvent retained within the membrane
matrix which could have potentially affected membrane integrity
and performance. Finally, the membranes were placed in a clean
container, immerse in ultrapure water and stored in a refrigerator
at 5 °C until further characterization and performance evaluation
were conducted.
2.3 Morphological, structural and chemical characterization
of nanocomposite membranes

2.3.1 Fourier transform infrared spectroscopy (FTIR)
analysis. A Fourier-transform infrared (FTIR) spectrometer
(IRAffinity-1, Shimadzu, Japan) was employed to analyse the
molecular bond structures and functional groups present in the
membrane samples. Measurements were conducted using the
attenuated total reectance (ATR) mode, covering a spectral
range from 4000 to 400 cm−1 with a resolution of 4 cm−1 and 32
scans per sample. A solid membrane sample measuring
approximately 1 cm × 1 cm was cut and positioned on the ATR
crystal platform. The sample was then secured using a swivel
press to ensure rm contact between themembrane surface and
the crystal. Both qualitative and quantitative interpretations of
the obtained spectra were conducted in accordance with ASTM
E1252-98 (2021) and ASTM E168-16 (2016) standards.32,33

2.3.2 X-ray diffraction (XRD) analysis. X-ray diffraction
(XRD) analysis was conducted to investigate the crystallinity and
phase composition of the nanocomposite membrane samples.
The analysis was performed at room temperature using
a Rigaku SmartLab Powder X-ray diffractometer equipped with
CuKa radiation (l = 1.5418 Å). The diffraction patterns were
recorded across a 2q range of 5° to 80° at a scanning rate of
2° min−1. The degree of crystallinity was assessed by calculating
the crystalline index (Crl) using the following empirical rela-
tionship in eqn (1):

Crystalline indexð%Þ ¼

Area of all the crystalline peak

Area of all crystallineþ amorphous peaks
� 100 (1)
RSC Adv., 2025, 15, 31471–31497 | 31473
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Table 1 Dope solution formulations

Nanocomposite membranes PVDF (wt%) NC (wt%) TiO2 (wt%) GR (wt%) LiCl (wt%) DMAc (wt%)

PVDF-NC/TIO2 15 0.6 0.45 0 0.34 83.61
PVDF-NC/TIO2/GR1 15 0.6 0.45 0.2 0.34 83.58
PVDF-NC/TIO2/GR2 15 0.6 0.45 0.4 0.34 83.55
PVDF-NC/TIO2/GR3 15 0.6 0.45 0.6 0.34 83.52
PVDF-NC/TIO2/GR4 15 0.6 0.45 0.8 0.34 83.49
PVDF-NC/TIO2/GR5 15 0.6 0.45 1.0 0.34 83.46
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Additionally, the crystallite size (D) was estimated using the
Debye–Scherrer equation as derived in eqn (2).

D ¼ kl

b cos q
(2)

where k is the Scherrer constant (0.94); l is the X-ray wavelength
(1.5418 nm); b is the full width at half maximum (FWHM) in
radians and q is the Bragg angle.

All procedures were carried out in accordance with the ASTM
F3419-22 (2022) standard.34

2.3.3 Field emission scanning microscopy (FESEM) and
energy dispersive X-ray (EDX) analysis. The surface and cross-
sectional morphologies of the nanocomposite membrane
samples was examined using a Hitachi S-4700 Field Emission
Scanning Electron Microscope (FESEM) integrated with an
energy-dispersive X-ray (EDX) spectroscopy. Prior to imaging,
the membrane samples were precisely cut into uniform rect-
angular pieces for surface and cross-sectional analysis. The
cross-sectional specimen was prepared by immersing the
membrane sheet in liquid nitrogen, followed by cryogenic
fracturing to preserve internal morphology and minimize
mechanical distortion. Both surface and cross-sectional speci-
mens were sputter-coated with a thin, uniform layer of gold (Au)
using a JFC-1600 coater (JEOL, Japan) which operated at 15 mA
for 60 seconds in a single coating cycle. This process produced
an estimated coating thickness of approximately 10 nm to
ensure optimal surface conductivity and imaging resolution
during FESEM analysis. Each specimen was then mounted onto
aluminium stubs using conductive adhesive for examination.
Morphological images were obtained using a eld emission gun
operated at an accelerating voltage of 20 kV. The procedure was
carried out in accordance with the guidelines outlined in ASTM
E3-11 (2017).35 While FESEM was utilized to investigate the
structural features of the membrane surface, energy-dispersive
X-ray spectroscopy (EDX) was employed to determine the
elemental composition in the samples.

2.3.4 Determination of nanocomposite membrane
porosity and mean pore size. The porosity (3) of the nano-
composite membrane was measured via the gravimetric
method as stated in a previously reported study and calculated
based on the following eqn (3).36

3% ¼

�
Wwm �Wdm

rwater

�
�
Wwm �Wdm

rwater

�
þ
�
Wdm

rPVDF

�� 100 (3)
31474 | RSC Adv., 2025, 15, 31471–31497
where wwm is the weight of wet membrane (g); wdm is weight of
dry membrane (g); rwater is the density of water (0.998 g cm−3)
and rPVDF is the density of PVDF polymer (1.740 g cm−3).

The average pore size of the nanocomposite membrane was
estimated using the Guerout–Elford–Ferry equation as stated in
the literature.37 The mean pore radius was derived from eqn (4),
while the mean pore diameter was calculated by doubling the
radius value as shown in eqn (5).

Mean pore radius ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:9� 1:753Þ � 8hlQ

3� A� DP

r
(4)

where 3 is the membrane porosity (%); h is the water viscosity
(0.00089 Pa.s); l is the membrane thickness (m); Q is the volume
of water permeation (m3 s−1); A is the effective area of
membrane (m2) and DP is the pressure applied (Pa).

Mean pore size (nm) = 2 × mean pore radius (5)

2.3.5 Ultraviolet-visible (UV-vis) spectroscopy analysis. UV-
vis analysis was performed on all collected permeate samples to
determine the nal concentration of MB dye following the
ltration process using the respective nanocomposite
membranes. A volume of approximately 5 ml from each
permeate sample was transferred into a UV-vis cuvette and
inserted into the UV-visible spectrophotometer for analysis. The
absorbance measurement for the MB dye solution was con-
ducted within the wavelength range of 500 to 700 nm. A cali-
bration curve was generated using standard solutions with
known concentrations of MB (0.1, 0.2, 0.5, and 1.0 ppm). This
procedure was carried out in compliance with ASTM E169-16
(2022).38
2.4 Effect of graphene incorporation on the performance of
PVDF/NC/TiO2 nanocomposite membranes

The analyses were conducted in three sequential stages to
evaluate the performance of the developed nanocomposite
membrane in terms of water permeability, MB dye selectivity
and photocatalytic activity with detailed experimental condi-
tions provided in the respective subsections.

2.4.1 Water permeation ux performance of nano-
composite membranes. Following the previous work, each
nanocomposite membrane was cut into a 4.4 cm diameter disc,
sufficient to cover the effective membrane ltration area of 1.52
× 10−3 m2. The cut membrane was then mounted onto the
membrane holder of the water ltration equipment as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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described in the earlier study.29 The membrane was held rmly
in place using a rubber O-ring which was secured by fastening
the membrane holder cover. Approximately 2 L of water was
poured into the solution tank of the water ltration equipment.
Prior to conducting the actual measurements, the membrane
underwent pre-compression at 2 bar for 30 minutes to stabilise
the initial water ux. Following this, the operating pressure was
reduced to 1 bar, and the volume of permeate was recorded at
10-minute intervals over a 70-minute period. The collected
water permeation ux was calculated based on the ratio of
permeate volume to the corresponding permeation time by
using eqn (6).37 To enhance accuracy, each membrane sample
was tested ve times and the average permeation ux values
were calculated for each time interval.

JW ¼ V

A� DT
(6)

where JW is the pure water permeation ux (L m−2 h−1); V is the
permeate volume (m3); A is the effective area of membrane (m2)
and DT is the ltration time (h).

2.4.2 MB dye selectivity of nanocomposite membranes.
Initially, the 1 ppm concentration of MB dye was prepared and
veried using a UV-160 UV-vis-NIR spectrophotometer (Shi-
madzu Scientic Instruments, Inc., Tokyo, Japan). Following
the previous procedure, the water sample in the solution tank
was replaced with the prepared MB dye solution as the feed
solution for the membrane rejection analysis. The tested
membrane was operated at 1 bar pressure under room condi-
tions. The permeate (JMB) was collected at 10-minute intervals
over a 70-minute timeframe and the corresponding volumes
were recorded. The MB dye removal ratio (R) was calculated by
employing eqn (7) as described in a study.39 To ensure data
reliability and reproducibility, each membrane sample was
subjected to ve independent dye removal tests and the average
removal efficiency was reported.

%R ¼
�
1� Cf

Ci

�
� 100 (7)

where R is the dye removal ratio (%); Cf is the nal MB dye
concentration (mg L−1) and Ci is the initial MB dye concentra-
tion (mg L−1).

2.4.3 Photocatalytic activity and antifouling performances
of nanocomposite membranes. Aer the sequential dye rejec-
tion procedure, each nanocomposite membrane underwent
photocatalytic testing under visible UV-light irradiation to
assess its self-cleaning performance as describe in the previous
work.29 The previously used membrane was placed in a Petri
dish containing 50 ml of DI water and exposed to a 100 W UV
lamp positioned 5 cm above the membrane surface for 24 hours
in a dark environment. Following the UV treatment, the
membrane was subjected to a second water permeation ux test
(JW2) under the same operating conditions as before. The ux
recovery ratio (FRR) was calculated using eqn (8).39

FRR ¼
�
Jw2

Jw

�
� 100% (8)
© 2025 The Author(s). Published by the Royal Society of Chemistry
where JW is the initial pure water permeation ux (L m2− h−1)
and JW2 is the pure water permeation ux aer photocatalytic
activity.
2.5 Formulation of adsorption isotherm for MB dye uptake
by nanocomposite membranes

An initial MB dye concentration of 1 ppm was used in all
adsorption experiments and the residual concentrations in the
permeate were determined by utilizing UV-vis spectroscopy
analysis. The obtained data were used to formulate two
adsorption isotherm models, particularly the Langmuir and the
Freundlich, based on the assumption of each model regarding
adsorption mechanisms and surface characteristics of the
nanocomposite membranes.

2.5.1 Langmuir isotherm. The Langmuir adsorption
isotherm was employed to evaluate the adsorption character-
istics of MB dye molecules onto the developed PVDF-NC/TiO2

and PVDF-NC/TiO2/GR nanocomposite membranes under
equilibrium conditions at 25 °C. Based on the literature, this
model assumed monolayer adsorption onto a homogeneous
surface possessing a nite number of energetically uniform and
identical active sites. The non-linear form of the Langmuir
equation was expressed by eqn (9).40

qe ¼ QmaxKLCe

1þ KLCe

(9)

where qe is the quantity of dye adsorbed per unit mass of
nanocomposite membrane at equilibrium (mg g−1); Ce is the
concentration of MB dye at equilibrium (mg L−1); Qmax is the
maximum monolayer adsorption capacity of the nano-
composite membrane (mg g−1); KL is the Langmuir constant
that reects the affinity between MB molecules and the active
sites (L mg−1).

To facilitate parameter estimation via linear regression, the
Langmuir isotherm was linearized as displayed in eqn (10).10

Ce

qe
¼ 1

Qmax

Ce þ 1

KLQmax

(10)

This linearised equation allowed for the estimation of Qmax

and KL based on the slope and intercept generated from the

linear plot of
Ce

qe
against Ce. The obtained correlation coefficient

(R2) was used to evaluate the goodness of t of the Langmuir
model.

2.5.2 Freundlich isotherm. The Freundlich isotherm
model was further employed to determine the adsorption
behaviour of MB dye molecules onto the developed PVDF-NC/
TiO2 and PVDF-NC/TiO2/GR nanocomposite membranes by
taking into account the heterogeneous nature of the membrane
surface which allowed for a non-uniform distribution of
adsorption energies and potential formation of multilayer
adsorption. The non-linear form of the Freundlich equation was
expressed by eqn (11).41

qe ¼ KfCe

1
n (11)
RSC Adv., 2025, 15, 31471–31497 | 31475

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04672f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 2
:5

3:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
where qe is the quantity of dye adsorbed per unit mass of
nanocomposite membrane at equilibrium (mg g−1); Kf is the
Freundlich constant indicating multilayer adsorption capacity
(L mg−1); Ce is the concentration of MB dye at equilibrium (mg

L−1) and
1
n
is the Freundlich adsorption intensity.

To facilitate parameter estimation via linear regression, the
Freundlich isotherm was linearized as displayed in eqn (12).42

log qe ¼ log Kf þ 1

n
log Ce (12)

This linearised equation allowed for the estimation of
1
n
and

log Kf based on the slope and intercept generated from the
linear plot of log qe against log Ce. The obtained correlation
coefficient (R2) was used to evaluate the goodness of t of the
Freundlich model.

2.5.3 Statistical analysis. The accuracy of each isotherm
model was evaluated using a statistical parameter, R2, which
reected the degree of agreement between the experimental
data and the model predictions. The mathematical expression
for R2 was provided in eqn (13).43

R2 ¼ 1�
Pn
i¼1

�
qe;exp � qe;model

�2
Pn
i¼1

�
qe;exp � qe;exp

�2 (13)

where qe,exp is the experimental adsorption capacity at equilib-
rium (mg g−1); qe,model is the predicted adsorption capacity at
equilibrium based on the isotherm model; �qe,exp is the mean of
all experimentally observed values and n is the total number of
data points.

The R2 was expected to range between 0 to 1, with higher
values indicating a stronger correlation between the experi-
mental data and the model predictions. In this study, R2 value
exceeding 0.75 was regarded as the benchmark for a satisfactory
model t. This criterion was widely accepted in adsorption
studies, as it suggested that the model accounted for more than
75% of the variability in the experimental results, reecting
a high level of predictive accuracy.9,10,44

3 Results and discussion
3.1 FTIR analysis of functional groups in PVDF-NC/TiO2 and
GR-incorporated nanocomposite membranes

The FTIR analysis shown in Fig. 1 was conducted to identify the
main functional groups present in all nanocomposite
membranes and observe the inuence of incorporating GR
towards the functional groups of the PVDF-NC/TiO2/GR
membranes. The analysis revealed that the inclusion of GR into
the nanocomposite membrane signicantly attenuated the
peak intensities within the spectral region of 1500–800 cm−1.
This range corresponded to the presence of C–F bonds in the
PVDF matrix which were associated with semi-ionic
bonding.29,45 As reported in the literature, the regular arrange-
ment of –CF2 groups along the PVDF backbone contributes to
its semi-crystalline nature.46 In the present study, the intensity
31476 | RSC Adv., 2025, 15, 31471–31497
of the characteristic C–F stretching vibration of PVDF decreased
with increasing GR loadings in S1 to S5 in the PVDF-NC/TiO2/
GR nanocomposite membranes. This observation may be
attributed to the introduction of more complex interfacial
interactions arising from the presence of ternary nanollers. In
contrast, some studies have reported minimal changes in FTIR
spectra upon the inclusion of a single nanoller at low GR
loadings into the PVDF matrix.47,48 In the context of present
work, the observed spectral changes suggested strong interfa-
cial interactions between GR and PVDF chains, primarily initi-
ated by the p–p stacking interactions between the aromatic
rings of GR and the PVDF chains.49 Previous studies have also
shown that graphene interacted with polymer matrices through
various non-covalent interactions, such as p–p stacking,
hydrophobic associations, and electrostatic attractions,
depending on the nature of the polymer and surface charac-
teristics of the graphene.50,51 Additionally, the presence of
nanollers such as NC and TiO2 likely contributed to more
intricate interfacial effects, further affecting the intensity of the
C–F stretching bond. A slight broadening in the O–H stretching
region around 3300–3400 cm−1 was detected which assigned to
the hydroxyl groups naturally present in NC and the surface
O–H groups on TiO2 which originated from adsorbed water.14,29

This feature suggested the potential for hydrogen bonding
interactions between NC and the PVDF matrix or GR surface. A
similar interaction may have occurred with TiO2, particularly
through its surface O–H groups which possibly facilitated the
formation of hydrogen bridge bonds with the PVDF matrix.
These interactions were primarily attributed to van der Waals
forces between the TiO2 nanoparticles and the PVDF chains,
initiated by dipole–dipole and dipole-induced dipole interac-
tions.52 Such observation aligned with the previous reports di-
scussing the interaction mechanism between TiO2 and
polysulfone-based composite membrane.53

In addition to the preceding discussion, the incorporation of
GR into the PVDF nanocomposite membrane, the ordered semi-
ionic C–F bonding network was altered through the interactions
with the sp2-hybridized carbon lattice of GR, promoting the
formation of sp3 C–F covalent bonds.45,46 This transformation
disrupted the local molecular order and contributed to changes
in membrane crystallinity. This interpretation was further
supported by the EDX results, where the content of F element
decreased with the addition of GR, suggesting partial surface
masking of the PVDF nanocomposite membranes by graphene
nanoparticles. In conjunction, although the FTIR and EDX
analyses suggested modications in the local molecular order
and partial surface masking, the XRD prole shown in Fig. 2
revealed no signicant changes in peak position or intensity
corresponding to the b-phase of the PVDF nanocomposite
membranes. Based on the ndings, the incorporation of GR did
not signicantly alter the bulk crystalline structure of the PVDF
matrix, as conrmed by XRD patterns. The GR-incorporated
nanocomposite membranes retained their semi-crystalline
behaviour despite the surface-level modications.

Additionally, a low intensity peak with moderate sharpness
was detected at 1527 cm−1 alongside a broader band at
1697 cm−1, both of which were assigned to C]C stretching
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of the control nanocomposite membrane (PVDF-NC/TiO2) and GR-incorporated nanocomposite membranes (PVDF-NC/
TiO2/GR) with varied GR loadings.
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vibrations of aromatic ring associated with non-oxidized GR.54,55

The intensity of the 1527 cm−1 peak became more pronounced
with increasing GR loadings, reecting the rising contribution
Fig. 2 The XRD patterns of the reference PVDF-NC/TiO2 membrane an
graphene loading percentages.

© 2025 The Author(s). Published by the Royal Society of Chemistry
of carbon nanostructures to the overall composition of the
nanocomposite membrane.56 Besides, the incorporation of GR
also reduced the presence of oxygen-containing functional
d the graphene-incorporated PVDF-NC/TiO2 membranes with varying
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groups in the PVDF-NC/TiO2/GR membranes (S1–S5), as evi-
denced by the diminished C]O stretching vibration peak at
approximately 2021 cm−1, similar to the nding reported in the
literature.57 This peak typically attributed to carbonyl func-
tionalities and its reduction suggests a low degree of surface
oxidation in the GR-incorporated nanocomposite membrane.
Consequently, the PVDF-NC/TiO2/GR membranes exhibited
a shi in surface chemistry toward a more carbon-dominated
prole which likely reduced membrane hydrophilicity by
weakening interactions with water molecules.57
3.2 Effect of GR incorporation on the crystalline structure of
PVDF-NC/TiO2 membranes

The XRD analysis presented in Fig. 2 was carried out to char-
acterize the crystalline structure and phase composition of
PVDF-NC/TiO2 membranes incorporated with varying graphene
loadings, in comparison to the control PVDF-NC/TiO2

membrane without graphene. The analysis revealed signicant
diffraction peaks at approximately 2q = 20.31°, 20.61°, 20.53°,
20.71° and 20.86° in all membrane proles which indicated the
existence of b phase. This nding aligned with previous work on
PVDF/NC nanocomposite membranes, where a major diffrac-
tion peak at 2q= 20.43° was associated with the PVDF b phase.29

In that study, the intensity of the b phase increased propor-
tionally with higher NC loadings which suggested improved
crystalline ordering. This improvement was due to the forma-
tion of hydrogen bonds between the hydroxyl groups of NC and
the uoropolymer chains of PVDF. Furthermore, the presence
of NC also contributed signicantly to the nucleation process by
serving as an additional crystalline scaffold. Its high crystal-
linity and abundant surface hydroxyl groups enabled interfacial
interactions and template-driven nucleation, complementing
the role of GR. This was supported by several studies high-
lighting the role of NC in enhancing the crystallinity of various
polymer matrices.58–60 For instance, a study has reported that
TEMPO-oxidized cellulose nanobers (CNFs) facilitated the
nucleation and crystal growth of ZIF-8 metal–organic frame-
works (MOFs) aerogels through ionic and hydrogen bonding
interactions which has resulted in signicantly improved
adsorption performance and structural stability.61 This parallels
with the NC function in the PVDF membranes, where it
promoted b-phase formation and crystalline alignment.31 Its
uniform dispersion provided nucleation sites and improved
chain packing, reinforcing the synergistic interaction with GR
and contributing to the observed crystallite growth and struc-
tural renement.

The b phase has been widely reported as the thermody-
namically favoured crystalline phase in PVDF membranes,
corresponding to the reections from the (110) and (020) crys-
tallographic planes.62–64 Another diffraction peak observed at 2q
= 25.15° represented the anatase phase of TiO2 which was
specically associated with the (101) crystal plane.29 Upon the
incorporation of GR into the PVDF-NC/TiO2 membrane, a slight
increase in the intensity of this diffraction peak was observed as
this peak position was also characteristic of natural graphite.65

However, no signicant differences in peak intensity and peak
31478 | RSC Adv., 2025, 15, 31471–31497
area were observed despite increased graphene loading
percentages. To further evaluate the structural effects induced
by GR incorporation, the average crystallite size of the
membranes was calculated using the Scherrer equation, as
shown in eqn (2). The control membrane (PVDF-NC/TiO2) in the
absence of GR, exhibited the smallest crystallite size of
approximately 31.35 nm. This observation suggested limited
nucleation and crystalline growth due to the lack of GR in the
system.66 Upon the incorporation of GR, a consistent increase in
crystallite size was observed, with values of 36.93 nm (PVDF-NC/
TiO2/GR1), 36.97 nm (PVDF-NC/TiO2/GR2), 36.97 nm (PVDF-
NC/TiO2/GR3), and 36.98 nm (PVDF-NC/TiO2/GR4). These
ndings supported the role of GR as a heterogeneous nucle-
ating agent that promoted enhanced polymer chain orientation
and crystalline arrangement within the PVDF matrix.67

At a higher GR content, PVDF-NC/TiO2/GR3 membrane di-
splayed a slightly reduced crystallite size of approximately
36.26 nm. This reduction was likely due to nanoparticle
agglomeration at elevated concentrations, which may have
interfered with chain mobility and disrupted crystalline struc-
ture formation. Such behaviour was consistent with prior
studies reporting that while nanollers can promote crystal-
linity through nucleation, excessive loading may result in
adverse effects on structural order (yan).

Additionally, the absence of a broad, noisy hump in the XRD
prole of the PVDF-NC/TiO2 membrane supported the assertion
that incorporating GR nanoparticles improved the properties
and functionality of the membrane.68,69 A similar observation
has been reported in the literature, indicating a correlation
between polymer functionalization and crystallinity enhance-
ment.70 Such improvements were typically attributed to
enhanced functional interactions and molecular ordering
within the polymer matrix, resulting in a reduction of amor-
phous regions in PVDF-NC/TiO2/GR nanocomposite
membranes. The presence of NC further reinforced this
ordering by reducing the disordered domains within the matrix,
thereby complementing the function of GR in suppressing
amorphous regions and promoting crystallinity.71
3.3 FESEM and EDX characterization of GR-induced
structural and morphological changes in PVDF-NC/TiO2

nanocomposite membranes

The FESEM images presented in Table 2 depict the top and
cross-sectional morphologies of the control membrane (PVDF-
NC/TiO2) and its enhanced variants of graphene-incorporated
membranes (PVDF-NC/TIO2/GR). The detailed structural char-
acteristics of these nanocomposite membranes were presented
in Table 3. Based on the ndings, the porosity of the
membranes exhibited a nonlinear trend with increasing GR
content. While PVDF-NC/TiO2/GR1 and PVDF-NC/TiO2/GR2
showed moderate porosity, a decline was observed in PVDF-NC/
TiO2/GR3, followed by a sharp increase in GR4 and GR5. This
irregular pattern was not solely attributable to GR loading, but
rather the result of complex physicochemical interactions
among the materials during the membrane formation process.
Notably, these effects appeared to be independent of viscosity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Top surface and cross-sectional morphologies of all membranes

Nanocomposite membranes Top surface morphology Cross-sectional morphology

(a) PVDF-NC/TIO2

(b) PVDF-NC/TIO2/GR1

(c) PVDF-NC/TIO2/GR2

(d) PVDF-NC/TIO2/GR3

(e) PVDF-NC/TIO2/GR4

(f) PVDF-NC/TIO2/GR5

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 31471–31497 | 31479
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Fig. 3 Comparative water flux analysis of PVDF/NC/TiO2/GR nano-
composite membranes with varying graphene loading percentages
relative to the control PVDF/NC/TiO2 membrane.
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and were more closely related to thermodynamic factors, as
reported in the literature.72

In particular, the reduced porosity observed in the PVDF-NC/
TiO2/GR3 membrane was attributed to the localised accumu-
lation of GR which partially blocked nucleation sites for pore
development. At this intermediate concentration, GR may have
begun to agglomerate within conned regions that disrupted
uniform dispersion and slowed the pore formation process.
This structural compaction was evident in the cross-sectional
FESEM image of PVDF-NC/TiO2/GR3 which revealed a denser
morphology compared to adjacent formulations. Furthermore,
the presence of GR at this loading likely interfered with the
hydrogen bonding network between NC and TiO2, introducing
competing interfacial interactions that diminished the ther-
modynamic instability typically promoting rapid demixing.
Consequently, the solvent and non-solvent exchange slowed,
impeding phase inversion and reducing porosity. Although
partial agglomeration occurred in the PVDF-NC/TiO2/GR3
membrane, it did not signicantly compromise the inter-
connectivity of the pore network as the resulting porosity
remained within a comparable range to values reported in
previous studies. For example, polysulfone-based membrane
incorporating 0.08 g of chitosan (PSU/CS-0.08) achieved an
excellent 90% humic acid removal rate, despite having a devel-
oped pore size below 10 nm and a porosity range of only 60–
70%.73 This is further supported by the water ux permeation
results shown in Fig. 3, where the PVDF-NC/TiO2/GR3
membrane exhibited higher water ux compared to PVDF-NC/
TiO2/GR2 and PVDF-NC/TiO2/GR1. This nding revealed that
the interconnected pore structure in the membrane containing
0.6 wt% GR had remained sufficiently intact to allow effective
water transport across the membrane.

FESEM analysis revealed that all nanocomposite membranes
exhibited irregular surface pores similar to the observations
reported in prior work, despite the darker visual appearance
due to GR incorporation.29 At lower GR loadings, particularly in
the range of 0.2–0.4 wt%, the top surfaces of the nanocomposite
membranes exhibited a more rened and uniform pore distri-
bution, resulting in modest mean pore size improvement
compared to the control membrane. Specically, the mean pore
size increased from 4.89 × 10−3 mm for PVDF-NC/TiO2

membrane to 4.99× 10−3 mm and 5.19× 10−3 mm for PVDF-NC/
TiO2/GR1 and PVDF-NC/TiO2/GR2, respectively. This observa-
tion aligned with morphological ndings from a previous study,
where GR incorporation into pure PVDF membranes increased
Table 3 Structural characteristics of the nanocomposite membranes

Membrane Mean pore size (mm)

PVDF-NC/TIO2 4.89 × 10−3 � 0.06
PVDF-NC/TIO2/GR1 4.99 × 10−3 � 0.12
PVDF-NC/TIO2/GR2 5.19 × 10−3 � 0.06
PVDF-NC/TIO2/GR3 5.29 × 10−3 � 0.31
PVDF-NC/TIO2/GR4 5.53 × 10−3 � 0.22
PVDF-NC/TIO2/GR5 13.56 × 10−3 � 0.06

31480 | RSC Adv., 2025, 15, 31471–31497
the number of surface pores and enlarged pore channels which
signicantly improved water permeation performance.74 The
formation of elongated channels facilitated directional solute
transport across the membrane matrix further reinforcing the
role of GR nanoparticles in facilitating selective separation
through improved pore connectivity and induced structural
anisotropy.75 Additionally, porosity values remained consistent
within the 77–79% range, indicating that low GR loadings
induced controlled structural modications without compro-
mising membrane integrity. This maintained structural
robustness contributed positively to both permeability and
selectivity performance, allowing efficient dye removal while
sustaining adequate water ux during operation.76,77

The surface morphological observations were further
corroborated by cross-sectional morphology analyses which
revealed a typical asymmetric membrane structure distin-
guished by a thin dense top layer supported by distinct nger-
like void structures transitioning into a porous sponge-like
sublayer.14,29,78 Initially, the control membrane PVDF-NC/TiO2

exhibited well-developed nger-like channels but lacked
signicant interconnected porosity. The incorporation of GR,
even at low loadings of 0.2 wt%, initiated structural evolution
towards improved porosity and the development of channel
connectivity. The cross-sectional images of PVDF-NC/TiO2/GR1
and PVDF-NC/TiO2/GR2 revealed similar pore channel devel-
opment, accompanied by the enhanced formation of vertically
extended macrovoids with increasing GR content. This
morphological improvement indicated that the inclusion of GR
Porosity (%) Average thickness (mm)

79.68 � 0.65 44.3
77.92 � 2.48 41.3
79.54 � 0.54 46.3
72.57 � 1.43 44.3
84.49 � 0.71 46.3
84.86 � 0.97 46.6

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as a functional additive promoted instantaneous demixing,
accelerating phase separation and polymer precipitation during
the phase inversion process.79 The formation of numerous
nger-like voids in the PVDF-NC/TiO2/GR1 and PVDF-NC/TiO2/
GR2 nanocomposite membranes further supported this
nding, indicating an improved demixing rate, particularly in
terms of solvent–nonsolvent exchange kinetics during the
phase inversion process that contributed to the formation of
a well-developed porous structure.80

Meanwhile, the addition of GR up to 0.6 wt% in PVDF-NC/
TiO2/GR3 marked a transitional shi in pore development
within the nanocomposite membrane morphology. The top
surface of the membrane exhibited more prominent open pores
while the formation of nger-like pore channels appeared
shorter and broader, accompanied by a loosely packed sponge-
like structure. This contrasted with the more dened and
compact morphology observed in membranes with lower GR
loadings. These changes were attributed to a reduced phase
separation rate caused by increased GR content which altered
the thermodynamic balance and slowed solvent exchange.81,82

Notably, membranes with higher GR loadings (0.8–1.0 wt%)
formed more prominent open pore structures as the viscosity of
the casting dope solution slightly increased. This morpholog-
ical transformation became evident in PVDF-NC/TiO2/GR4,
where the addition of 0.2 wt% GR to the PVDF-NC/TiO2/GR3
formulation initiated the development of more abundant
surface pores with slightly larger sizes, as conrmed by FESEM
observations and the corresponding structural characteristics
presented in Tables 2 and 3. However, a further increase in GR
content beyond 0.8 wt% led to the formation of substantially
larger pores as observed in the surface morphology of the PVDF-
NC/TiO2/GR5 membrane. This structural evolution resulted in
increased surface porosity and a less compact morphology. The
observed effect was primarily governed by thermodynamic
instability surpassing kinetic inuences which consequently
inuenced the performance of the membrane.83 This observa-
tion was further supported by corresponding increases in mean
pore size and porosity as presented in Table 3. The porosity
percentages of the nanocomposite membrane increased from
84.49% for the membrane incorporating 0.8 wt% GR (PVDF-NC/
TiO2/GR4) to 84.86% for the membrane incorporating 1.0 wt%
GR (PVDF-NC/TiO2/GR5), simultaneously enhancing the mean
pore size of the membrane from 5.53× 10−3 mm to 13.56× 10−3

mm.
Besides, the cross-sectional images of nanocomposite

membrane containing 0.8–1.0 wt% GR loadings displayed
a coarser and looser sponge-like structure compared to the
others formulations. Previous studies have reported that
excessive nanoller loadings in membrane systems may disrupt
thermodynamic stability during the phase inversion
process.83,84 Additionally, increased viscosity of the casting dope
solution can delay the exchange between solvent and non-
solvent which restricts mass transfer during membrane
formation.85–88 However, the present ndings revealed a con-
trasting trend. In this study, the thermodynamic effect induced
by the presence of hydrophilic nanollers, particularly NC and
TiO2 appeared to have outweighed the kinetic resistance
© 2025 The Author(s). Published by the Royal Society of Chemistry
commonly associated with increased viscosity at higher GR
loadings. The relatively low GR content in each membrane
formulations (#1.0 wt%) could only cause a slight increase in
viscosity of the dope solution, which was insufficient to
suppress the demixing process. A similar nding was also
observed by other researchers, who stated that a slight increase
in viscosity seldom exerted a signicant inuence on the phase
inversion process.89 Instead, the enhanced thermodynamic
instability promoted by NC and TiO2 facilitated rapid phase
separation which resulted in the formation of larger surface
pores and increased membrane porosity, as exhibited by PVDF-
NC/TiO2/GR5 membrane. The accelerated demixing process
produced nanocomposite membranes with higher porosity and
thinner selective top layers, a structural change that may
enhance water permeability but potentially compromise dye
rejection performance. As clearly presented in Table 3, the
porosity of the nanocomposite membrane incorporating
0.8 wt% GR nanoparticles (PVDF-NC/TiO2/GR4) showed a slight
increase from 84.49% to 84.86% with the addition of 1.0 wt%
GR (PVDF-NC/TiO2/GR5) nanoparticles. Meanwhile, for
membrane thickness, all nanocomposite membranes exhibited
a typical and acceptable average thickness for asymmetric
membranes which ranged between 41.3 mm and 46.6 mm.

As shown in the FESEM-EDX analysis tabulated in Table 4,
the elemental distribution revealed successful incorporation of
GR, with all GR-incorporated nanocomposite membranes
showing a progressive increase in C percentages with values
exceeding 53.57%, the baseline recorded in the control
membrane. This observation conrmed the successful inte-
gration of GR as evidenced by the compositional changes
attributed to the incremental addition of this carbon-rich
nanomaterial into the membrane matrix. F was the second
most abundant element detected across all nanocomposite
membranes. This nding aligned with the intrinsic chemical
structure of PVDF (C2H2F2)n, and was further supported by the
characteristic C–F bond vibrations reported in the FTIR spectra
of PVDF-based nanocomposite membranes.29,31,90–93 However,
the addition of GR led to a gradual reduction in F content which
was attributed to the weakening of C–F bonds observed in the
FTIR analysis. This weakening likely resulted from changes in
surface chemistry associated with interactions between GR and
the PVDFmatrix during the membrane formation process. Such
ndings were in agreement with a previous study that reported
higher GR content obstructed surface pores and modulated
membrane surface properties.65 As previously reported, the
detection of Ti and O elements resulting from the inclusion of
TiO2 nanoparticles and nanocellulose has shown a reduction.
This reduction was likely inuenced by the diminished surface
exposure of TiO2 nanoparticles due to agglomeration as the GR
content increased. As a result, possible agglomeration may have
contributed to the reduction in Ti content from 2.90% in the
control membrane to 1.83% in the membrane incorporating
1.0 wt% GR (PVDF-NC/TiO2/GR5). Consequently, this led to
uneven surface distribution of TiO2 which consistent with the
numerous white spots observed in the FESEM images as di-
scussed in the preceding section.
RSC Adv., 2025, 15, 31471–31497 | 31481
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Table 4 Elemental mapping and EDX spectral analysis of PVDF-NC/TIO2 membranes with increasing GR content

Elemental distribution EDX spectrum and quantitative elemental analysis

(a) PVDF-NC/TIO2

(b) PVDF-NC/TIO2/GR1

(c) PVDF-NC/TIO2/GR2

(d) PVDF-NC/TIO2/GR3

(e) PVDF-NC/TIO2/GR4

31482 | RSC Adv., 2025, 15, 31471–31497 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 (Contd. )

Elemental distribution EDX spectrum and quantitative elemental analysis

(f) PVDF-NC/TIO2/GR5
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3.4 Evaluation of water permeation ux in GR-incorporated
PVDF-NC/TiO2 nanocomposite membranes

The water ux analysis presented in Fig. 3 was conducted to
evaluate the impact of varying GR nanoparticle percentages on
the permeability performance of PVDF/NC/TiO2/GR nano-
composite membranes in comparison to a control membrane
without GR. Based on the overall membrane performance, all
nanocomposite membranes exhibited a steady water ux aer
30 minutes of continuous ltration. At low GR loadings of 0.2–
0.4 wt%, PVDF/NC/TiO2/GR1 and PVDF/NC/TiO2/GR2 demon-
strated slightly reduced water permeation ux compared to the
PVDF/NC/TiO2 control membrane, despite having marginally
enhanced mean pore sizes as presented in Table 3. In partic-
ular, PVDF/NC/TiO2/GR1 recorded a stable ux of 234 L m−2 h−1

while PVDF/NC/TiO2/GR2 achieved 241.92 L m−2 h−1, both of
which were lower than the 251.52 L m−2 h−1 recorded by the
control membrane. This unexpected outcomemay be attributed
to several interconnected factors. Firstly, both PVDF/NC/TiO2/
GR1 and PVDF/NC/TiO2/GR2 exhibited minimal improvements
in porosity which likely had no signicant impact on the overall
water transport volume. A previous study similarly reported
a comparison between two membranes with different porosity
levels.94 The study reported that a membrane with 90% porosity
also recorded lower permeate than its lower-porosity
membrane. Based on the literature, porosity does not neces-
sarily equate to efficient water transport as the hydraulic
performance of a membrane is primarily inuenced by the
interconnectivity of its pore network.95 Based on the ndings,
the resulting ux was correlated with the development of
smaller pore sizes and higher thermal conductivity, which
possibly hindered water transport across the membrane. Addi-
tionally, the inherent hydrophobicity of GR nanoparticles may
also have reduced surface wettability and water affinity, thereby
affecting water permeation.96 However, several studies have re-
ported that a single layer of GR has a minimal inuence on
surface wettability, as it does not signicantly alter the under-
lying composite substrate.97,98 This phenomenon was due to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
GR unique wettability characteristics, oen known as wetting
transparency. The researchers supported their ndings using
water contact angle (WCA) analysis which revealed values
comparable to those of the substrate without GR. These nd-
ings suggested that low GR inclusion did not substantially
modify the wettability of PVDF/NC/TiO2/GR membranes.
Nevertheless, as GR content increased, the composite substrate
became increasingly hydrophobic as evidenced by rising WCA
values reported in both experimental studies and molecular
dynamics simulations.99 Therefore, the hydrophobic behaviour
imparted by GR was likely dependent on its dispersion,
concentration, and interaction with the PVDF/NC/TiO2

membrane matrix. Other important parameters that may have
contributed to the low permeation volume of membranes
incorporating 0.2–0.4 wt% include membrane thickness,
structural density, and hydraulic resistance.94,100

On the other hand, the inclusion of GR nanoparticles beyond
a threshold loading of 0.4 wt% resulted in a marked improve-
ment in water permeation ux. This improvement was primarily
attributed to signicant morphological modications,
including the formation of numerous open surface pores with
an increasing mean pore size and the development of highly
interconnected pore networks as observed in nanocomposite
membranes with higher GR content. Although partial agglom-
eration of GR was observed in PVDF-NC/TiO2/GR3, it did not
signicantly hinder the formation of interconnected pores.
Instead, the thermodynamic instability induced by the hydro-
philic additives (NC and TiO2) remained dominant during
phase inversion which promoted the development of well-
connected pores. As a result, PVDF-NC/TiO2/GR3 exhibited
higher water permeation ux compared to PVDF-NC/TiO2/GR1
and PVDF-NC/TiO2/GR2. This suggested that partial GR
agglomeration may have coexisted with structural features
favourable for water transport. These structural features not
only facilitated efficient water transport but also contributed to
fouling mitigation, as the degree of pore interconnectivity in
membranes has been widely reported to inuence fouling
behaviour.95 In general, the presence of additional
RSC Adv., 2025, 15, 31471–31497 | 31483
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Fig. 4 Comparative dye rejection analysis of PVDF/NC/TiO2/GR
nanocomposite membranes with varying graphene loading percent-
ages relative to the control PVDF/NC/TiO2 membrane.

Fig. 5 Analysis of MB dye removal percentages of PVDF/NC/TiO2/GR
nanocomposite membranes with varying graphene loading percent-
ages relative to the control PVDF/NC/TiO2 membrane.
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interconnected pores with open surface structures aided in
minimizing fouling during long-term membrane operation
(Peng & Li, 2023). This effect was particularly evident in the
nanocomposite membrane containing 0.6 wt% GR (PVDF/NC/
TiO2/GR3) which marked the threshold at which hydraulic
performance began to improve. Despite some structural
imperfections observed in the corresponding FESEM image, the
membrane still demonstrated favourable pore connectivity and
high permeability. At this loading, a notable increase in water
ux was observed, reaching 270.74 L m−2 h−1 along with
distinct morphological enhancements such as more open
pores, enlarged mean pore size and improved pore inter-
connectivity as conrmed by FESEM analysis. This trend was
further amplied in membranes incorporating higher GR
contents. In contrast to previous studies which presented lower
water permeation ux for all GR-free nanocomposite
membranes, the present work demonstrated a substantial
improvement in ux performance.20,29 The PVDF-NC/TiO2/GR5
membrane which contained the highest GR loading exhibited
the highest water permeation ux among all tested membrane
samples. This nanocomposite membrane achieved an initial
ux of 390.39 L m−2 h−1 at 10 minutes, followed by a gradual
decline to 307.42 L m−2 h−1 aer 30 minutes. Similar to the
performance demonstrated by PVDF-NC/TIO2/GR4, the incor-
poration of 0.8% GR loadings yielded a ux of 364.19 L m−2 h−1

which stabilized at a constant value of 273.36 L m−2 h−1. These
results aligned with the ndings from the earlier reports that
emphasized the advantages of the synergistic effect of GR in
modifying both the structural and surface properties of the
PVDF membrane.101–103 Membranes with highly interconnected
pores allowed uid to bypass or ow beneath areas of surface
blockage, thereby reducing the adverse effects of localized
fouling on overall permeate ux.98 Furthermore, such pore
structures contributed to enhanced membrane stability during
extended operation by delaying the onset of fouling and
enabling more effective removal of foulants during cleaning
cycles.104 In addition, these structural modications signi-
cantly enhanced water transport across the nanocomposite
membrane by reducing hydraulic resistance.
3.5 Evaluation of MB dye rejection ux, photocatalytic
efficiency and their relationship to the fouling recovery ratio
of nanocomposite membranes

Comparative analyses of PVDF/NC/TiO2 and PVDF/NC/TiO2/GR
nanocomposite membranes were conducted to evaluate their
performance in the separation of MB dye comprehensively.
Each sample was tested in quintuplicate with the resulting
average values used to construct the trend lines presented in
Fig. 4 and 5. Based on the analyses, although membranes with
0.2–0.4 wt% GR loadings exhibited lower ux compared to the
control membrane, their dye rejection performance remained
high and consistent with values reported in previous studies.
Even at a minimal GR loading of 0.2 wt%, the PVDF-NC/TiO2/
GR1 nanocomposite membrane maintained a consistently high
dye removal efficiency of 93–94% throughout the operational
period with only a slight decline observed. Although the initial
31484 | RSC Adv., 2025, 15, 31471–31497
rejection ux of this membrane was lower than those PVDF-NC/
TIO2/GR2 and the control membrane, the PVDF-NC/TiO2/GR1
membrane exhibited stable operation performance in both ux
and rejection over time.

Increasing the GR loading to 0.4 wt% signicantly improved
the performance of the membrane. The PVDF-NC/TiO2/GR2
membrane achieved a high dye removal efficiency of 97% aer
70 minutes of continuous treatment, outperforming both the
control and 0.2 wt% GR membranes. Besides, PVDF-NC/TiO2/
GR2 also recorded a slightly higher initial rejection ux of
91.25 L m−2 h−1 in the rst 10 minutes and stabilized at a value
of 60.5 L m−2 h−1. In contrast, the control membrane displayed
an initial rejection ux of 70.4 L m−2 h−1, which gradually
declined to 57 L m−2 h−1 due to progressive pore blockage.
These ndings conrmed the benecial role of GR in enhancing
dye rejection efficiency and membrane durability even under
continuous operation. The results were in agreement with
previous studies. For instance, a study reported that GR-
incorporated membranes achieved cationic dye removal effi-
ciencies ranging from 97% to 98% due to the enhanced elec-
trostatic adsorption, molecular sieving effects, and p–p

interactions.105 The incorporation of GR was also found to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Summary of performance comparison among various mixed membranes for dye separationa

Membranes Type of ller
Water ux permeation
(L m−2 h−1) Type of dye Dye rejection (%) FRR (%) References

PVDF/GO/PVP/PEG GO >110 MB 83.5 — 80
PVDF/GO/TiO2 GO, TiO2 87.32 MB 92.63 100 109
PES/GO/TiO2 87.72 86.58 —
PVDF/GO with rGO layer GO, rGO 1690 Cationic & anionic dye 97–98 — 105
CA/coated rGO layer membrane rGO 26.5 Aniline blue 72 70 110
DACNC/Ag/EGO EGO, Ag NPs 69.03 MB 94 80.4 111
PES/APTS-GO/
PVP mixed membrane

APTS-GO 9.9 Twilight yellow,
acridine orange

97.4, 96.5 52 112

PES/GO/PVP GO 23.32 Rhodamine B 91.96–96.92 55.99 113
Functionalization of
DES/GO membrane

GO 124.8 Congo red,
methyle blue,
evan blue, direct blue

99.4, 96.7, 98.5, 99.3 74–100 114

GO/PES membrane GO (0.5 wt%) 116.5 Acid black 210,
rose bengal

98.9–99 — 115

MOF@chitosan-GO Chitosan, GO 34.5 Congo red 95.6 77.5 116
PVDF-NC/TiO2/GR3 NC, TiO2, GR 270.74 MB 91 83 Present study

a Shear-aligned graphene oxide@PVDF (SAGO@PVDF), cellulose acetate (CA), polyethersulfone (PES), 3-aminopropyltriethoxysilane functionalized
graphene oxide (APTS-GO), ethylenediamine-functionalized GO (EGO), silver nanoparticles (Ag NPs), polyvinylpyrrolidone (PVP), polyethylene glycol
(PEG), double aldehyde cellulose nanocrystals (DACNC), deep eutectic solvent (DES).
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enhance the availability of active sites and suppress fouling,
both of which were critical factors in sustaining long-term
membrane performance.106,107 When compared to other modi-
ed GR-based membranes, the result from the present study
appeared highly competitive. As an example, a PVDFmembrane
embedded with GO achieved a MB removal efficiency of 83.5%
under visible light irradiation.80 Another study showed that the
incorporation of synergistic TiO2 and rGO nanoparticles into
a PVDF membrane resulted in a MB dye removal efficiency of
92% along with a FRR of 95.3%.108 Additionally, a separate study
reported that incorporating hybrid additives such as TiO2 and
GO into a PVDF matrix produced a highly porous membrane
that achieved 92.63% dye rejection and a ux recovery ratio
approaching 100%.109 To further contextualize the performance
of the fabricated PVDF-NC/TiO2/GR membranes, a comparison
with other reported mixed matrix membranes used for dye
removal has been summarized in Table 5.

The superior performance of the PVDF-NC/TiO2/GR
membrane underscored the advantages of incorporating pris-
tine GR over its oxidized counterparts, in particular GO and
rGO. While GO and rGO promoted an abundance of oxygen-
containing functional groups (hydroxyl, carbonyl, epoxy), their
tendency to aggregate under certain conditions was known to
hinder membrane performance.117,118 In contrast, the inclusion
of GR preserved membrane integrity while enabling improved
conductivity, surface area and compatibility with other addi-
tives.119 A previous analysis reported a maximum dye removal
rate of 98% for the PVDF-NC/TiO2 membrane (control
membrane, S0 in Fig. 5); however, this efficiency gradually
decreased to 95% during continuous operation as membrane
fouling had commenced.29 In the present study, the enhanced
stability and sustained performance of the PVDF-NC/TiO2/GR
membrane highlighted the synergistic effect of GR with NC and
© 2025 The Author(s). Published by the Royal Society of Chemistry
TiO2. This combination proved effective in mitigating fouling
tendencies and improving membrane durability under pro-
longed operation. Owing to its exceptional properties, the
presence of GR nanoparticles in the nanocomposite membrane
enhanced the pore size and introduced additional active sites
within the membrane matrix which improved membrane
separation performance and overall efficiency. GR is charac-
terised by a high surface area of approximately 2630 m2 g−1,
which offers numerous active sites for adsorption, thereby
allowing for a signicant improvement in pollutant removal
capacity for wastewater treatment.120,121 Meanwhile, the incor-
poration of 0.6 wt% GR into the membrane system resulted in
a high initial dye rejection ux of 108 L m−2 h−1, which grad-
ually declined to 60.5 L m−2 h−1. Despite this reduction, the
membrane maintained an impressive dye removal efficiency of
91%.

However, excessive GR loadings of 0.8–1.0 wt% adversely
affected dye separation efficiency as evidenced by the large gaps
observed in the corresponding membrane samples displayed in
Fig. 5. This reduction was attributed to structural changes
apparent in the FESEM images, where high GR concentrations
induced the formation of defects, oversized surface pores and
pore blockage. Many studies reported that an enhancement in
porosity can lead to outstanding permeation ux, however, this
oen compromises membrane selectivity in removing foulants
during treatment due to the development of larger pore
sizes.122–125 These changes disrupted membrane uniformity,
restricted access to active adsorption sites and potentially
contributed to leakage. In addition to morphological changes,
performance deterioration at higher GR loadings also plausibly
contributed to the changes in membrane surface wettability as
previously discussed. Although WCA analysis could not be
performed due to equipment constraints, prior studies have
RSC Adv., 2025, 15, 31471–31497 | 31485
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reported that the absence of oxygen-functional groups on GR
nanoparticles reduced the surface hydrophilicity of the fabri-
cated membranes.126–128 As an example, the inclusion of infused
graphene (G) into PVDF to form PVDF/G composites signi-
cantly increased surface hydrophobicity with WCA increase of
approximately 20° compared to the pristine PVDF, accompa-
nied by an enhanced in surface roughness.129 A similar study
reported that the blending of graphene (GE) with PVDF formed
composite membrane (PVDF)/GE with a surface WCA of 124.6°
also indicating pronounced hydrophobic characteristics.130

Such result represented a substantial increase in WCA
compared to the composite membrane without GR (GE-0).

In the context of the present study, increasing GR loading
appeared to have imparted hydrophobic characteristics to the
surface of the PVDF-NC/TiO2/GR membrane which conse-
quently diminished the formation of a hydration layer that
typically resisted foulant adhesion. This shi in surface wetta-
bility may have partially contributed to the reduced FRR andMB
dye removal performance observed in PVDF-NC/TiO2/GR4 and
PVDF-NC/TiO2/GR5 samples. This nding aligned with previous
reports on hydrophobic membranes, which commonly exhibi-
ted lower ux, higher fouling susceptibility and reduced sepa-
ration efficiency.131,132 Supporting this, a study that compared
the separation performance of PVDF-based membranes with
two different surface wettabilities found that hydrophilic
membranes exhibited a separation ux of 22.88 L m−2 h−1 with
an efficiency of 93.35% for oil-in-water emulsions, while the
hydrophobic membranes achieved a lower ux of 17.45 L m−2

h−1 and 91.47% effectiveness.133 Although hydrophobic
membranes have been reported in the literature to offer
advantages in specic niche applications, such benets were
not observed in the present study.

Experimental results further conrmed the negative impact
of excessive GR content. The PVDF-NC/TiO2/GR4 exhibited an
initial ux of 109.75 L m−2 h−1 that stabilized at 68.5 L m−2 h−1,
but its dye removal efficiency ranged only between 78% to 80%.
Among all membrane samples, PVDF-NC/TiO2/GR5 showed the
highest initial dye rejection ux of 110 L m−2 h−1 during the
rst 10 minutes. However, its dye rejection ux began to reduce
aer 30 minutes of continuous treatment. Despite achieving the
highest rejection ux, the PVDF-NC/TiO2/GR5 membrane
recorded the lowest dye removal efficiency, particularly 77%
during the rst 30 minutes which further declined to 72% in the
subsequent treatment time. This reduction in performance was
due to the development of larger pore diameters as shown by
the increased mean pore sizes presented in Table 4. The
enlargement of pore size reduced the ability of themembrane to
effectively retain dye molecules, consequently leading to
diminished size exclusion capability and lower dye separation
performance due to increased dye permeation through the
membrane.

Extending the prior analysis of dye separation efficiency, this
section examined the photocatalytic performance and anti-
fouling behaviour of the nanocomposite membranes to provide
deeper insight into their self-cleaning potential under UV-light
irradiation. The visual comparisons of PVDF-NC/TiO2 and
PVDF-NC/TiO2/GR membranes before and aer photocatalytic
31486 | RSC Adv., 2025, 15, 31471–31497
treatment have been presented in Table 6, while the corre-
sponding quantitative performance has been illustrated in
Fig. 7. As reported in previous study, the incorporation of TiO2

was identied as an effective approach to reduce the frequency
of membrane backwashing which were oen associated with
high operational costs and time-consuming maintenance.29 In
the present study, GR was incorporated to further improve the
photocatalytic efficiency of TiO2 within the membrane matrix,
aiming to enhance antifouling performance. This reected the
growing research interest in leveraging the advancement of
TiO2-based nanocomposites for multifunctional membrane
applications.134–136 During photodegradation under visible UV-
light irradiation, TiO2 absorbed photons with energy (hv)
equivalent to or higher than its bandgap (Eg = 3.2 eV), resulting
in the excitation of electrons from the valence band (VB) to the
conduction band (CB).137 The excitation generated positively
charged vacancies or holes in the VB. In typical semiconductor-
based photocatalysis, the rapid recombination of photogene-
rated electron–hole (e− and h+) pairs severely limits photo-
catalytic efficiency.138 Incorporating GR addressed this
limitation by serving as an effective electron acceptor and
transport medium which enhanced charge separation and
prolonged the lifetime of reactive species essential for photo-
catalytic reactions. GR was widely recognised as an excellent
electron acceptor that enhanced the overall photocatalytic
activity of TiO2. According to the literature, this improvement
was attributed to the exceptionally low charge transfer resis-
tance which facilitated more efficient electron mobility across
the TiO2-GR interface.138,139 This analysis was supported by
previous studies that reported the incorporation of supple-
mentary inorganic additives led to the development of hybrid
membranes with enhanced photocatalytic activity, owing to the
more pronounced effect of nanoparticles in driving the photo-
degradation process.84,140–142 Such observation was clearly re-
ected in the membrane performance observed in the present
study.

At 0.2 wt% GR loading, a slightly lower ux recovery ratio
(FRR) of 91% was observed as indicated by the trend line in
Fig. 6, which still demonstrated considerable reusability
potential. In comparison, the membrane with 0.4 wt% GR
loadings achieved the highest FRR of 98% highlighting superior
self-cleaning ability and fouling resistance. Membrane with
highly interconnected pores allowed uid to bypass or ow
beneath areas of surface blockage, thereby reducing the adverse
effects of localized fouling on overall permeate ux.98 However,
further increases in GR loading led to a gradual decline in FRR
values, with 83% recorded for PVDF-NC/TiO2/GR3, 76% for
PVDF-NC/TiO2/GR4 and 71% for PVDF-NC/TiO2/GR5, the lowest
among all. These ndings aligned with previous analysis which
reported that excessive GR content could adversely affect pho-
tocatalytic efficiency due to nanoparticles agglomeration and
the subsequent blockage of active sites.143

NC, another nanoller included in the membrane formula-
tion, also played a signicant role in enhancing the antifouling
behaviour of the PVDF-NC/TiO2/GR system. The porous struc-
ture of NC offered numerous voids that expanded the active
surface area available for the adhesion and physical entrapment
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Visual comparison of nanocomposite membrane samples before and after photocatalytic treatment with corresponding dye collection
over time

Membranes Pre-photocatalytic treatment Dye collection over treatment time Post-photocatalytic treatment

PVDF-NC/TIO2

PVDF-NC/TIO2/GR1

PVDF-NC/TIO2/GR2

PVDF-NC/TIO2/GR3

PVDF-NC/TIO2/GR4

PVDF-NC/TIO2/GR5
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of MB foulants. Besides, a key function of NC was its ability to
form hydrogen bonds with surrounding water molecules, owing
to the abundance of hydroxyl groups present on its surface.144,145

This hydrogen bonding interaction has been reported to
support the formation of a stable hydration layer on the
membrane surface.146,147 Such a hydration layer acted as an
effective barrier against strong foulant adhesion as well as
reduced the likelihood of irreversible fouling. Moreover, this
hydration barrier complemented the electrostatic adsorption
process by ensuring that even aer MB foulants were attracted
to the surface, their strong adhesion was minimised which
allowed subsequent photocatalytic degradation by TiO2 and GR
© 2025 The Author(s). Published by the Royal Society of Chemistry
to proceed more efficiently. This nding highlighted why 4 wt%
NC loading was identied as optimal, as it not only provided
sufficient hydrogen bonding capacity through abundant
hydroxyl groups but also facilitated efficient solvent and non-
solvent exchange during the phase inversion process.14 As
a result, the FESEM images from the earlier work revealed well-
dened nger-like pores and improved membrane porosity
which led to improved permeability and fouling resistance of
the PVDF-NC membrane. However, the antifouling benets
imparted by NC were found to be partially compromised at
higher GR loadings. The ndings of the present study showed
that increasing GR content imparted hydrophobic
RSC Adv., 2025, 15, 31471–31497 | 31487
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Fig. 6 Schematic illustration of antifouling, adsorption and photocatalytic mechanisms of the PVDF–NC/TiO2/GR nanocomposite membrane
for MB dye removal.
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characteristics to the membrane surface which suppressed the
formation of the layer essential for resisting MB foulant
attachment.

In parallel, electrostatic interactions between MB and the
membrane surface also signicantly inuenced separation
performance. Several investigations have shown that altering
the surface charge of membranes, either to improve positive or
negative surface was effective in mitigating fouling tenden-
cies.148,149 In this study, MB, a cationic dye, exhibited adsorption
behaviour that was strongly governed by the surface charge of
the PVDF-NC/TiO2/GR membrane. Although no specic data on
the zeta potential were available in the present study, prior
literature has reported that both pristine PVDF and NC exhibi-
ted a negatively charged surface in an aqueous environment.
According to the literature, the zeta potential of a pristine PVDF
membrane ranged between −9 to −23.2 mV, attributed to the
presence of C–F moieties.150 The presence of 4 wt% NC likely
intensied the negatively charged surface of the PVDF-NC/TiO2/
GR membrane, as supported by previous ndings in which
sulfuric acid-hydrolysed cellulose nanocrystals (CNC) exhibited
zeta potentials as low as −37.1 mV.151 The negatively charged
membrane surface facilitated the electrostatic attraction of
cationic MB molecules and initiated dye adsorption. While
electrostatic interactions enhanced dye adsorption, prolonged
exposure could have resulted in surface fouling due to MB
accumulation. To address this, the integrated photocatalytic
activity of TiO2 and GR played a synergistic role in mitigating
this issue.

Additionally, it was reported that excessive GR in TiO2-based
systems increased light adsorption by GR, thereby restricting
photon availability for TiO2 activation and reducing the relative
proportion of active TiO2 sites responsible for radical genera-
tion. Such factors subsequently diminished the photocatalytic
and antifouling performance of the PVDF-NC/TiO2/GR. This
emphasized the importance of optimising GR content to ach-
ieve a balance between enhanced photocatalytic function and
31488 | RSC Adv., 2025, 15, 31471–31497
structural integrity for efficient membrane operation. The
overall mechanisms governing antifouling and adsorption in
the PVDF–NC/TiO2/GRmembrane system were illustrated in the
schematic diagram presented in Fig. 6 which was linked to the
membrane performance results shown in Table 6 and repre-
sented the adsorption, photocatalytic and antifouling
outcomes.

3.6 Adsorption isotherm modelling and surface interaction
behaviour of nanocomposite membranes

To evaluate the adsorption behaviour of MB dye molecules onto
the PVDF-NC/TiO2/GR membranes and their interaction with
active sites, equilibrium adsorption isotherm analysis was
conducted at 25 °C. The experimental data were evaluated using
both the Langmuir and Freundlich models, with the corre-
sponding parameters summarized in Table 7. Among these, the
Langmuir model provided the best t to the experimental data
as shown in Fig. 7, which was evidenced by its higher linear
correlation coefficient (R2) ranging between 0.85 to 0.99. In
comparison, the Freundlich model which commonly used to
describe heterogeneous surface adsorption exhibited consider-
ably lower R2 values. These results conrmed that the MB dye
molecules predominantly formed a monolayer coverage on
uniformly distributed active sites which were consistent with
the assumption of the Langmuir model. In line with the present
observation, several studies have reported similar ndings. For
instance, a study reported that the equilibrium data for MB dye
adsorption onto both Algerian kaolinite (DD3) and sulfuric acid-
treated DD3 exhibited an excellent t with the Langmuir model
compared to the Freundlich model.152 The Langmuir model
achieved remarkably high R2 values of 0.999 for both DD3 and
treated-DD3, whereas the Freundlich model presented
comparatively lower R2 values of 0.937 and 0.866. Similarly,
another study reported that the adsorption behaviour of MB dye
onto a polyethylene (PE) matrix embedded with calcium
carbonate (CaCO3) mineral ller also followed the Langmuir
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Langmuir and Freundlich isotherm parameters for MB dye adsorption onto active sites

Membranes

Langmuir model Freundlich model

Qmax (mg g−1) KL (L mg−1) R2 KF (L mg−1) n R2

PVDF-NC/TIO2 0.996 478.000 0.97 −7.538 −4.350 0.010
PVDF-NC/TIO2/GR1 0.497 42.874 0.99 0.126 −1.486 0.949
PVDF-NC/TIO2/GR2 0.548 100.796 0.85 0.110 −1.733 0.345
PVDF-NC/TIO2/GR3 1.866 72.405 0.96 1.693 45.045 0.155
PVDF-NC/TIO2/GR4 0.567 11.988 0.92 −0.072 −80.645 0.104
PVDF-NC/TIO2/GR5 0.275 5.302 0.97 −0.151 −50.000 0.375
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isotherm which exhibited the highest R2 values compared to the
Freundlich, Temkin and Dubinin–Radushkevich models.153

These comparative ndings further validated the applica-
bility of the Langmuir model to the current PVDF-NC/TiO2/GR
membrane system. According to the Langmuir theory, adsorp-
tion was assumed to occur as a monolayer on a surface con-
taining a nite number of energetically identical active sites,
where each site could accommodate only one MB dye molecule
Fig. 7 Linearized Langmuir isotherm plots for MB dye adsorption onto (
PVDF-NC/TiO2/GR3, (e) PVDF-NC/TiO2/GR4, (f) PVDF-NC/TiO2/GR5 na

© 2025 The Author(s). Published by the Royal Society of Chemistry
without further interactions between adsorbed species.154,155

This model allowed accurate determination of the maximum
MB dye adsorption capacity (Qmax), the Langmuir adsorption
affinity constant (KL) and the correlation coefficient (R2), all of
which aligned well with the membrane morphology and surface
activity.

As displayed in Table 7, the control membrane (PVDF-NC/
TiO2) recorded the highest KL value of 478 L mg−1, which was
a) PVDF-NC/TiO2, (b) PVDF-NC/TiO2/GR1, (c) PVDF-NC/TiO2/GR2, (d)
nocomposite membranes at 25 °C.

RSC Adv., 2025, 15, 31471–31497 | 31489
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approximately 6.6 times greater than that of the PVDF-NC/TiO2/
GR3 membrane. This pronounced KL value indicated an
exceptionally strong binding affinity between MB dye molecules
and the available active sites on the PVDF-NC/TiO2 membrane.
Such high affinity suggested intense adsorbate to adsorbent
binding interactions that may have deviated from the ideal
Langmuir assumption of monolayer adsorption on uniform and
independent sites, particularly under conditions of high surface
reactivity and site-specic binding. As reported by a researcher
in the context of strong energy regimes, the Langmuir model
predicted lower pollutant occupancy despite high binding
affinity due to the increased likelihood of multiple-site inter-
actions.156 In the present study, the applicability of the Lang-
muir model was further supported by the high R2 value of 0.97
observed for the control membrane in contrast to the extremely
low R2 value of 0.01 observed using the Freundlich model. This
signicant disparity conrmed that the adsorption behaviour
was better represented by the Langmuir model, implying
monolayer adsorption on a homogeneous surface.

This behaviour was likely inuenced by the absence of GR
nanoparticles in the control membrane, which preserved the
accessibility and chemical integrity of the TiO2, NC and PVDF
active sites. This conguration allowed stronger electrostatic
interactions between the cationic MB dye molecules and the
membrane surface. Additionally, the absence of GR allowed
greater exposure of uorine-containing groups on the PVDF
surface, thereby increasing surface polarity due to the inherent
electronegativity of uorine atoms.157 This improved polarity
further strengthened the surface interaction, contributing to
the high dye affinity and enhanced antifouling performance
observed in the respective membrane.158 Such structural and
chemical characteristics, including energetically equivalent
active sites and one-to-one binding interactions were consistent
with the assumptions of the Langmuir isotherm model.
However, despite the strong affinity demonstrated by the
control membrane, it exhibited a slightly lower Qmax of 0.996 mg
g−1 compared to the membrane incorporated 0.6 wt% GR,
which achieved 1.866 mg g−1. This result indicated that while
the control membrane offered highly favourable surface inter-
actions, the presence of GR nanoparticles in the membrane
system improved the overall dye uptake.

One of the primary factors contributing to the higher Qmax

observed in PVDF-NC/TiO2/GR3 was the presence of numerous
open surface pores and the optimal pore size enlargement
which collectively improved the accessibility of MB dye mole-
cules to the active sites of the membrane. This structural feature
reduced mass transport resistance and enabled molecular
diffusion which allowed effective dye adsorption. A similar
observation was reported in a study where the incorporation of
Fe3O4 into chitosan-based nanocomposites improved surface
accessibility and provided additional adsorption sites for dye
molecules.159 Another study reported that the inclusion of
onion-derived carbon nanoparticles into polysulfone (PSU)
membrane produced a porous network that matched the
molecular size of MB dye.160 Such structural features promoted
rapid dye diffusion and adsorption, aligning with the pore-
driven mechanism observed in PVDF-NC/TiO2/GR3.
31490 | RSC Adv., 2025, 15, 31471–31497
Furthermore, when comparing maximum adsorption capacities
with ndings from other studies, the PVDF-NC/TiO2/GR3
membrane developed in this work demonstrated superior
adsorption performance. Specically, it outperformed a previ-
ously reported 3 mg rGO/PVDF membrane which reported
a Qmax of 1.287 mg g−1 based on the Langmuir model with an R2

value of 0.985, indicating favorable one-to-one binding inter-
actions.161 In contrast, the unmodied 5 mg rGO/PVDF
membrane exhibited a much lower Qmax of 0.416 mg g−1 and
a poor model t, with an R2 value of only 0.505 for Rhodamine
dye adsorption. This improvement was associated with the
increased surface area and the availability of more accessible
active sites resulting from the synergistic integration of NC,
TiO2 and GR which collectively facilitated greater dye capture.

At lower range of GR loadings, particularly 0.2–0.4 wt%,
PVDF-NC/TiO2/GR1 and PVDF-NC/TiO2/GR2 membranes
showed moderate Qmax values of 0.497 and 0.548 mg g−1.
However, the KL values exhibited a relatively high amount of
42.874 L mg−1 and 100.796 L mg−1, respectively. These values
reected the improved dye-surface affinity due to better porosity
and macrovoid formation, despite the limited available surface
for maximum adsorption to take place. Beyond 0.6 wt% GR
loadings, the adsorption performance of the membrane started
to reduce signicantly. In particular, the PVDF-NC/TiO2/GR4
and PVDF-NC/TiO2/GR5 membranes exhibited notably lower
Qmax values of 0.567 and 0.275 mg g−1, alongside decreased KL

values of 11.988 L mg−1 and 5.302 L mg−1. This reduction was
attributed to TiO2 nanoparticle agglomeration and partial pore
blockage at high GR loadings which restricted MB dye access to
active sites and disrupted the uniformity of the adsorption
surfaces. This interpretation was further supported by
morphological observations which revealed excessive pore
enlargement and reduced membrane compactness, both of
which affected selective adsorption performance.

4 Conclusion

The development of a multifunctional PVDF-based nano-
composite membrane reinforced with bamboo-derived NC,
TiO2, and pristine GR offers a highly effective method for
treating MB-contaminated industrial wastewater. In this study,
the membrane was fabricated using a modied phase inversion
method to ensure uniform nanoller dispersion and improved
structural integrity. FTIR analysis conrmed the successful
integration of GR through attenuation of semi-ionic C–F bonds
and the emergence of C]C bands. Additionally, XRD results
showed that the membranes retained their b-phase crystallinity
with slight increases in peak intensity attributed to the presence
of GR. This retention of the b-phase has been found to be
signicant, as it represents the most stable and polar crystalline
form of PVDF by contributing to enhanced mechanical
strength, thermal stability, and long-term membrane perfor-
mance. Moreover, FESEM and EDX analyses revealed enhanced
pore morphology and increased carbon content, with pore size
rising from 4.89 × 10−3 mm to 13.56 × 10−3 mm and porosity
from 79.68% to 84.86%. The membrane with 1.0 wt% graphene
achieved the highest water ux at 307.42 L m−2 h−1 aer 30
© 2025 The Author(s). Published by the Royal Society of Chemistry
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minutes of treatment stabilization, while 0.4 wt% GR delivered
optimal dye rejection efficiency of 97%. The similar membrane
also exhibited strong antifouling performance by recording
a ux recovery ratio of 98% aer UV treatment. This study has
also found that Langmuir isotherm modeling best described
the adsorption behavior which indicated monolayer uptake
with high correlation (R2 = 0.85–0.99), where Qmax reached
1.866 mg g−1 for the 0.6 wt% GR membrane and KL peaked at
478 L mg−1 for the control membrane. Nonetheless, Freundlich
modeling showed lower average correlation coefficients (R2 <
0.75) which suggested a less signicant role of multilayer
adsorption and a weaker t for heterogeneous surface behavior.
Overall, the developed membrane overcame the permeability–
selectivity trade-off as well as achieving high dye removal,
antifouling, and adsorption for sustainable wastewater treat-
ment. The variation in GR loadings across different formula-
tions led to distinct morphological and functional
characteristics which led to varied membrane performances.
This highlights the critical role of nanoller composition in
tailoring membrane performance for specic separation and
water treatment objectives.
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