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The escalating demands for efficient wastewater treatment drive this study, which explores the develop-
ment and characterization of polyvinylidene fluoride (PVDF) nanocomposite membranes enhanced
with nanocellulose (NC) and titanium dioxide (TiO,). The integration of NC and TiO, nanoparticles into a
PVDF matrix via the phase inversion method yielded notable improvements in the structural, mechanical,
and functional properties of the membranes. Fourier-transform infrared spectroscopy (FTIR) analysis
confirmed the presence of critical functional groups that facilitated improved interactions within the
nanocomposite membrane. These interactions contributed to the enhanced membrane hydrophilicity,
suggesting their potential to improve water permeability. Field emission scanning electron microscopy
(FESEM) revealed the uniform dispersion of TiO, and NC at optimal loadings, which minimized
nanoparticle agglomeration and promoted the formation of a more porous and permeable membrane
structure. X-ray diffraction (XRD) showed an increase in the crystallinity of the B-phase of PVDF, thus
enhancing mechanical stability and overall membrane functionality. The optimization of TiO, loading at
3 wt¥% resulted in maximum efficacy, with a 15% increment in water flux rates from 234.06 L m™2 h™! to
270.23 L m~2 h™! over an unmodified PVDF/NC membrane and achieving methylene blue (MB) dye
rejection rates of up to 98%. The enhanced physical properties of the membrane, resulting from a
reduction in mean pore size from 0.00488 to 0.00470 um and improved porosity from 76.07% to
79.68% ensured more effective filtration. These modifications have surpassed the performance of the
unmodified PVDF/NC membrane. Additionally, the presence of TiO, nanoparticles significantly enhanced
the photocatalytic properties of the membranes, accelerating the degradation of MB pollutants and
improving antifouling properties. This was evidenced by the high flux recovery rate (FRR) percentage,
which underscores their superior self-cleaning capabilities. These findings illustrate that the synergistic

Received 15th July 2024, integration of NC and TiO, not only capitalized on the individual properties of each component but also
Accepted 22nd August 2024 significantly elevated overall membrane performance and maintained longevity in their practical usage.
DOI: 10.1039/d4ma00716f This study represents a significant advancement in membrane technology, offering new avenues for

sustainable and efficient environmental remediation and presenting robust solutions to challenges such
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1. Introduction

Access to safe and clean water is not only a fundamental human
right but also a cornerstone of global health and sustain-
able development.' Despite international commitments and
advancements in technology, over 2.1 billion people worldwide
still lack reliable access to clean water, plunging communities
into cycles of poverty and illness.” The World Health Organiza-
tion estimates that around 3.4 million lives are lost annually
due to water-related diseases, underscoring the urgency of
addressing water scarcity and pollution. The situation is exa-
cerbated by rapid industrialization, which significantly contri-
butes to water contamination through the discharge of organic
dyes and oily wastewaters from sectors such as textiles, metal-
lurgy, and pharmaceuticals.® Industrial effluents, particularly
those containing hazardous dyes and heavy metals, pose pro-
found challenges to environmental and public health.” Dyes,
used extensively in various industries, are notorious for their
visibility and resistance to degradation, leading to significant
ecological disruptions when discharged untreated into aquatic
ecosystems.’

The persistence of these contaminants in water bodies is a
testament to the inefficiencies of traditional water treatment
methods, which often struggle with high operational costs,
secondary pollution, and limited effectiveness in removing
complex pollutants.® One of the primary limitations of con-
ventional polymeric membranes in water treatment systems is
their susceptibility to fouling, which negatively impacts
membrane performance over time.” Fouling occurs when par-
ticulates start to accumulate or adsorb onto the membrane
surface, leading to both internal and external clogging and
reduced permeability. This problem significantly increases the
operation costs of treatment systems due to the need for
membrane cleaning and replacement.® However, a study has
shown that integrating a new material® such as MXene into a
membrane system can prolong its lifespan due to its antifoul-
ing properties'® This aids in conserving membrane efficiency
and minimizing the frequency of cleaning and replacement.
Despite these advancements, the study lacks a comprehensive
evaluation of the potential toxicity of MXene to the ecosystem.

To combat these challenges, there has been a marked shift
towards innovative technologies that promise not only efficacy
but also sustainability and eco-friendliness in water treatment
processes. One such innovative approach is the inclusion of
nanocellulose derived from natural fibers, which offers a dis-
tinctive edge in wastewater treatment due to its intrinsic
hydrophilic nature, excellent biocompatibility, and modifiable
surface chemistry."' ™ These inherent properties make nano-
cellulose a promising candidate for improving the development
of membranes, while the shift toward sustainable practices
improves the value of renewable and biodegradable materials.
However, previous studies have observed that the properties of
nanocellulose membranes still fall short of fulfilling the
demands for high strength and durability requirements needed
for extended operation usage.**® In this regard, photocatalytic
technology and membrane separation have emerged as pivotal
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solutions to further enhancing the performance of mem-
branes.'® With its high specific surface area and exceptional
physicochemical properties, nanocellulose synergizes effec-
tively with other nanomaterials, leading to enhanced hybrid
membrane properties that closely mimic those of commercial
membranes.'>'” As such, the incorporation of inorganic nano-
materials such as titanium dioxide (TiO,),” graphene oxide
(GO), zinc sulfide (ZnS), magnesium oxide (MgO), iron(u)
oxide (Fe,Oj3), and carbon nanotubes (CNTs) as fillers within
membranes has opened up new opportunities for enhancing
membrane performance.'®?° The literature shows that the
presence of nanoparticles in the membrane enhances its
strength, hydrophilicity, porosity, and charge density, which
in turn increases efficiency, permeability, and fouling resis-
tance.>"*> Considering this, the incorporation of TiO, nano-
particles into nanocellulose membranes addresses the short-
comings of current membrane technologies with the addition
of photocatalytic and antifouling properties, thereby imparting
self-cleaning capabilities to the membrane.

Integrating photocatalysts with membrane technologies,
which feature low energy consumption and minimal secondary
pollution, can enhance the sustainability and efficiency of
water treatment systems.”® The paradigm of process intensifi-
cation (PI) presents a transformative approach to industrial
processes, including water treatment.** PI aims to minimize
the environmental footprint of manufacturing while maximiz-
ing process efficiency, aligning with sustainable development
goals.”® By adhering to principles such as maximizing the
effectiveness of molecular interactions and optimizing process
scales, PI encourages the adoption of advanced manufacturing
technologies like continuous processing and hybrid separation
techniques.>® Such innovations are crucial for reducing energy
consumption, raw material costs, and waste generation, offer-
ing a more robust framework for environmental stewardship
and economic viability.

Membrane technology, in particular, has gained significant
traction as a tool for PI in water treatment.>” The integration of
membrane-based separations into intensified processes facili-
tates more effective removal of pollutants while reducing
operational costs and energy usage.”® This technology not only
supports the sustainable management of water resources but
also enables the recovery of valuable by-products from waste-
water, thus contributing to a circular economy.*® In light of
these advancements, there is a compelling need for continued
research and development in membrane and photocatalytic
technologies.®® The synergy between these technologies can
potentially revolutionize wastewater treatment facilities, mak-
ing them more efficient and less reliant on conventional,
resource-intensive methods.>" As the world moves towards a
future where water scarcity and pollution are likely to present
even greater challenges, the role of engineering in innovating
and implementing effective, sustainable solutions becomes
increasingly critical.>* This study aims to explore the latest
developments in process intensification and membrane tech-
nology by investigating the enhancement of polyvinylidene
fluoride/nanocellulose (PVDF/NC) nanocomposite membranes
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through the incorporation of varying loading percentages of
TiO, nanoparticles. By observing their influence on membrane
performance, particularly in terms of photodegradation effec-
tiveness, the study emphasizes the synergistic compatibility of
NC and TiO, in mitigating the global water crisis and paving
the way for a water-secure world, especially in Sarawak. The
presence of advanced technologies supports the ongoing efforts
to develop robust and sustainable approaches for addressing
water scarcity issues in order to ensure a cleaner and more
sustainable future for our region.

2. Methodology
2.1 Materials

In the preparation of PVDF/NC and PVDF/NC/TiO, nanocom-
posite membranes, nanocellulose (NC) derived from bamboo
was extracted from Gigantochloa scortechinii species. Chemicals
such as poly(vinylidene fluoride) (PVDF) (CAS no. 24937-79-9,
molecular weight: 534000 g mol "), lithium chloride (LiCl)
(CAS no. 7447-41-8), titanium(wv) oxide (CAS no. 13463-67-7),
and dimethylacetamide (DMAc) (CAS no. 127-19-5) were sup-
plied by Sigma Aldrich Sdn (Petaling Jaya, Malaysia). Both
ultrapure water and deionized (DI) water used in the experi-
ment work were provided by Universiti Malaysia Sarawak
(UNIMAS). All of the listed chemicals were of analytical grade.

2.2 Preparation of PVDF/NC and PVDF/NC/TiO,,
nanocomposite membranes

The nanocomposite membranes were prepared via the phase
inversion technique followed by the non-solvent-induced phase
separation (NIPS) method.*** Initially, NC and LiCl, a pore-
forming additive were dissolved in DMac solvent at a tempera-
ture of 165 °C until a homogeneous solution was obtained to
improve the porous structure of the developed membrane.
Following this, the temperature of the dope solution was
reduced to 50 °C and TiO, was added within the range of
2-4% based on the literature findings highlighting its superior
antifouling properties and self-cleaning ability.>**> Finally,
PVDF pellets were gradually added into the homogeneous dope
solution and subjected to continuous stirring at a constant
temperature of 50 °C and 350 rpm for 24 hours to achieve
homogeneity and reduce air bubbles. The material composition
of each developed membrane was prepared according to
the loadings tabulated in Table 1. After the completion of the
24-hour dissolution process, approximately 10 mL of the dope
solution was poured onto a glass plate (21 cm x 30 cm) for

Table 1 Dope solution compositions
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the membrane casting process at room temperature. The cast
membrane was initially immersed in the first coagulation
bath containing DI water for 20 minutes to facilitate the
elimination of solvent and non-solvent additives via a phase
separation process and to initiate membrane solidification.
Subsequently, the membrane was transferred to the second
coagulation bath containing DI water and left for 24 hours to
remove any excess solvent retained within the membrane
matrix, which could potentially affect its properties. Finally,
the membrane was kept in a container and soaked in ultrapure
water before being stored in the refrigerator (5 °C) until further
characterization.

2.3 Nanocomposite membrane characterization

2.3.1 Fourier transform infrared spectroscopy (FTIR). FTIR
‘IRAffinity-1’ spectroscopy (Shimadzu; Japan) was used to iden-
tify the functional groups and the structures of molecular
bonds through the observation of IR spectrum bands at a range
of 4000 to 400 cm ™. For ATR-FTIR, the solid membrane sample
(1 em x 1 cm) was cut and placed onto the holder known as the
ATR-FTIR crystal. The swivel press was used to press down the
sample and crystal, ensuring the sample-crystal was in contact.
Analysis of qualitative and quantitative aspects of the FTIR
spectrum was based on the standards of ASTM E1252-98 (2021)
as well as ASTM E168-16 (2016).>%%”

2.3.2 Field emission scanning microscopy (FE-SEM) and
energy dispersive X-ray (EDX). A Hitachi S-4700 FESEM was
used to observe the morphological images of the membrane
samples. The sample was mounted on aluminium stubs and
later fine-coated using JFC-1600’ (JEOL (Japan) Ltd). Images of
the sample surface were captured using a field emission gun
with a voltage of 20 kV. This procedure was performed based on
the standard of ASTM E3-11 (2017).%®

While FESEM provides information about the morphologi-
cal characteristics of the sample, EDX was employed to analyze
the sample elemental compositions.

2.3.3 X-ray diffraction analysis (XRD). XRD analysis was
performed to determine the crystallinity of the samples and to
observe the presence of crystalline phases. The membrane
samples were analyzed at room temperature using a Rigaku
SmartLab Powder X-ray diffractometer with CuKo radia-
tion (1 = 1.5418 A). The XRD patterns of all samples were
recorded within a scattering angle (20) ranging from 5 to 90°
at a scanning rate of 2 min~". The crystalline index (Crl) was
identified using an empirical eqn (1), whereas the crystallite
size was calculated using Debye Scherrer eqn (2). This procedure

Membrane sample PVDF (wt%) DMAc (wt%) LiCl (wt%) TiO, (Wt%) NC (wt%)
S0-PVDF/NC 15 84.06 0.34 0 0.6
S1-PVDF/NC/TiO, 15 83.76 0.34 0.3 0.6
S2-PVDF/NC/TiO, 15 83.69 0.34 0.375 0.6
S3-PVDF/NC/TiO, 15 83.61 0.34 0.45 0.6
S4-PVDF/NC/TiO, 15 83.54 0.34 0.525 0.6
S5-PVDF/NC/TiO, 15 83.46 0.34 0.6 0.6
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was carried out in accordance with the ASTM F3419-22 (2022)
standard.*”

area of all the crystalline peak

Crystalline ind =
rystalline index (%) area of the crystalline + amorphous peaks

x 100
1)

k2.
b= pcost

2)

where, k: 0.94 (Scherrer constant); 2 = 1.5418 nm (X-ray wave-
length); f: line broadening at full width at half maximum
(FWHM) in radians.

2.3.4 Membrane porosity and mean pore measurement.
The membrane porosity (¢) was determined using the gravi-
metric method based on eqn (3).*°

(me - de)
pwater
() + Gon)
Pwater PPVDF

where, wym,: weight of wet membrane (g), wqm: weight of dry
membrane (g), pwater: density of water (0.998 g cm™?) and ppypy:
density of PVDF polymer (1.740 g cm ™).

Meanwhile, the mean pore size of the membrane was
calculated following the Guerout-Elford-Ferry equation.*! The
mean pore radius was obtained from eqn (4) and the mean pore
diameter was determined by multiplying the value of the mean
pore radius by two (eqn (5)).

e% =

x 100 (3)

(2.9 — 1.75¢) x 8nlQ
ex Ax AP

Mean pore radius = \/ (4)
where, &: membrane porosity (%), n: water viscosity (0.00089 Pa s),
I: membrane thickness, Q: volume of water permeation (m> s~ %),
A: effective area of membrane and A: pressure applied (Pa).

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

2.3.5 Ultraviolet-visible (UV-vis) spectroscopy for dye
removal concentration analysis. Approximately 5 mL of the
sample was pipetted onto the UV-vis cuvette and then placed
into the UV-vis spectrophotometer for analysis. The wavelength
was set between 500 to 700 nm for MB dye solution. A calibra-
tion curve was developed using reference compounds of known
concentration (0.1, 0.2, 0.5, 1.0 ppm of MB). The test was
performed in accordance with the ASTM E169-16 (2022).*>

2.4 PVDF/NC and PVDF/NC/TiO, nanocomposite membrane
performance evaluation

The study was conducted in three successive procedures to
evaluate their water permeability and methylene blue (MB)
dye selectivity with experimental conditions detailed in each
subsection.

2.4.1 Nanocomposite membrane water permeation flux
analysis. Each flat sheet nanocomposite membrane sample
measuring 4.4 cm in diameter was cut and placed onto the
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Fig. 1 Schematic diagram of the water filtration system.

membrane holder of the water filtration machine, as displayed
in Fig. 1. The membrane was secured by tightening a rubber
O-ring around it, which held the membrane in place and locked
the membrane into position using the membrane holder cover.
This machine featured an effective membrane filtration area of
1.52 x 10~* m?. Initially, the membrane was pre-compressed
for 30 minutes at 2 bar pressure to allow for a stable flux before
the actual measurements commenced. Afterward, the pressure
was reduced to 1 bar and the volume of the permeate was
recorded every 10 minutes for a 70-minute analysis. The applied
pressure in the system served as the driving force for water
permeation through the membrane. The water permeation flux
resulting from the application of the subjected membrane was
calculated by determining the ratio of permeate volume to
permeation time, following eqn (6).*' Each membrane sample
was subjected to five water permeation flux tests in order to
determine their average and standard deviation.

14

W= AT (©)

where, J: pure water permeation flux (L m~> h™'), V: permeate
volume (m®), A: effective area of membrane (m®) and AT:
filtration time (h).

2.4.2 Nanocomposite membrane dye removal analysis. MB
dye with a concentration of 1 ppm was used in the study as the
feed for the membrane removal test analysis. The initial
dye concentration was confirmed using a UV-160 UV-Vis-NIR
spectrophotometer (Shimadzu Scientific Instruments, Inc.,
Tokyo, Japan). Upon starting the experiment, 1000 mL of
1 ppm MB dye solution was poured into the solution tank
and the pressure applied on the membrane was set to 1 bar at
room temperature. The permeate (/) was collected and its
volume was recorded at 10-minute intervals for a 70-minute
analysis. The dye removal ratio (R) was determined using
eqn (7).** Each membrane sample was subjected to five dye
removal tests in order to determine their average and standard
deviation.

%R:(l—%)xloo (7)

i
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Fig. 2 Experimental setup for photocatalytic activity.

where, R: dye removal ratio (%), Cg: final MB dye concentration
(mg L"), C;: initial MB dye concentration (mg L™").

2.4.3 Nanocomposite membrane antifouling performance.
After the MB dye removal test, each nanocomposite membrane
was subjected to photocatalytic activity in the presence of UV
light irradiation, as illustrated in Fig. 2. This procedure was
carried out to evaluate the self-cleaning performance of the
nanocomposite membrane. Initially, the used nanocomposite
membrane after the dye removal test was submerged in a Petri
dish containing 50 mL of DI water which was then exposed to a
100 W UV light irradiation, positioned 5 cm just above the
membrane surface for 24 hours in a dark space. The cleaned
nanocomposite membrane was subsequently subjected to
another water permeation flux (Jy,) test for a second time with
constant operating conditions as previously mentioned. The
flux recovery ratio (FRR) of the nanocomposite membrane was
calculated using eqn (8).** The dye removal test was repeated 5
times for each membrane to ensure the accuracy of the result.

Jw2
FRR = (22 x 100% (8)
Jw
(1) PVDF
—(2) TiO2
110
%T
105
CH»
; CF: cc
) i E 1
100 ! ; '
95 5
2)
%0 2
|
85
1000 3000 2000 1500 1000 500

Wavenumber (cm™)

View Article Online

Paper

where, Ji: initial pure water permeation flux (L m~> h™"),
Jwo: pure water permeation flux after photocatalytic activity.

3. Results and discussion
3.1 The FTIR analysis of the nanocomposite membranes

The FTIR spectra of the main materials used to fabricate
nanocomposite membranes are shown in Fig. 3(a) and (b),
while Fig. 4 shows the functional groups present in PVDF/NC
and PVDF/NC/TiO, nanocomposite membranes. Based on the
analysis in Fig. 3(a), the peaks detected at a wavenumber of
875.68 cm ' and 1174.65 cm ™' revealed the stretching vibra-
tion of C-C and CF, of PVDF.** Meanwhile, the appearance of
the peak at 1396.46 cm™' signified the bending vibration of
CH, in the PVDF polymer.*" The aforementioned peaks became
more pronounced in Fig. 4 when incorporating both nanocel-
lulose and TiO, into the PVDF matrix, which resulted in
enhanced interaction and consequently led to improved struc-
tural integrity. In Fig. 4, all nanocomposite membranes
labeled S1-S5 exhibited distinct bands at 839 cm™" and showed
a slightly deviated peak at 879 cm ™' compared to the previous
peak that appeared at 875.68 cm™ ' in Fig. 3(a). These peaks
corresponded to the robust vibrational bands characterizing
the p phase of PVDF, which correlated with the XRD results
shown in Fig. 6. According to the literature, the solvent-casting
approach of PVDF nanocomposite membranes prepared using
a dipolar aprotic solvent such as DMac has resulted in the
formation of a predominant -phase membrane structure.*"*?
One of the influencing factors was the retention of residual
solvent within the PVDF nanocomposite matrix, which signifi-
cantly affected the membrane crystalline structure.*>*® The
impact was evident in a study using hexamethyl phosphora-
mide (HMPA), where the initial stage of the membrane drying
process left a significant solvent residual of 71%, resulting
in the formation of a B-phase membrane.”> However, the

—Bamboo
nanocellulose

5 OH

CH

[§)

1 OH

0.5

4000 3000 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3 FTIR spectra of (a) PVDF pellet and TiO, nanoparticles and (b) bamboo nanocellulose.
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Fig. 4 Comparison between the FTIR spectra of PVDF/NC and PVDF/NC/TiO, nanocomposite membranes with varying TiO, loading.

crystalline structure of the membrane gradually changed as the
percentage of residual solvent was reduced.

In Fig. 3(a) and (b), an absorption peak within the spectral
range of 3700-2995 cm ™' signified the presence of hydroxyl
(OH) stretching vibrations of alcohol or phenol within the TiO,
nanoparticles and bamboo nanocellulose. In the TiO, nano-
particles, the detected OH stretching vibration peak was iden-
tified as a free radical OH species without hydrogen bonding.*”
The existence of these free hydroxyl radicals played an impor-
tant role in initiating the photocatalytic activity of TiO, nano-
particles within the developed nanocomposite membrane.
Their presence facilitated the breakdown of organic pollutants
in wastewater when subjected to light sources during the
membrane treatment process.’® Meanwhile, the detection of
OH stretching vibration in bamboo nanocellulose samples was
common due to the presence of hydroxyl groups attached to the
carbon backbone in the glucose units.""*° The band observed
at 2891 cm ' was assigned to the symmetrical stretching
vibration of the C-H bond in the fiber samples.>® This peak
was found to represent the general organic components in
polysaccharide samples.”® Fig. 3(b) detects another hydroxyl
functional group at 1651 cm™ . This peak corresponded to the
hygroscopic nature of nanocellulose, which contributes to the
hydrophilicity characteristics of the developed PVDF/NC/TiO,
nanocomposite membrane, thereby enhancing water perme-
ability through the membrane.”>>*

The FTIR spectra depicted in Fig. 4 provided a comparative
analysis between PVDF/NC and PVDF/NC/TiO, nanocomposite
membranes. Similar trends were observed across all nanocom-
posite samples labeled S0-S5. The incorporation of NC and
TiO, into the PVDF matrix induced an O-H stretching vibration
at 3525 cm~ ' in the nanocomposite membrane samples. This
distinctive peak signaled the presence of hydrophilic additives

7622 | Mater. Adv, 2024, 5, 7617-7636

within the fabricated membrane structure. Apart from that,
peaks within the range of 839 cm ™' to 1402 cm ™" became more
pronounced compared to the peak shown by the PVDF pellet in
Fig. 3(a). These peaks corresponded to the functional groups
associated with the stretching vibration of C-C, CF, and CH,
which were influenced by the dipolar interaction between the
PVDF polymer and the organic solvent DMac during the
dope solution preparation.”® A similar absorption band at
3745.70 cm~ ' was observed in both PVDF/NC and PVDF/NC/
TiO, nanocomposite membranes. This band was attributed to
the treatment approach of bamboo nanocellulose.'™*® This
treatment introduced new functional groups of N-H on the
surface of nanocellulose, which play a significant role in
improving the compatibility barrier between nanocellulose
and the PVDF matrix. Hence, the combination of the hydro-
philic characteristics of nanocellulose and its improved surface
chemistry holds excellent potential in minimizing the fouling
issues encountered in a membrane system.”’

3.2 The FESEM and EDX analysis of the nanocomposite
membranes

The surface and cross-sectional morphologies of the PVDF/NC
and PVDF/NC/TiO, nanocomposite membranes featuring vary-
ing percentages of TiO, nanoparticles are presented in Fig. 5
and 6 using field emission scanning electron microscopy
(FESEM) analysis, respectively. Based on the analysis, all
membrane surface morphologies showed interconnected pat-
terns where both open pores and cracks were visible. The
surface morphologies presented in Fig. 5 exhibited several
cracks dispersed across the surface that possibly resulted
from unintended stress during the membrane fabrication.
The presence of pores was further confirmed by the cross-
sectional images shown in Fig. 6, which highlighted the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FESEM images of membrane surface configurations at 10 000x
magnification: (a) SO-PVDF/NC, (b) S1-PVDF/NC/TiO,, (c) S2-PVDF/NC/
TiO,, (d) S3-PVDF/NC/TiO,, (e) S4-PVDF/NC/TIO,, (f) S5-PVDF/NC/TiO,.

Fig. 6 FESEM images of membrane cross-sectional configurations
at 1500x magnification: (a) SO-PVDF/NC, (b) S1-PVDF/NC/TiO,, (c) S2-
PVDF/NC/TiO,, (d) S3-PVDF/NC/TiO,, (e) S4-PVDF/NC/TiO,, (f) S5-PVDF/
NC/TiOs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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formation of the pores at the bottom surface of all membranes.
The formation of open pores at the top layer of the membrane
was accelerated by the inclusion of lithium chloride (LiCl),
which served as the pore-forming additive altering the solvent-
non-solvent exchange rate during the membrane phase inver-
sion process.’®® Fig. 5(a) displays the pristine SO-PVDF/NC
membrane without TiO, loading. A notable distinction was
observed in the surface morphology of the nanocomposite
membrane S5-PVDF/NC/TiO, in Fig. 5(f), which had the highest
percentage of TiO, nanoparticle loading. In particular, some
spots covered with a layer of TiO, over the substrate were
evident in the image representing S5-PVDF/NC/TiO,. This
observation was attributed to the non-uniform dispersion of
the TiO, nanoparticles as the percentage of TiO, loadings
increased, thereby causing agglomeration issues. The presence
of the TiO, nanoparticles on the surface morphology of the
respective nanocomposite membrane was confirmed by the
energy dispersive X-ray spectroscopy (EDX) analysis which is
shown in Table 2. In contrast, the other PVDF/NC/TiO, nano-
composite membranes shown in Fig. 5(b)-(e) exhibited a less
prominent appearance of TiO, loadings on their membrane
surfaces due to the filling density of TiO, in the PVDF matrix
being low. The absence of significant agglomeration indicated
that the TiO, nanoparticles were evenly distributed throughout
the nanocomposite membrane.

In the cross-sectional images presented in Fig. 6(a)-(f),
various finger-like structures were observed within the mem-
brane upper layer, followed by a highly porous support layer
resembling a honeycomb structure. This structural configu-
ration resulted in an asymmetrical membrane structure with
different pore sizes and porosities, as displayed in Table 2. The
formation of these structural features was influenced by the
inflow of non-solvent into the membrane during the phase
inversion process, affecting their demixing rate.®*"®> Taking
into account the incorporation of 4 wt% hydrophilic nanocel-
lulose greatly improved the performance of the developed
membrane, especially in terms of enhancing the phase inver-
sion rate and water permeation in contrast to a pristine
membrane.®*** Numerous studies have emphasized the advan-
tages of nanocellulose in endowing an abundance of -OH
functional groups in membrane systems.'"*>"®” This provision
of -OH functional groups has been shown to result in an
enhancement of membrane water affinity.°®®® The inclusion
of nanocellulose as a reinforcing filler in polymer membrane
systems effectively minimized fouling issues associated with
hydrophobic foulants on the membrane.”””" Moreover, the
incorporation of hydrophilic nanocellulose also facilitated
rapid non-solvent diffusion into the cast membrane during
the solidification process, which caused the appearance of two
distinct macrovoids with varying shapes and sizes followed by
microvoids underneath as displayed in Fig. 6(a) with a low total
membrane porosity of 76.07% compared to others as reported
in Table 2. Although this finding contributed to a favorable
non-solvent diffusivity outcome, it also caused the formation
of a complex membrane network comprising straight finger-
like structures as well as shrinkage and irregularly slanted
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Table 2 Characteristics of the PYDF/NC and PVDF/NC/TiO, nanocomposite membranes

Sample Mean pore size (um) Porosity (%) Average thickness (um)
S0-PVDF/NC 4.88 x 107° 4+ 0.05 76.07 + 3.68 4.433 x 1078
S1-PVDF/NC/TiO, 4.98 x 107° + 0.07 76.59 + 4.67 4133 x 1078
S2-PVDF/NC/TiO, 4.73 x 107% 4+ 0.03 77.84 £ 1.05 4.633 x 10°°
S$3-PVDF/NC/TiO, 4.70 x 1073 4+ 0.05 79.68 + 0.65 4.433 x 10°°
S4-PVDF/NC/TIO, 4.79 x 1072 + 0.06 80.15 + 2.38 4.633 x 1078
S5-PVDF/NC/TiO, 4.93 x 107% 4+ 0.04 83.09 + 0.89 4.433 x 1078

macrovoids. Such slanted macrovoid structures formed as a
consequence of the non-uniform evaporation which induced
differential expansion.”” This issue hindered water permeation
through the membrane by creating a barrier to water passage
and somehow caused fouling. As a result, the incorporation
of varying percentages of TiO, loading into PVDF/NC nano-
composite membrane systems was considered to address this
concern. The introduction of TiO, nanoparticles offered photo-
catalytic properties and quantum-confined superfluid (QSF)
channels within the PVDF/NC/TiO, matrix.”?

Different pore configurations were observed upon incorpor-
ating varying percentages of TiO, loadings ranging from 1 wt%
to 5 wt% into the nanocomposite membrane system. In parti-
cular, the addition of 1 wt% TiO, in the S1-PVDF/NC/TiO, as
shown in Fig. 6(b) has notably elongated the finger-like pore
formation with the absence of slanted macrovoid structures
within the nanocomposite membrane. The addition of these
hydrophilic inorganic nanoparticles has reinforced the mem-
brane structure by increasing the porosity of the membrane
from 76.07% to 76.59% as well as enhancing its stability.”* This
enhancement was achieved through the homogeneous distri-
bution of TiO, nanoparticles within the membrane matrix
which allowed adjustment of the pore structure by forming
numerous empty voids on the membrane. These voids poten-
tially enhance the adsorption of contaminants during the
membrane application. The study observed that increasing
the TiO, loadings further enlarged both the width and size of
the finger-like pore channels as shown in Fig. 5(c)—(f), respec-
tively. This observation was attributed to the increase in the
demixing rate, which subsequently improved the structural poro-
sity of the respective membrane as documented in Table 2. The
effect of incorporating both nanocellulose and TiO, nanoparticles
has imparted various benefits, making them suitable candidates
for diverse wastewater treatment applications.

The notable advantage attributed to their compatibility was
the enhanced homogeneity in dispersion, which resulted in
improved pore channel development.”> As observed in the
cross-sectional images of the PVDF/NC/TiO, nanocomposite
membranes in Fig. 6, the confirmation of uniform distribution
of nanocellulose and TiO, nanoparticles within the PVDF
matrix indicated the absence of nanoparticle agglomeration.
The uniform dispersion of these nanoparticles facilitated the
consistent development of finger-like pore structures due to the
homogeneous exchange rate of DMAc solvent and non-solvent.
Additionally, the inclusion of LiCl into the dope solution also
synergistically enhanced the inflow of non-solvent into the
membrane system during the solidification process as it aided

7624 | Mater. Adv., 2024, 5, 7617-7636

in developing additional pores in the membrane structure.’®>°

The observed result aligned with previous literature findings,
which also showed the development of porous membranes with
large cavities on their cross-sectional images when LiCl was
incorporated during the membrane development phase.”®
Moreover, the optimal concentration of LiCl can initiate a
dynamic interplay between both thermodynamic instability
and kinetic effect factors during membrane solidifica-
tion.>>”®”” LiCl was highly soluble in DMAc solvent and upon
immersion of the casted nanocomposite membrane in the
coagulation bath containing non-solvent, an instantaneous
liquid-liquid demixing process occurred in which both DMAc
solvent and LiCl were rapidly removed from the membrane
system.

However, it is important to highlight that the addition of
TiO, loadings was beneficial only up to a certain percentage
limit, as beyond this could lead to the development of distorted
pores which negatively affect the membrane performance.*~*7®
This scenario was evident in Fig. 6(f), where numerous distorted
macrovoid pores were observed attributed to the increase in dope
solution viscosity. The increase in dope solution viscosity was due
to the addition of 5 wt% of TiO, to the S5-PVDF/NC/TiO, nano-
composite membrane, which caused agglomeration of TiO, due to
the increased ratio of solute-to-solvent, and the formation of
numerous open pores on its surface. Consequently, the increase
in dope solution viscosity led to a noticeable delay in the demixing
process of the solvent and non-solvent exchange rate.””® This
delay significantly influenced both the thermodynamic and kinetic
parameters as the time taken was prolonged for pore formation.®'
The extended exposure of the casted membrane to the non-solvent
caused pore growth and nucleation on the membrane surface
which further impacted the physical properties of the membrane,
particularly its morphology and thickness.

The elemental composition analysis shown in Table 3 pro-
vided additional confirmation of the elements present on the
surface of the nanocomposite membrane. Based on the data
analysis, all samples recorded the highest elemental percentages
of carbon (C) and fluorine (F) as they were the major elements in
PVDF polymer.®>** This result provided valuable insights into the
correlation between the C and F elemental composition with the
identified C-F bond in the FTIR analysis. The analysis showed that
the incorporation of TiO, loadings into the nanocomposite
membrane increased proportionally with the elemental composi-
tion of titanium (Ti) and oxygen (O). However, the highest incre-
ment in percentages of Ti and O elements in S5-PVDF/NC/TiO,
resulted from the poor distribution of TiO, nanoparticles as
displayed in Fig. 3(k) of the FESEM result.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 EDX analysis of the controlled PVDF/NC and PVDF/NC/TiO,
nanocomposite membranes with varying TiO, compositions

Elemental (%)

Membrane sample C o F Ti

S0-PVDF/NC

S1-PVDF/NC/TiO,
S2-PVDF/NC/TiO,
S3-PVDF/NC/TiO,
S4-PVDF/NC/TiO,
S5-PVDF/NC/TiO,

57.43 £ 0.03 4.18 + 0.02 38.39 + 0.04 —

55.10 & 0.02 5.28 4 0.02 38.19 £ 0.04 1.43 £ 0.01
53.93 £ 0.02 5.68 £ 0.02 37.50 £ 0.04 2.89 £ 0.01
53.57 £ 0.02 5.53 £ 0.02 38.00 £ 0.04 2.90 £ 0.01
53.23 £+ 0.02 5.30 £ 0.02 38.55 £ 0.04 2.92 £ 0.01
52.57 £ 0.02 6.85 £ 0.02 36.65 £ 0.04 3.93 £ 0.01

3.3 Crystallographic analysis of the nanocomposite
membrane

The displayed graphical representation in Fig. 7 showed a
comparative visualization of the crystallinity and crystallo-
graphic structures of the PVDF/NC nanocomposite membrane
and the impact of varying loading percentages of TiO, on the
XRD profile of the PVDF/NC/TiO, nanocomposite membrane.
Based on the literature, PVDF is classified as a semicrystalline
polymer consisting of multiple crystalline phases a, B, vy and
5.8485 Among these, the o and B phases are the most commonly
detected in studies related to pristine PVDF membranes, which
typically have XRD diffraction peaks at angles of approximately
18° and 20°.%7% The analysis in Fig. 7 showed that the addition
of nanocellulose resulted in the prominence of the B-phase as
evidenced by the XRD profile of the PVDF/NC nanocomposite
membrane. The crystallinity of the nanocellulose was improved
with the addition of LiCl in the membrane system during the
dope solution preparation.’® The XRD diffraction pattern of the
controlled membrane PVDF/NC revealed a distinct peak at
20.43°, which corresponded to the (110) crystal planes of
the PVDF B-phase. An additional peak appeared in samples
incorporating TiO, nanoparticles, which corresponded to the
reflections at 25.12°, 25.15° and 25.13°. These identified peaks
confirmed the existence of the TiO, anatase phase with the

View Article Online

Paper

(101) crystal plane that contributed to the antifouling proper-
ties in the developed PVDF/NC/TiO, membrane.**

Based on the observations, the increase in TiO, loadings
resulted in an intense diffraction peak intensity at 25°, which
indicated an improved interaction between the functional
groups of PVDF, nanocellulose and TiO, associated with its
deposition. In correlation with the discussion, the crystallinity
percentages of the sample increased proportionally with the
rising loadings of TiO,. For instance, the inclusion of 1 wt% of
TiO, in the S1-PVDF/NC/TiO, system enhanced the crystallinity
percentages from 16.86% to 26.48%, followed by 41.92% for the
sample S5-PVDF/NC/TiO,. Among all nanocomposite samples,
S5-PVDF/NC/TiO, revealed the highest crystallinity in the
membrane, which indicated a more structured and ordered
sample representation. This was attributed to the abundance of
TiO, nanoparticles on the membrane surface which affected
the phase inversion dynamics during the fabrication process
that led to a more pronounced rearrangement of the PVDF
chains. According to the literature, an increase in the crystal-
linity index of a membrane has the potential to improve its
performance in various applications.*®*"*> Improved crystal-
linity fosters strong interfacial interactions within the
membrane matrix, which demonstrates excellent pore-forming
capabilities.®® In this study, it was observed that the increase in
crystallinity index corresponded to an increase in the average
crystallite size. However, this correlation was complex as it
could vary depending on several factors as some studies have
found that the crystallinity index was independent of crystallite
size.”® The average crystallite size was analyzed using the Debye
Scherrer equation as shown in eqn (2).

3.5 Performance evaluations and comparative analyses of the
nanocomposite membrane

3.5.1 Water flux analysis of the nanocomposite mem-
branes. Water flux was examined to evaluate the permeability

Crystallinity = 41.92%
5000 20.51 Avg crystallite size = 24.21nm
. S5- PVDF/NC/TiO2
4000_ L PR i NPP——— I.,«’,;»
Crystallinity = 39.43%
P Aveg crystallite size = 19.63nm
S 3000 s e S CEVDENGINGE
- inity = 37.50% - .
allite size = 18.71
-‘.i:. Mmi“‘i:’:hllk. size nm S3: PYD’F’/“NC/:[‘“OZ
8 Crystallinity = 29.59%
o 2000 - 25.12 Ave crystallite size = 17.71nm
=
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20.4 Crystallinity = 26.48%
L 25.12 Avg crystallite size = 17.40nm
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Fig. 7 XRD analysis of PVDF/NC and PVDF/NC/TiO, nanocomposite membranes with varying TiO, loading percentages.
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Fig. 8 Comparative water flux analysis of PVDF/NC and PVDF/NC/TiO,
nanocomposite membranes across varied TiO, loading percentages.

rate through novel fabricated nanocomposite membranes by
measuring the amount of permeate collected per membrane
surface area over time at 1 bar while observing the effect
of varying the TiO, nanoparticle loadings in the membrane
system. Based on the analysis presented in Fig. 8, the incor-
poration of TiO, into the nanocomposite membrane system
significantly improved water permeation in contrast to the
SO0-PVDF/NC membrane. The analysis revealed a proportional
relationship between TiO, loading incorporated into the
(S1-S5)-PVDF/NC/TiO, nanocomposite membrane and the water
permeation flux passed through the membrane. This finding
showed a promising outcome, as the addition of TiO, nano-
particles had contributed to the formation of a homogeneous
nanocomposite membrane structure with enhanced properties
and productivity. By considering the addition of 1 wt% TiO,
nanoparticles to the PVDF/NC matrix, the water permeation
of the respective nanocomposite membrane increased from
234.06 Lm > h ™" to 256.76 L m > h™ ! within the first 10 min-
utes. This enhancement was due to the development of numer-
ous elongated finger-like pore channels within the S1-PVDF/
NC/TiO, nanocomposite membrane as displayed by the FESEM
result, which allowed more water to permeate through it.
Further enhancement of the water permeation flux was
noticed with the additional amount of TiO, nanoparticles to
268.99 L m > h™" (2 wt% Ti0,), 274.23 Lm > h™" (3 wt% TiO,),
301.31 Lm > h™" (4 wt% TiO,) and 312.66 L m > h™" (5 wt%
TiO,), respectively. Numerous studies have supported the cur-
rent finding, which distinguished that the presence of different
hydrophilic additives initiated a synergistic effect in the pris-
tine PVDF membrane, enhancing the membrane hydrophilicity
behavior and consequently improving flux rates and antifoul-
ing performance.”*?*> This outcome aligned with the expecta-
tions which correlated to the findings presented in Table 2. The
porosity percentage of the nanocomposite membrane showed
improvement, progressing from 76.07% for PVDF/NC to 76.59%
(S1-PVDF/NC/TiO,), 77.84% (S2-PVDF/NC/TiO,), 79.68% (S3-PVDF/
NC/TiO,), 80.15% (S4-PVDF/NC/TiO,) and reaching 83.09% for
sample S5-PVDF/NC/TiO,. The analysis also revealed that the
system reached a steady flux state within a 30 to 40-minute
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timeframe with the reduction not exceeding 15% from the
initial values. Based on studies, this finding is typically asso-
ciated with an ultrafiltration membrane compared to a micro-
filtration membrane.”®®”

It was also found that the rate of water permeation flux by
the developed PVDF/NC/TiO, nanocomposite membranes was
comparable to the existing literature. The water permeation
flux in the present study exceeded that reported for cellulose
acetate/TiO, (CA-TiO,) membrane systems with 17.5 wt% poly-
mer and 20 wt% TiO, compositions, despite these material
compositions being higher than the designed compositions
used in this study. The result revealed that the maximum
achieved water permeation rate was 47.42 L m~ 2 h™*.%% Another
study examined the impact of incorporating two similar hydro-
philic additives, namely nanocellulose and TiO, nanoparticles
using silane-modified TiO, nanoparticles, which resulted in a
permeate flux of approximately 2.5 L m~> h™", lower than that
of the present study.** Based on the literature, the low water
permeation rate was ascribed to the modification, which
initiated pore blocking and increased resistance in mass trans-
fer. However, the developed membrane exhibited an outstand-
ing salt removal performance as it was able to remove 97.7%.
Moreover, another study recorded similar water flux rates when
incorporating chitosan cellulose and 30 wt% TiO, nano-
particles into the PVDF membrane.’® The introduction of these
two hydrophilic additives enhanced the capillary-driven water
volume to 6.39 L due to the formation of nanoporous structures
within the membrane which consequently caused a high water
permeation rate.

3.5.2 MB dye removal analysis of nanocomposite mem-
branes. In order to comprehensively evaluate the separation
efficacy of the fabricated PVDF/NC and PVDF/NC/TiO, nano-
composite membranes, a series of MB dye removal tests were
conducted with an initial concentration of 1 ppm. Each sample
was meticulously repeated five times to obtain the average
values as presented by the line graph in Fig. 9. Upon analysis,
it was observed that the result obtained for dye removal flux
was lower than the water flux analysis with the highest dye
removal flux achieved by sample S3-PVDF/NC/TiO, (70 Lm >h ™),

80
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Fig. 9 Comparative dye removal flux analysis of PVYDF/NC and PVDF/NC/
TiO, nanocomposite membranes across varied TiO, loading percentages.
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Fig. 10 Analysis of MB dye removal percentages using PVDF/NC and
PVDF/NC/TiO, nanocomposite membranes across varied TiO, loading
percentages.

followed by S4-PVDF/NC/TiO, (56 L m~> h™"), S2-PVDF/NC/TiO,
(54 L m~? h™"), S5-PVDF/NC/TiO, (51 L m > h™"), SO-PVDF/NC/
TiO, (42 L m~> h™") and S1-PVDF/NC/TiO, (34 L m~> h™") in the
first 10-minute run. This result was correlated with the MB
removal percentages shown in Fig. 10 and corresponded to the

View Article Online

Paper

dye color variations shown in Table 4. In the first 10-minute run,
S3-PVDF/NC/TiO, demonstrated exceptional performance with a
remarkable MB removal percentage of 98%. The dye removal rate
was significantly higher than that of S1-PVDF/NC/TiO, and S2-
PVDF/NC/TiO,, with removal percentages of 82% and 92%, respec-
tively. Impressively, this high removal rate of S3-PVDF/NC/TiO,
persisted even after a 30-minute run, demonstrating the nano-
composite membrane effectiveness over time. The nanocomposite
initially rejected 98% of MB dye and only slightly decreased to 96%
after a 70-minute investigation. This consistent trend underscored
the effectiveness of the membrane in the removal of dye pollutants
owing to its antifouling properties.

Based on a comparative analysis, the finding from S3-PVDF/
NC/TiO, revealed a slightly higher removal rate compared to
the result of using modified PVDF with 2,2,6,6-tetramethyl-
piperidine-11-oxyl-oxidized cellulose nanofiber (TCNF-PVDF),
which exhibited a removal percentage of 95.1%.° According
to the researchers, the introduction of TNCF aided in enhan-
cing the hydrophilic behavior of the membrane as well as
imparting more surface charges in the membrane matrix. This
statement supported the present finding, where increasing
the dosage of TiO, nanoparticle loadings to 3 wt% as well as
the presence of nanocellulose significantly contributed to the

Table 4 Membrane illustration and dye collection dynamics before and after photocatalytic treatment

Sample

Membrane condition pre-photocatalytic treatment Dye collection over time Membrane condition post-photocatalytic treatment

SO0-PVDE/NC

S1-PVDF/NC/TiO,

S2-PVDF/NC/TiO,

S3-PVDF/NC/TiO,

S4-PVDF/NC/TiO,

S5-PVDF/NC/TiO,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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improvement of surface functionalization in the nanocompo-
site membrane due to the abundance of hydroxyl (-OH) func-
tional groups.'® These hydroxyl functional groups facilitated
the adsorption of cationic organic polar pollutants, particularly
MB dye. According to the literature, membrane surface charge
was highlighted as one of the important parameters to consider
for the selective removal of pollutants."®**® For instance,
increasing the dosage of TiO, nanoparticles imparted more
negative charges on the surface of the nanocomposite
membrane, which in turn improved the membrane hydrophi-
licity behavior. This surface modification resulted in a higher
adsorption percentage of cationic MB dye upon contact with
the nanocomposite membrane due to the strong electrostatic
attraction and mn-r stacking interaction between the MB dye
molecules.'® The adsorption was further enhanced with the
presence of hydrogen bonding in the system.'°

Moreover, the inclusion of nanomaterials themselves char-
acterized by a high surface area led to increased adsorption
capacity on the active sites of the material.”>”%%571%7 The
presence of nanocellulose provided more available unoccupied
sites for capturing MB pollutants through van der Waals
interaction, which enhanced the movement and distribution
of MB dye molecules to the surface of the respective nano-
composite membrane, thereby improving the overall perfor-
mance."* Due to the high MB removal percentage by S3-PVDF/
NC/TiO,, the collected MB dye permeates as displayed in
Table 4 exhibited clearer color variation compared to the
controlled sample SO-PVDF/NC, which had a removal percen-
tage of only 88.8%. Based on the observation, it can be deduced
that the inclusion of both nanocellulose and TiO, nano-
particles, two distinct hydrophilic additives, exceeded the
impact of incorporating a single hydrophilic additive. This
analysis was also acknowledged by other researchers in their
respective studies.'®®'%® The synergistic effect of this combi-
nation facilitated enhanced pore development which resulted
in numerous additional void generations.'°® These voids pro-
vided more vacancies for the adsorption of MB dye pollutants.
A similar finding was reported by other researchers, indicating
that the presence of numerous voids enhanced the capacity for
capturing and removing pollutants from the subjected waste-
water, while also bolstering its resistance to fouling.**'® Apart
from that, another factor that influenced the efficiency of MB
dye removal was the physicochemical properties of the nano-
composite membrane. The size of the developed pores played a
crucial role in selective filtration and separation processes by
determining which molecules could pass through while
restricting larger molecules. Based on the pore size analysis
from the previous section, SO-PVDF/NC exhibited a mean pore
size of 4.88 x 10~ % um, slightly larger than that of S3-PVDF/NC/
TiO, (4.70 x 10~ um). The larger pore size of SO-PVDF/NC
permitted some MB dye pollutants to pass through the
membrane as the size of the MB dye pollutants was smaller
than the respective nanocomposite pore size, thereby reducing
MB dye removal efficiency. This finding is supported by the
existing literature, which indicates that the selectivity of the
membrane is contingent upon both pore and pollutant sizes.*°
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Comparing the dye removal flux results of samples S5-PVDF/
NC/TiO, and S0-PVDF/NC, S5-PVDF/NC/TiO, favored a high dye
removal flux possibly due to the formation of larger pore size of
4.93 x 1073 um. However, the dye removal percentage of this
sample was lower than that of SO-PVDF/NC, initially rejecting
only 82.8% while the SO-PVDF/NC removal efficiency achieved
88.8%. In conjunction with the discussion related to the pore
size, a larger pore size could potentially lead to intermediary
pore blockage. A study stated that larger pore size entrapped
pollutants of similar size and blocked the membrane pores as
they deposited within the pores, forming pollutant accumula-
tions that consequently caused membrane fouling."'" This
problem resulted in a rapid reduction in MB dye removal flux
as demonstrated by samples SO-PVDF/NC, S5-PVDF/NC/TiO,
and S1-PVDF/NC/TiO, in Fig. 9."** In this study, the incorpora-
tion of TiO, nanoparticles into the nanocomposite membrane
system aided in addressing membrane fouling issues,
which typically increased the membrane efficiency and overall
lifespan.

3.5.3 Photocatalytic and antifouling properties analysis of
nanocomposite membranes. Based on the membrane visuali-
zation presented in Table 4 before and after photocatalytic
treatment, it was evident that the appearance showed a direct
relationship between the rate of photodegradation and the
loading percentages of TiO, nanoparticles in the nanocompo-
site membrane. The incorporation of TiO, nanoparticles into
membrane technology enhanced membrane fouling mitigation
and reduced the necessity for backwashing as this approach
often encountered difficulties in backwash recovery, especially
concerning productivity.'**** According to other researchers,
the inclusion of TiO, nanoparticles into their fabricated TiO,/
PVA PVDF membrane assisted in degrading the substantial
accumulation of protein molecules present on the surface of
their membrane, known as the fouling cake.® This contrasted
with the performance of their pristine PVDF membrane.
Similar to the current investigation, the absence of TiO, nano-
particles in the membrane system did not lead to any notice-
able difference in the appearance of MB dye pollutants on the
S0-PVDF/NC membrane surface."*® However, interestingly, the
introduction of a small quantity of TiO, nanoparticles seemed
to result in some degradation of MB pollutants. Based on the
study, the inclusion of 1 wt% TiO, in the PVDF/NC nanocom-
posite membrane subtly removed MB pollutants under UV light
irradiation.

The elevation in the loading percentages of TiO, nano-
particles further increased the decolorization of MB molecules
adhered to the surface of the nanocomposite membrane."'®
This improvement was achieved in the presence of UV light
irradiation, where TiO, which consists of an abundance of
active sites absorbed photons and triggered the generation of
electron-hole pairs.''” The excited photogenerated electrons
and holes participated in the redox reaction with the adsorbed
MB dye pollutants. The redox reaction caused the free electrons
(e7) to react with oxygen (O,) molecules and formed superoxide
radical anions (O,7), while the holes (h*) acted as oxidizing
agents and reacted with water molecules (H,O) and hydroxide

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ions (OH7) to form hydroxyl radicals (OH®). According to
studies, superoxide radicals also potentially contributed to
the generation of hydrogen peroxide (H,0,) when reacted with
water. The reactive species, including superoxide radicals (O, ),
hydroxyl radicals (OH "), hydrogen peroxide (H,0,) and oxygen
(0,) played a significant role in the degradation of MB dye
pollutants on the surface of the nanocomposite membrane,
which resulted in the generation of non-toxic compounds
including water (H,O), carbon dioxide (CO,) and mineral
acids'1177119

The antifouling property of the SO-PVDF/NC and (S1-S5)-
PVDF/NC/TiO, nanocomposite membranes, flux recovery rate
(FRR), was identified to provide insights into the performance
of the nanocomposite membrane after being subjected to the
various filtration processes. Based on Fig. 11, the S5-PVDF/NC/
TiO, nanocomposite membrane showed the highest flux recov-
ery rate compared to the others, followed by S4-PVDF/NC/TiO,,
S3-PVDF/NC/TiO,, S2-PVDF/NC/TiO,, S1-PVDF/NC/TiO, and
S0-PVDF/NC/TiO,, respectively. Within the first 30-minute
run, the recovery flux of all nanocomposite samples showed a
rapidly declining trend and then remained consistently linear.
The water recovery permeate flux exhibited by the S5-PVDF/
NC/TiO, nanocomposite membrane was approximately
270 L m ? h™" with an FRR of 93.65%, indicating a reduction
of 6.35% due to fouling. In comparison, the S4-PVDF/NC/TiO,
nanocomposite membrane recorded a reduction in recovery
flux of 245 L m~2 h™?, while the S3-PVDF/NC/TiO, and S2-
PVDF/NC/TiO, membranes recorded fluxes of 225 L m > h™*
and 214 L m 2 h™% The S1-PVDF/NC/TiO, nanocomposite
membrane exhibited a recovery flux of 176.42 L m~> h™* and
the lowest recovery flux was recorded by SO-PVDF/NC with a
permeate flux of 151 L m > h™'. The corresponding FRR
percentages for these membranes after being subjected to
photocatalytic activity were comparably high compared to other
results reported by other researchers, with values of 93.35%,
89.78%, 89.58%, 78.9%, and 70.32%, respectively. In general,
higher percentages of FRR indicated better self-cleaning and
antifouling properties.'*®**°

.min)

Recovery Flux (L/m

Time (min)
—Q—S1-PVDF/NC/TiO2 —#&—S2-PVDF/NC/TiO2
—£-S4-PVDF/NC/TiO2 —%-S5-PVDF/NC/Ti02

- S3-PVDE/NC/TiO2
SO-PVDE/NC

Fig. 11 Recovery water flux rates of nanocomposite membranes post-
photocatalytic activity.
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The synergistic effect of combining Mg(OH), with rice husk
silica for humic acid (HA) removal presented a substantial
finding with an FRR percentage of 84.07% compared to the
membrane with a single additive showing an FRR of 30.87%."°®
This observation effectively supported the current findings
regarding the outstanding antifouling properties when incor-
porating both NC and TiO, to boost their synergies in resisting
fouling, thereby maintaining longevity in practical applica-
tions. A study showed that the antifouling properties of a PVDF
membrane were improved by incorporating commercial cellu-
lose nanocrystals (CNC), which imparted more active sites on
the membrane.®® The study reported an FRR of <85% with a
high permeation flux under a 100 kPa operating pressure.
The mean pore size of the subjected membrane was found
to be 30 nm, larger than the mean pore size of the fabricated
S0-PVDF/NC and (51-S5)-PVDF/NC/TiO, nanocomposite mem-
branes. However, in comparison with the present study, the
FRR result of the PVDF membrane modified with commercial
cellulose nanocrystals (CNCs) was still low. Conversely, another
study focused on chemical modification to improve membrane
hydrophilicity and antifouling properties via polyethyleneimine
(PEI) amination and poly(methyl vinyl ether-alt-maleic anhy-
dride) modification."”" The result surpassed others, achieving
an FRR of 97% with bovine serum albumin (BSA) rejection.
However, the complexity and potential toxicity risk associated
with high concentrations of PEI may pose difficulties to prac-
tical implementation in wastewater treatment. Based on the
overall findings gleaned from published studies related to
pristine PVDF membrane and PVDF membrane modified with
various types of hydrophilic additives, a notable observation
was made where most of the studies recorded FRRs of less than
90% and some lacked a comprehensive evaluation of the
antifouling properties.®*°>'°*'**> Instead, the predominant
focus of these studies was directly on membrane morphology,
composition compatibility and filtration performance.

4. Conclusion

This study elucidates the nuanced interactions and enhance-
ments in PVDF/NC and PVDF/NC/TiO, nanocomposite mem-
branes, revealing significant advancements in membrane
technology for wastewater treatment. The integration of NC
and TiO, nanoparticles within the PVDF matrix significantly
improves the structural, mechanical, and functional properties
of the membranes. The FTIR analysis confirms the presence of
functional groups that are pivotal in enhancing the interaction
between the PVDF matrix and the nanocomposite additives.
These interactions are further evidenced by XRD results, which
show an increase in crystallinity particularly evident in the
B-phase of PVDF, correlating with enhanced mechanical stabi-
lity and function. FESEM images provided detailed insights
into the morphological changes which revealed that lower TiO,
loadings resulted in well-dispersed nanoparticles, contributing
to the formation of a more porous and permeable membrane
structure. In contrast, higher TiO, loadings that exceeded the
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optimal limits led to agglomeration issues as evidenced in the
S5-PVDF/NC/TiO, membrane. The results deduce that opti-
mized loading of TiO, not only prevents pore blockage but also
promotes a high degree of crystallinity and pore formation,
directly enhancing the filtration efficiency. This is particularly
evident in the performance of the S3-PVDF/NC/TiO,, where the
inclusion of only 3 wt% of TiO, results in an outperforming MB
dye removal percentage of 98%, with a comparably high water
permeation flux of 274.23 L m > h™! and FRR of 89.78%. The
synthesis of PVDF/NC/TiO, nanocomposite membranes thus
presents a robust approach to addressing the challenges of
membrane fouling and efficiency in wastewater treatment
applications. The dual incorporation of NC and TiO, within
the PVDF matrix not only leverages the intrinsic properties of
each component but also synergizes their effects, thereby
enhancing the overall performance of the membrane system.
This study contributes to the ongoing development of advanced
membrane technologies, offering promising avenues for sus-
tainable and efficient environmental remediation solutions.

Abbreviations

NC Nanocellulose

FTIR Fourier transform infrared

ATR-FTIR Attenuated total reflectance-Fourier transform
infrared

FESEM Field emission scanning electron microscopy

XRD X-ray crystallography

EDX Energy-dispersive X-ray

UV-Vis Ultraviolet-visible spectroscopy

PI Process intensification
MB Methylene blue

CAS Chemical abstracts service
DI Deionized water

UNIMAS Universiti Malaysia Sarawak

NIPS Non-solvent-induced phase separation

PVDF/NC Polyvinylidene fluoride/nanocellulose

PVDF/NC/TiO, Polyvinylidene fluoride/nanocellulose/titanium
dioxide

S0 Sample 0

S1 Sample 1

S2 Sample 2

S3 Sample 3

S4 Sample 4

S5 Sample 5

AT Change of filtration time (h)

AP Change of pressure applied (Pa)

Jw Pure water permeation flux (L m~> h™")

1% Permeate volume (m?)

A Effective area of membrane (m?)

ppm Parts per million

Jms Permeate methylene blue

Jwa Pure water permeation flux after photocatalytic
activity

R Dye rejection ratio
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Ce Final concentration

C; Initial concentration

uv Ultraviolet

FRR Flux recovery ratio

ASTM American society for testing and materials
CH Crystalline index

D Debye Scherrer

K Debye Scherrer constant

FWHM Full width at half maximum

& Membrane porosity

Wwm Weight of wet membrane (g)

Wdm Weight of dry membrane (g)

Pwater Water density (g cm™?)

PPVDE Polyvinylidene fluoride density (g cm ™)
n Water viscosity

l Membrane thickness

Q Volume of water permeation (m® s™*)
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