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Abstract

Water pollution has remained a pressing global concern, particularly as access to
clean water becomes increasingly limited. Wastewater treatment plays a crucial role
in ensuring sufficient water can be supplied for daily needs. Membrane technology
has become a promising method in ensuring the efficiency of eliminating contami-
nants from the wastewater, whereby poly(vinylidene fluoride) (PVDF) is commonly
used in membrane fabrication. However, PVDF often faces limitations related to
fouling, hydrophobicity, and mechanical stability, which can affect its long-term
performance. To overcome these limitations, this research aims to develop, charac-
terize, and analyze the performance of PVDF/GO/NC membranes for dye removal.
The membranes were developed using the NIPS method, and characterization to
determine the physical and chemical properties of the developed membranes was
conducted using Fourier transform infrared (FTIR) spectroscopy, Scanning Electron
Microscopy (SEM), X-ray diffraction (XRD), membrane porosity measurement, and
Ultraviolet-visible (UV-vis) spectroscopy. The membrane performance was evalu-
ated through water permeation flux and dye removal efficiency using methylene
blue (MB) as a model dye. The incorporation of nanocellulose (NC) and graphene
oxide (GO) is expected to enhance the hydrophilicity, antifouling properties, and
overall filtration performance of PVDF membranes, offering a more sustainable and
effective approach to wastewater treatment.
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Introduction

Water is a vital life ingredient that is employed as a nutrient carrier medium and to
maintain health. Potable water is required for the absence of disease and the mainte-
nance of ecosystems. However, according to the United Nations [23], 2.2 billion peo-
ple lack access to safe drinking water, and 4.2 billion people lack adequate sanitation,
with nearly 80% of wastewater discharged untreated. Increasing demand and limited
availability of freshwater necessitate wastewater treatment. Wastewater contains a
range of contaminants like heavy metals, pharmaceuticals, pathogens, endocrine dis-
ruptors, nutrients, and dyes [22].

Among these, dye effluents pose serious environmental issues due to their toxic-
ity, complex nature, and resistance to biodegradation. Nearly 800,000 tons of dyes
are produced annually, and 10-15% of them are released into the wastewater with a
concentration of up to 300 mg/L, posing threats to aquatic life [9]. Textile wastewater
may contain toxic heavy metals such as mercury, chromium, cadmium, lead, and arse-
nic [3]. Left untreated, dyes alter water clarity, reduce light penetration and inhibit
photosynthesis, reduce dissolved oxygen, and interfere with aquatic food chains [18,
20]. Conventional processes such as flocculation and electrodialysis remain ineffec-
tive for dye removal [9].

Membrane technology has been recognized as a possible option due to its high
efficiency of pollutant removal, low area requirements, and stability of operation
[24]. Polyvinylidene fluoride (PVDF) is one of the most used fabric materials for
membranes due to mechanical resistance, thermal stability, and processability [15].
Nevertheless, its hydrophobic nature is responsible for fouling, which decreases effi-
ciency and lifespan [7, 19]. Incorporation of nanomaterials has been investigated to
enhance hydrophilicity and antifouling properties.

Nanocellulose (NC), derived from renewable cellulose, offers high surface area,
mechanical properties, and hydrophilicity, and increases polymer composite perfor-
mance even at low loadings [8]. Graphene oxide (GO), with its high surface area
and oxygenated functional groups, is highly adsorbent, hydrophilic, and has tunable
transport channels for eliminating contaminants [4, 5]. This study prepares PVDF
membranes with NC and GO to amplify porosity, hydrophilicity, antifouling resis-
tance, and dye removal efficiency.

Methodology
Materials and reagents

The NC powder used in this research was obtained from the Gigantochloa scorte-
chinii species. Poly(vinylidene fluoride) (PVDF) (Cas no. 24937-79—9, molecular
weight: 534 000 g mol "), graphene oxide (GO) (paste, non-exfoliated) (900704—
100 g) and silver nitrate (AgNO;) (Index-No.: 047-00100-2) were obtained from
Sigma Aldrich Sdn (Petaling Jaya, Malaysia) while dimethylacetamide (DMAc)
(CAS no. 127-19-5, molecular weight: 87.12) was obtained from Thermo Fisher
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Table 1 Compositions of dope  Membrane sample =~ PVDF DMAc AgNO, GO  NC

solution in wt% (Wt%)  (W1%)  (Wt%)  (Wt%) (wi%)
SO — PVDF 8.67 8151 5.78 0.00 0.00
S1-PVDF/NC 8.67 8151 5.78 0.00 148
S2—-PVDF/GONC 867 8151 578 289 1.16
S3-PVDF/GO/NC 867 8151 5.78 563 0.84
S4-PVDF/GO/NC 867 8151 5.78 824 0.5
S5-PVDF/GO/NC 867 8151 578 1072 027
S6 — PVDF/GO 8.67 8151 578 145 0.00
Table2 Compositions of dope  Membrane sample PVDF DMAc AgNO; GO NC
S'()'Iution in grams (g) and mil- (g (ml) (g) ml) (g
liliters (ml) S0 - PVDF 6.0 60.0  0.40 00 0.0
S1 - PVDF/NC 6.0 600  0.40 00 1.00

S2 — PVDF/GO/NC 6.0 60.0 0.40 20 0.80
S3 — PVDF/GO/NC 6.0 60.0 0.40 40  0.60
S4 — PVDF/GO/NC 6.0 60.0 0.40 6.0 040
S5 - PVDF/GO/NC 6.0 60.0 0.40 80 0.20
S6 — PVDF/GO 6.0 60.0 0.40 1.0 0.00

Scientific (Shah Alam, Selangor). The ultrapure water and deionized water used in
this research were supplied by Universiti Malaysia Sarawak (UNIMAS).

Preparation of nanocomposite membranes

Preparation of pristine Membrane, PVDF/NC, PVDF/GO/NC, and PVDF/GO dope
solution

GO dispersion was initially prepared by dissolving 3.00 g of GO paste into 60.0 ml
DMACc at a temperature of 70°C for 90 min and continuously stirred for 24 h. Then
the dispersion was placed in the sonicator for 60 min and centrifuged for 15 min.
The nanocomposite membranes were prepared using the NIPS method, which was
adapted from [16]. For the pristine membrane (S0), 8.67 wt% PVDF and 5.78 wt%
AgNO; were dissolved into 81.51 wt% DMAc at a temperature of 70°C for 90 min
and continuously stirred until all of the materials were completely dissolved in the
solvent and a homogenous solution was obtained. The solution obtained was known
as a dope solution. The dope solution was continuously stirred for 24 h at a constant
temperature of 50°C and 300 rpm. A similar procedure was conducted for Sample 1
(S1) to Sample 5 (S5) by varying the volume and weight of GO and NC, respectively.
Sample 6 (S6) was prepared by using the same procedure as SO by substituting NC
with 1.45 wt% GO dispersion. The different composition of the material of each
membrane sample was prepared as shown in Tables 1 and 2.
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Casting of nanocomposite membrane

Two coagulation baths that contained deionized (DI) water were prepared and
labeled, where the first coagulation bath was for the first immersion upon casting,
with a maximum of 20 min of immersion, and the second coagulation bath was for
the immersion of the casted membrane from the first coagulation bath, which was fur-
ther immersed for 24 h. Once the dope solution was prepared overnight, the casting
process was conducted by pouring approximately 30 ml of the dope solution onto a
smooth glass panel with a dimension of 22 cm x 30 cm. A glass rod was then used to
roll the solution onto the glass panel. The glass rod was rolled with constant pressure
to ensure consistency in the thickness of the membrane. The casted membrane was
then immersed in the first coagulation bath for a maximum of 20 min to ensure the
residual solvent and non-solvent additives from the casting process were eliminated.
Then, the casted membrane from the first coagulation bath was transferred into the
second coagulation bath and immersed for 24 h. After 24 h, the membranes were kept
immersed in a container with ultrapure water and placed in the refrigerator at 5°C
until further characterization was conducted. Pebbles, which act as the weight, were
placed on the membrane sheets to prevent the membranes from floating and ensure it
completely immersed in the water.

Drying of nanocomposite membrane

After seven days, the wet membranes were placed on aluminum sheets and left to dry
(air-dry) for three days. Once the membranes dried, they were placed inside the zip-
lock bags and labeled accordingly. The bags were placed in the desiccator upon fur-
ther characterization. A few sheets of membranes were left immersed in the ultrapure
water in their respective containers and were kept refrigerated for the performance
evaluation test.

Characterization of nanocomposite membrane
Fourier transform infrared (FTIR) spectroscopy analysis

FTIR ‘IR Affinity-1’ spectroscopy (Shimadzu) was used to identify functional groups
and characterise molecular bonds through the observation of IR spectrum bands at a
range of 4000 to 400 cm-1. The membrane sample (1 cm x 1 cm) was cut and placed
onto the holder known as the ATR-FTIR crystal. Then, the swivel press was used to
press down the sample and crystal.

Scanning electron microscopy (SEM) analysis
A JEOL JSM-6390LA Analytical was used to observe the morphological images
of the membrane samples. The sample was mounted on aluminum stubs and coated

using ‘JFC-1600" (JEOL (Japan) Ltd). Images of the sample surface were captured
using a field emission gun with a voltage of 10 kV.
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X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was performed to assess the crystallinity of the
samples and identify crystalline phases. The membrane samples were examined at
room temperature using a Rigaku SmartLab Powder X-ray diffractometer with CuKa
radiation (\=1.5418 A). The XRD patterns were recorded over a scattering angle
(20) range of 5° to 90° at a scanning rate of 2° min™'.

Membrane porosity measurement
The membrane porosity (g) was determined using the gravimetric method in Eq. (1).
(=)

P water
(Wmtom) + (yems)

where, W,,..: weight of wet membrane (g), W,,,: weight of dry membrane (g), pyqter:
density of water (0.998 g cm>), and ppyp: density of PVDF polymer (1.740 g cm ).

e %=

x 100 (1)

Ultraviolet-visible (UV-vis) spectroscopy for dye removal concentration analysis

A UV-160 UV-Vis-NIR spectrophotometer (Shimadzu Scientific Instruments, Inc.,
Tokyo, Japan) was used to determine the concentration of dye before and after the
dye removal test. 5 mL of the sample was transferred into a UV-Vis cuvette and
analyzed using a UV-vis spectrophotometer. The wavelength range for the MB dye
solution was set between 500 and 700 nm. A calibration curve was established using
reference solutions with known concentrations of 2.0, 4.0, and 6.0 ppm of MB.

Membranes performance evaluation
Water permeation flux

Flat sheet nanocomposite membrane samples, each with a diameter of 4.4 cm, were
cut and placed in the membrane holder of the cross-flow water filtration system.
The membranes were secured using a rubber O-ring, which ensured proper position-
ing within the holder. The system featured an effective membrane filtration area of
1.52x 1073 m?2. Before testing, the membranes underwent a 30-minute pre-compres-
sion at 2 bar pressure to stabilize the flux. Following this, the pressure was reduced to
1 bar, and the permeate volume was recorded every 10 min over 70 min. The applied
pressure acted as the driving force for water permeation through the membrane. The
water permeation flux was determined by calculating the ratio of permeate volume
to permeation time, as described in Eq. (2). Each membrane sample underwent three
permeation flux tests to determine the average value and standard deviation.

v

= A AT

2
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where, Jy: water permeation flux (L/m2.h), V: permeate volume (m®), A: effective
area of membrane (m?), and AT: filtration time (h).

Dye removal

A 2 ppm MB dye solution was prepared to be used as the feed for the membrane
removal test. The initial dye concentration was verified using a UV-160 UV-Vis-NIR
spectrophotometer (Shimadzu Scientific Instruments, Inc., Tokyo, Japan) at a wave-
length of 664 nm, which corresponds to the maximum absorbance of MB. Before
testing, the membranes underwent a 30-minute pre-compression at 2 bar pressure to
stabilize the flux. After ensuring that the system had stabilized, 1000 mL of 2 ppm
MB dye solution was poured into the solution tank, and the applied pressure was set
to 1 bar at room temperature. The permeate (J5) was collected, and its volume was
recorded every 10 min over 70 min. The dye removal ratio (R) was calculated using
Eq. (3). Each membrane sample underwent three dye removal tests to determine the
average value and standard deviation.

%R:(l—gf)x 100 3)

i

where R: dye removal ratio (%), C: final MB dye concentration (mg L), C;: initial
MB dye concentration (mg L™1).

Results and discussion
Fourier transform infrared (FTIR) spectroscopy analysis

Figure 1(a) shows the FTIR spectra for pristine PVDF (S0). The peaks detected at
879.54 cm™' and 1172.72 cm 'indicated the stretching vibrations of C-C and C-F
functional groups, respectively. PVDF is a fluorinated polymer, and the presence of
C-F stretching vibrations confirmed the PVDF’s fluorinated structures. These peaks
are similar to the study by [16], whereby both peaks were presented at 875.68 cm ™!
and 1174.65 cm “respectively. [2] also showed stretching vibration of C-F at
1175 cm !, The C-F functional group in PVDF plays an important role in providing
more flexibility, less density, and slight wettability of the polymer [12]. Additionally,
the peak at 1400.32 cm ™! indicates C-H bending vibrations in the PVDF polymer,
which further supports the structural integrity of PVDF. Figure 2 shows the com-
parison of FTIR spectra for SO-S6, where consistency in the peaks can be observed
at 837.11 cm™! to 1400.32 cm ™! indicating the successful incorporation of PVDF
as the primary polymer matrix. The 837.11 cm 'peak corresponds to the p-phase of
PVDF, confirming its semi-crystalline structure. This has also been confirmed by [6],
who mentioned that the range of peaks at 837-841 and 508-512 cm ! has stronger
absorbance of B- and y-phase compared to a-phase. This also indicates the advan-
tage of PVDF as a piezoelectric material, as the - and y-phases displayed a piezo-
electric effect, which is the ability to generate an electric charge. The 1400.32 cm™
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Fig. 2 (a) Comparison of FTIR spectra and (2b) Water contact angle analysis of SO:PVDEFE, S1:PVDF/
NC, S2-S5:PVDF/NC/GO (with varying NC and GO loading), and S6:PVDF/GO

peak represents C-H bending vibrations inherent to PVDF. The retention of these
peaks across all samples suggests that the structural integrity of PVDF remains intact
despite modifications.

Additionally, this also confirmed the uniform dispersion of PVDF throughout the
membranes. The technique used in membrane fabrication played an important role in
ensuring that the materials were uniformly dispersed throughout the solution before
the casting process was conducted. Proper dispersion is essential for achieving con-
sistent membrane morphology and performance, as uneven distribution may lead to
defects such as phase separation, irregular pore formation, or reduced mechanical
integrity. The presence of consistent peaks across all samples further supports the
successful incorporation of PVDF, reinforcing its structural uniformity within the
membranes.

Upon the addition of NC, the C-O-C stretching vibration is observed at
1064.71 cm ™!, which is shown in Fig. 1(b), (d), and (e), where the composition of
nanocellulose was 1.48 wt%, 1.16 wt%, and 0.84 wt%, respectively. O-H (hydroxyl)
stretching vibrations at 3610.74 cm ! and 3383.14 cm ™! are observed in Fig. 1(c) and
(g), respectively, indicating the hydrophilicity of the membrane through the addi-
tion of GO with 1.45 wt% and 10.72 wt% concentration. These hydrophilic behav-
ior was further validated via contact angle analysis (see Fig. 2b), the results shows
a progressively decreased water contact angle with membrane modification which
corroborate the influence of nanoparticle in the materials as reported in [10, 13, 25].
The peak detected in Fig.1(c) is similar to [17], where the O-H group for GO/Ag was
detected at 3616 cm™ . The presence of O-H indicated the hydrophilicity properties
of the membranes, and this is important in improving the antifouling performance
of the membrane. A membrane with a hydrophilic surface can perform a hydration
layer that can act as a barrier to foulants, thereby enhancing membrane longevity and
performance. As reported by [11], membranes with a higher affinity for water make
it energetically less favorable for proteins and other biofouling to adhere, thereby
improving fouling resistance. A prominent peak at 3429.43 cm™! for S5 is observed,
indicating the presence of the stretching vibrations of N-H. This showed that the
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silver nitrate was successfully incorporated into the membrane, as the additives are
important during the pore formation process.

Scanning electron microscopy (SEM) analysis

SEM analysis is mainly used to analyze the surface cross-section morphologies of the
membranes. Figure 3 shows the photographs of dried membranes and SEM analysis
for SO to S6 and detailed insights into the surface morphology of the membranes
through SEM images at x5,000 and x10,000 magnifications. SO indicates pristine
membrane; S1-S5 indicates PVDF membranes with varying loadings of NC and GO;
and S6 indicates PVDF with GO incorporation only (without NC). From SO to S6,
it is shown that the pores are more prominent as NC and GO were added compared
to the pristine membrane (SO). A smooth and uniform surface can be seen on the SO
membrane, where the color appeared whitish upon drying, which is mainly due to
the white-colored powder of PVDF during the preparation of the dope solution. The
smoothness of the surface cross-section of the membrane is due to low pore forma-
tion on the surface, which can be observed in the SEM analysis, where hardly any
pores can be seen in the images. The type of solvent used during the phase inversion
technique, which in this case, the ultrapure water, affected the surface formation of
the membrane. According to [21], using water as the coagulation bath resulted in the
formation of an asymmetric membrane structure with a dense skin layer and a porous
support layer. The smooth surface and less pore formation played a crucial role in the
performance of the membrane, which is discussed in the later section.

Upon the incorporation of 1.48 wt% of NC in S1, the surface of the dried mem-
brane has a rougher texture, and unlike SO, the color appeared greyish. The rough
texture on the surface was due to the increased porosity, which can be seen in the
SEM images. S2 to S5 exhibited a similar color to S1 when dried and significantly
increased surface roughness and pore formation. When NC and GO were added, this
promoted the formation of more surface pores, attributed to their hydrophilic nature
(refer to Fig. 2b), which enhances phase separation during the phase inversion pro-
cess. Specifically, the hydroxyl groups in NC and the oxygen-containing functional
groups (such as hydroxyl, epoxy, and carboxyl) in GO increase the affinity of these
fillers toward the nonsolvent (water) during phase inversion. This accelerates the sol-
vent—nonsolvent exchange rate, leading to faster phase separation and the develop-
ment of a more porous surface structure. The increased hydrophilicity also lowers the
interfacial energy barrier between the polymer solution and the nonsolvent, further
promoting nucleation of pores at the membrane surface. This improved porosity is
beneficial for membrane permeability, as it facilitates water flux and enhances filtra-
tion performance. A membrane with hydrophilicity properties helps to protect the
membrane from fouling, as the hydration layer formed on the surface of the mem-
brane can protect the membrane from foulants, which also improves the antifouling
performance of the membrane. Undissolved GO can be observed on the surface of S3
and S5 when GO was at 5.63 wt% and 10.72 wt%, respectively, which may have hap-
pened due to the non-uniform dispersion in the dope solution as the concentration of
GO was increased. Similar results were obtained by [2], where undissolved aminated
GO were observed on their membranes as well.
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Fig. 3 Photographs of dried mem- Membrane Dried membrane | Surface Surface
branes and SEM analysis results
of the cross-section surface of the
nanocomposite membranes
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When 2.89 wt% GO was incorporated, fewer and larger pores were seen on the
SEM images of S2. Based on Fig. 3, for S3 to S5, surface cracks were observed,
which may be due to the agglomeration of fillers at higher concentrations. From
S3 to S5, the concentration of NC decreases from 0.84 wt% to 0.27 wt% while GO
increases from 5.63 wt% to 10.72 wt%. The increase in the concentration of GO may
lead to poor dispersion within the polymer matrix, creating weak points and stress
concentrations, resulting in cracking during membrane drying. These cracks can also
happen due to unintended stress during the membrane fabrication [16]. The forma-
tion of cracks may affect the performance of the membrane negatively, especially on
its selectivity, as they could potentially allow undesired pollutants or solutes to pass
through. Similarly, S6 also displayed fewer surface pores with some surface cracks.
In this case, the absence of NC may have contributed to reduced structural support
within the membrane matrix.

Overall, comparing the membranes from S1 to S6, S2 has the largest pores while
SO0 has the fewest pores. Although S1 has small pore sizes like S3 to S5, the pores are
well-dispersed, and no cracks are observed. Due to the absence of NC, S6 exhibited
fewer pores on its surface. This indicates that the addition and concentration of added
NC and GO have significant impacts on the pore formations and consistencies of the
pores, which also affect the porosity and membrane performances in water perme-
ation and dye removal.

X-ray diffraction (XRD) analysis

The XRD patterns for all membrane samples (SO to S6) are presented in Fig. 4.
Amorphous peaks can be observed at around 26=18.0° and 26=20.0°, and a promi-
nent crystalline peak at 26=28.0° corresponding to the a-phase crystalline structure
of PVDF. The peaks formed were similar to [16], where the peaks were observed
approximately at 20=20.0° and 26=25.0°. These peaks were present in all samples,
indicating that the semi-crystalline nature of PVDF was retained even after modifi-
cations with NC and GO with varying loadings. Notably, the intensity of diffraction
peaks showed an increase from SO to S6, with S6 showing the highest peak intensity
at approximately 40,000 a.u, indicating a higher degree of crystallinity compared to
other samples. This suggests that the addition of 1.45 wt% GO (without NC) influ-
enced the crystalline arrangement of the membrane matrix.

The pristine PVDF membrane (S0) exhibited characteristic peaks of the a-phase,
consistent with literature reports on pristine PVDF. The incorporation of NC (S1-S3)
slightly increased the crystallinity of the membranes, as evidenced by the sharper and
more intense peaks, particularly around 20=38.0°. Similar findings were obtained by
[16], whereby the incorporation of NC resulted in the presence of B-phase in the XRD
result. As the concentration of NC decreased and GO increased, the peaks were not
available in S4 and S5, which indicates the reciprocal interaction between NC and
GO as the NC blends into the GO structures [14].

The addition of more concentration of GO in S4 to S6 may have caused the intense
semi-crystalline peaks, which can be seen at 20=48.0°. GO contains functional oxy-
genated groups that can interact with the PVDF chains via hydrogen bonding, facili-
tating more ordered polymer chain alignment. This interaction likely explains the
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Fig. 4 Comparison of XRD analysis of each membrane sample

significant peak intensities seen in S5 and S6. This can be proven from the FTIR
result, where the presence of O-H (hydroxyl) stretching vibrations was detected at
3610.74 cm™ ! and 3383.14 cm ™ !. S6 demonstrated the highest crystallinity, possibly
due to the addition of GO at optimal loading. The relatively dense structure observed
in SEM images is attributed not only to the high crystallinity but also to the combined
effects of polymer chain packing and phase inversion conditions during fabrication.

XRD analysis confirmed that the addition of NC and GO to PVDF membranes
influences their crystalline behavior. The synergistic interaction between PVDF, NC,
and GO enhances the crystalline ordering, with S6 showing the highest intensity
peaks. This structural modification may positively impact membrane performance,
including dye rejection, mechanical stability, and water permeability.

Membrane porosity measurement

According to [1], membrane porosity is known as the membrane’s void volume frac-
tion, whereby a high permeation flux can be obtained with high porosity, indicating
that the porosity of the membrane highly affects its permeability. Figure 5 illustrates
the porosity values of the membrane samples ranging from 47.93% to 48.54%. The
pristine PVDF (S0) exhibited a porosity of 47.93%.

A slight increase was observed in S1 (48.05%) upon the addition of NC (1.48
wt%), suggesting that nanocellulose promotes pore formation. The hydroxyl groups
on NC act as hydrophilic sites, which interact with the nonsolvent (water) during the
phase inversion process, accelerating solvent—nonsolvent exchange and nucleating
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more pores at the membrane surface and within the matrix. In S2 (NC 1.16 wt%,
GO 2.89 wt%), a minor decrease in porosity (48.03%) was observed, which may
be attributed to particle agglomeration or increased solution viscosity that hindered
phase separation efficiency, causing partial pore collapse.

The porosity recovered in S3 (48.28%) and reached a maximum in S6 (48.54%),
likely due to improved dispersion of nanofillers and GO at optimal loadings. The
oxygenated functional groups in GO and the hydrophilic NC facilitate uniform nucle-
ation and growth of pores, while silver nanoparticles may act as physical pore form-
ers by locally disrupting polymer chain packing during solvent exchange.

The overall porosity values in this study are relatively lower compared to [2] and
[16], where over 70% porosity was achieved. This difference can be attributed to the
higher PVDF concentration used in those studies (15—18 wt%), which promotes more
open pore formation during phase inversion, whereas our lower polymer concentra-
tion favors a denser polymer matrix with smaller voids. These results highlight how
polymer concentration, nanofiller content, and phase inversion dynamics collectively
govern membrane porosity and structure.

Performance evaluations of nanocomposite membranes
Water permeation flux analysis

The water permeation flux in Fig. 6 showed a trend ranging from 124.09 to 1019.89 L/
m?-h, whereby the lowest water permeation flux recorded was SO and the highest is
S5. The SO represents a pristine membrane, and S5 represents a nanocomposite mem-
brane with 0.27 wt% NC and 10.72 wt% GO. The trends from the figure indicate that
the incorporation of NC and GO has produced a significant impact on the permeation
flux performance of the membranes, which also represents the membranes’ perme-
ability. However, a downward trend can be seen on S6 due to the absence of NC.
Pristine PVDF (S0) exhibited the lowest water flux, which can be attributed to its
inherent hydrophobicity and relatively lower porosity, as shown in Fig. 5. As con-
firmed in the FTIR analysis, the presence of C-F stretching vibrations indicates the
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Fig. 6 Water permeation flux analysis of each membrane sample

fluorinated structure of PVDF, and these nonpolar fluorinated chains tend to resist
water penetration, thus restricting water flow across the membrane. This can further
be proven from the SEM analysis, whereby SO has the least pore formations on its
surface, which may have made it harder for the water molecules to pass through the
membrane, resulting in low flux.

When 1.48 wt% NC was incorporated in S1, the water flux significantly increased
to 973.93 L/m?-h. This improvement is due to the enhanced hydrophilicity and
increased surface roughness introduced by NC. From the SEM image, an increase
in pore formation can be seen, which provides a rough texture on its surface. This
also leads to an increase in its porosity, which was proven from the membrane poros-
ity result in Fig. 5. As mentioned before, higher porosity of the membrane leads to
higher permeate flux [1]. The incorporation of NC had improved the hydrophilicity
properties of the membrane, which may have led to the formation of more porous
or interconnected structures during the phase inversion process, further facilitating
water flow.

Samples S2 through S4, with varying ratios of NC and GO, demonstrated relatively
stable and high fluxes, ranging from 982.68 to 1000.19 L/m?-h. The consistency of
flux values in this range indicates that both fillers played complementary roles in
improving the membrane’s permeability. This may be attributed to the increase in GO
concentration, leading to more presence of numerous oxygenated functional groups
such as carboxyl and hydroxyl, which enhance the membrane’s water affinity and
facilitate solvent-nonsolvent exchange during membrane formation, promoting pore
formation.

Among all samples, S5 exhibited the highest flux of 1019.89 L/m*-h. This is
due to its relatively high porosity (48.05%), which allowed more water particles to
flow through the membrane. As shown in the FTIR result, the addition of NC and
GO contributed to the presence of O-H functional groups that provide significant
improvement in the hydrophilicity of the membrane. [2] stated that the integration
of nanomaterials may cause polymer chains to dislocate, resulting in an increase in
free volume or the formation of voids. The free volumes and more void formation
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allowed water molecules to flow more freely through the membrane, thus increasing
the permeation flux. The presence of hydrophilic additives is supposed to lead to
increased permeability, which results in increased water permeation flux, shown in
S5. This is due to the synergistic effect between PVDF, NC, and GO that improves
its hydrophilicity properties, improving the water permeation flux and antifouling
performance [16].

The decline of S6 with the permeation flux at 543.87 L/m?-h indicates that the
absence of NC had affected the permeation flux result of the membrane. In the FTIR
result, the addition of GO still showcased the presence of O-H functional groups,
which still contributed to the hydrophilicity and permeability of the membrane even
though NC was absent. S6 has the highest porosity compared to all of the samples,
but the few pores that were formed on the surface, as shown in the SEM image, may
have affected the amount of water allowed to pass through the membrane, making
the flux less. The excessive GO loading or aggregation may also have led to partial
blockage or densification of the membrane surface, reducing water transport path-
ways. The high crystallinity shown in its XRD result in Fig. 4 may have also lowered
the water flux for S6. This also indicates that a suitable concentration of NC added
plays an important role in improving the permeability of the membranes.

Overall, the results suggest that membrane flux is positively influenced by the
presence of hydrophilic nanomaterials, especially when an optimal combination of
NC and GO is used. These modifications improve both the membrane’s wettability
and morphology, which are key factors in high water flux performance. This finding
aligns with previous studies by [16] and [2] that reported an enhancement in the per-
meation properties of the membranes that were modified with hydrophilic nanofillers.

Dye removal analysis

The dye removal performance shown in Fig. 7 indicates a trend of decreasing dye
removal efficiency as the composition of the membrane is modified, highlighting
the influence of nanoparticle incorporation and membrane morphology on separation
efficiency. The pristine PVDF membrane (S0) showed the highest MB dye rejection
at 87.40%, likely due to its dense structure and limited porosity. As seen in the SEM
imaging, SO has the lowest pore formation and smooth surface, which contributes to
the high MB dye removal rates. The dense structure primarily restricts the passage of
MB molecules through size exclusion, while the low porosity limits the number of
available pathways for dye permeation.

A slight decrease in MB dye removal was observed in S1 (85.60%), potentially
due to the introduction of NC (1.48wt%), which marginally altered the membrane’s
pore structure. The porosity result also showed a high porosity (48.05%), and also
good dispersion of pores that can be seen from the SEM imaging. This combina-
tion of increased pore connectivity and hydrophilicity enhances water transport but
slightly reduces the efficiency of size-based rejection. Additionally, hydroxyl groups
on NC contribute to the adsorption of MB molecules via hydrogen bonding and elec-
trostatic interactions, partially compensating for the larger pore size.

S2 through S4 demonstrated a gradual decrease in dye removal efficiency, rang-
ing from 84.50% to 75.00%. These membranes contain varying compositions of NC
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Fig.7 Dye removal analysis of each membrane sample

and GO. While the addition of GO increases hydrophilicity and facilitates water flux,
excessive GO can lead to structural defects or agglomeration, creating microchan-
nels that allow MB molecules to permeate more easily. The negative surface charge
of GO may reduce electrostatic attraction to the positively charged MB dye, thereby
decreasing adsorption capacity.

S5 showed a noticeable decrease in dye removal performance to 71.95% despite
having the highest water flux. In this case, the highly porous structure and enhanced
hydrophilicity improve water transport but reduce the efficiency of molecular sieving.
FTIR analysis shows a strong presence of hydroxyl groups (-OH) at 3313.71 cm-1,
enabling n—7 and hydrogen bonding interactions with MB molecules. XRD analy-
sis indicates a slightly lower crystallinity, increasing amorphous regions that favor
water permeability while maintaining some molecular sieving capability. Thus, the
dye rejection mechanism in S5 involves a combination of size exclusion, electrostatic
interaction, and hydrogen bonding/n—m interactions.

Out of all of the membranes, S6 has the lowest MB dye rejection rate, which is
only up to 32.05%. Although S6 exhibits high porosity (48.54%), the absence of NC
reduces structural stability, and the presence of cracks facilitates unimpeded passage
of MB molecules. GO alone provides limited adsorption sites, and without NC, the
membrane loses both mechanical support and effective dye—membrane interactions.

Overall, the dye rejection mechanism in these PVDF/NC/GO membranes is gov-
erned by a combination of (i) size exclusion due to pore dimensions and polymer
matrix density, (ii) electrostatic interactions between membrane functional groups
and charged dye molecules, (iii) hydrogen bonding and n—x interactions with nano-
fillers, and (iv) structural integrity provided by NC to maintain selective pathways.
These findings highlight the importance of optimizing nanomaterial loading to
achieve an ideal balance between water permeability and dye selectivity for effective
wastewater treatment.
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Conclusion

This study successfully developed and analyzed PVDF-based composite membranes
incorporated with NC and GO using the NIPS method for dye removal in wastewa-
ter treatment. The results demonstrated that the incorporation of NC and GO sig-
nificantly improved the physicochemical properties of the PVDF membranes. These
enhancements were evident in the increased porosity, improved surface morphology,
and greater hydrophilicity, which collectively contributed to better water permeation
flux and dye rejection capabilities. Among all membrane samples, S5 exhibited the
highest water flux, indicating excellent permeability compared to the unmodified/
pristine PVDF membrane (S0). This enhancement is attributed to the hydrophilic
functional groups introduced by NC and GO, which facilitate greater water passage.
Additionally, the dye rejection performance was notably high in membranes with
optimized NC and GO loading (10.72 wt% and 0.27 wt%, respectively), demonstrat-
ing effective contaminant removal. This can be linked to better interaction between
the membrane surface and dye molecules as they pass through the membrane. XRD
analysis revealed a trend of increased crystallinity, especially in sample S6. The
higher crystallinity suggests improved membrane structural integrity, which is cru-
cial for long-term operational stability. Overall, the PVDF/GO/NC composite mem-
branes developed in this research exhibit promising insight for wastewater treatment
applications, offering advantages in terms of filtration efficiency, pollutant removal,
and membrane durability. Several recommendations are proposed to improve the
performance and applicability of the developed membranes. Firstly, future studies
should aim to optimize the concentrations of NC and GO to avoid agglomeration
and ensure uniform dispersion, as excessive filler loading may negatively impact
membrane structure, as stated by the previous studies. Next, long-term fouling resis-
tance and operational stability should be assessed under real wastewater conditions
to determine the membranes’ practical durability, which also helps in predicting the
operational costings. Finally, the scope of application should be expanded by evaluat-
ing the membranes’ effectiveness in removing other pollutants such as heavy metals,
pharmaceuticals, or microorganisms.
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