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Abstract In this work, the novel direct synthesis meth-
od of dimethylacetamide-based graphene oxide (GO)
was performed through electrochemical exfoliation
assisted by commercially available single-tail sodium
dodecyl sulphate (SDS) surfactant. Then, the synthe-
sised GO (SDS-GO) was incorporated into
polyvinylidene fluoride (PVDF) solution to produce a
nanofiltration (NF) membrane through the phase im-
mersion method. The addition of GO into the
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preparation of membrane solution alters the membrane
morphology and improves the hydrophilicity. TiO, was
also used as an additive for the NF membrane fabrica-
tion to further increase the membrane hydrophilicity.
The fabricated PVDF/SDS-GO/TiO, and PVDF/SDS—
GO NF membranes were compared with pure PVDF
membrane. Then, the fabricated NF membranes were
tested for methylene blue (MB) rejection with
10 ppm MB concentration. On the basis of the dead-
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end cell measurement operated at the pressure of 2 bar,
the PVDF/SDS-GO/TiO, presents high MB rejection
(92.76%) and the highest dye flux (7.770 L/m? h). This
dye flux value was sevenfold higher than that of pure
PVDF membrane (1.146 L/m? h) which was due to the
utilisation of both GO and TiO, that improved the
membrane hydrophilicity as indicated by the lowest
contact angle (64.0+0.11°). High porosity (57.46%)
also resulted in the highest water permeability
(4.187 L/m”* h bar) of the PVDF/SDS-GO/TiO, NF
membrane.

Keywords Graphene oxide - Electrochemical
exfoliation - Nanofiltration - Titanium dioxide - Phase
inversion - Dye rejection

1 Introduction

The rapid industrial factory growth caused huge prob-
lems, such as polluted air and water, from its waste
products which are mainly caused by the high amount
of dangerous heavy metal and dye waste that are dis-
solved in air and water, respectively. This contamination
results from the textile, pharmaceutical, metal-plating
and printing industries which causes the lack of clean
water. The difficulty in treating dye wastewater, which
contains toxic substances and are non-degradable sub-
stances, becomes an important issue that needs to be
solved (Zhu et al. 2017). Several methods that are gen-
erally used to remove dye from contaminated water are
chemical and physical sorption (Darwish et al. 2019),
evaporation, biological degradation, chemical oxida-
tion, flocculation—coagulation, photocatalytic system
(Rashad et al. 2016), electrodeposition and membrane
separation/filtration (Makertihartha et al. 2017; Zhu
etal. 2017). Among these methods, membrane filtration
gains considerable interest due to its several advantages,
such as simple operation, minimal chemical used, low
energy, good separation, easy automation, low pollution
and high recovery rate (Méricq et al. 2015; Zhu et al.
2017).

The pollutant filtration efficiency is strongly affected
by the membrane type. The membrane can be divided
into microfiltration, ultrafiltration, nanofiltration (NF)
and reverse osmosis (RO) on the basis of its pore size
(Shon et al. 2013). NF membrane offers some advan-
tages for textile wastewater, such as relatively high
water flux and permeability compared with RO, low
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operating pressure, low energy consumption, small pore
size (1-5 nm) and high efficiency to remove the dye
(Safarpour et al. 2015; Shon et al. 2013; Zhu et al.
2017). Several methods that are generally used to pre-
pare the membrane include interfacial polymerisation,
stretching, sintering, track-etching, electrospinning and
phase inversion methods (Mokhtar et al. 2015). Phase
inversion method is commonly used due to its simple
and easy preparation. Then, the morphology of the
fabricated membrane is strongly affected by several
factors, including polymer concentration, solvent
(Madaeni and Taheri 2011; Nasib et al. 2017), non-
solvent (Thiirmer et al. 2012), composition, coagulant
temperature (X. Wang et al. 2008), precipitation time,
temperature and evaporation time before immersion,
additive (Mokhtar et al. 2015; Ngang et al. 2012) and
casting thickness (Madaeni and Taheri 2011).

Various polymer materials that are generally used for
membrane fabrication include polysulfone, polyacrylo-
nitrile, polyaniline (Yusoff et al. 2018),
polystyrenesulfonate, polyethersulfone (Zinadini et al.
2014), polymethylmethacrylate, polyethyleneimine,
polyvinylpyrrolidone and polyvinylidene fluoride
(PVDF) (Cao et al. 2006; Kumaran et al. 2015; Ngang
et al. 2012; Zhu et al. 2017). The formation of mem-
brane pores with either finger- or sponge-like structure is
also affected by the membrane solution viscosity (Nasib
et al. 2017). These properties are strongly affected by
the polymer material and solvent types. An extremely
low polymer molecular weight results in exceedingly
weak membrane, whereas an excessively high value
makes the membrane difficult to process due to the
highly viscous solution (Kim et al. 2017). PVDF pre-
sents excellent properties, including chemical, alkali and
corrosion resistance; thermal, chemical and UV stabili-
ty; good membrane-forming properties; high mechani-
cal strength and good solubility in many organic sol-
vent, thereby making it applicable for water treatment
(Ngang et al. 2012; Nikooe and Saljoughi 2017; Wang
et al. 2012; Zhu et al. 2017). Meanwhile, several gener-
ally used organic solvents include N-methyl-2-
pyrrolidone (NMP) (Nasib et al. 2017; Thuyavan et al.
2016), DMF (Thiirmer et al. 2012), dimethylsulfoxide
(Thuyavan et al. 2016) and dimethylacetamide (DMAc)
(Madaeni and Taheri 2011; Nasib et al. 2017; Thuyavan
etal. 2016).

Madaeni et al. investigated the effect of polymer
concentration, casting thickness and solvent type on
the morphology of the fabricated membrane. The result
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showed that 20 wt% of PVDF presents wider and longer
finger-like pore morphology than those with lower
PVDF content. These researchers also found that
200-um casting thickness results in the highest flux
and permeability (Madaeni and Taheri 2011). DMAc¢
utilisation in the membrane solution preparation results
in high porosity and flux compared with NMP and DMF
(Nasib et al. 2017; Thuyavan et al. 2016; Wang et al.
2008). Meanwhile, Buonomenna et al. showed that the
direct immersion in the coagulant after casting process
results in higher porosity than that of delayed immer-
sion. Membrane solution heating during stirring process
also resulted in higher porosity membrane than the room
temperature stirring process (Buonomenna et al. 2007).
Thiirmer et al. also found that the use of pure water as
coagulant results in an asymmetric pore membrane with
higher hydrophilicity than ethanol, followed by a water
coagulant (Thiirmer et al. 2012).

However, PVDF is a well-known high hydrophobic
material which reduces the flux and permeability, there-
by requiring modification either through physical or
chemical means (Cao et al. 2006). In improving PVDF
hydrophilicity, hydrophilic inorganic nanoparticle addi-
tives, such as Al,Os, black Fe;0,4, CdS, silica and C-
based and semiconductor materials, are clearly needed.
Carbon nanotubes, graphene, graphene oxide (GO) and
reduced GO which are C-based materials are widely
investigated for PVDF modification. Among these ma-
terials, GO gained considerable interest due to its large
surface area and high amount of O functional groups.
Zhu et al. obtained higher hydrophilicity and water flux
than pure PVDF membrane by adding GO. GO addition
also alters the membrane morphology of the finger-like
structure (Zhu et al. 2017). Zhao et al. showed that
PVDF/GO blend membrane presents higher rejection
than that of pure PVDF membrane (Zhao et al. 2013).
This result also agreed with the findings of other studies
(Hu and Mi 2013; Xu et al. 2014; Zhang et al. 2017).

Most studies reported the use of the powder form of
GO that resulted from the Hummers’ method as addi-
tives in membrane solution preparation (Hu and Mi
2013; Wang et al. 2012; Zhao et al. 2013). The synthe-
sised GO by Hummers’ or modified Hummers’ method
produced good-quality GO. However, it presents unsafe
and inefficient synthesis method due to the usage of
strong acid and highly toxic material and its complex
synthesis steps (Kang et al. 2016). In limiting these
drawbacks, a simple and safe GO synthesis method
needs to be developed. Electrochemical exfoliation

method is a promising solution due to its simple, low
cost and low chemical consumption (Yu et al. 2015).
Chemicals, such as acids and sulfurics, and even water
can be used as electrolyte for the synthesis process (Liu
et al. 2015; Parvez et al. 2013; Yu et al. 2015). Suriani
et al. used this method by using water as electrolyte and
assisted by a surfactant for GO layer intercalation and
dispersion (Suriani et al. 2015, 2018b, c). These re-
searchers used the produced GO-based solution to fab-
ricate thin film and yield a relatively high conductivity
(Suriani et al. 2016). The results showed that low syn-
thesis and thin film fabrication steps were achieved
compared with the Hummers’ method. These re-
searchers also reported the successful in situ method of
producing natural rubber latex (NRL)-GO nanocom-
posite by intermixing NRL and water-based electrolyte
through electrochemical exfoliation (Suriani et al.
2015). High conductivity and capacitance value were
achieved when the fabricated NRL—GO nanocomposite
electrode was used for supercapacitor application
(Suriani et al. 2016).

Meanwhile, several metal oxides, such as ZnO,
71O, and TiO,, were widely developed as an additive
due to their good properties, such as stability, avail-
ability, antibacterial activity and the presence of
abundant hydroxyl groups. The abundance of hy-
droxyl groups improves the hydrophilicity of the
material, thereby increasing the flux and permeability
(Cao et al. 2006). Ngang et al. showed that PVDF—
TiO,-mixed matrix membrane enhances the water
permeability and increases the methylene blue (MB)
rejection (Ngang et al. 2012). Hence, in this work, the
directly synthesised DMAc-based GO assisted by
commercially available single-tail sodium dodecyl
sulphate (SDS) surfactant was used as a solvent be-
fore mixing it with TiO, nanoparticles (NPs) as an
additive to fabricate the PVDF/SDS—GO/TiO, mem-
brane. TiO, was utilised to improve the hydrophilic-
ity of the membrane further. Then, pristine PVDF
membrane that was fabricated by DMAc and
PVDF/SDS-GO that was fabricated using the direct-
ly synthesised DMAc-based GO were used for com-
parison. Afterward, the three fabricated membranes
were used to investigate their effectiveness for MB
rejection application. To the best of our knowledge,
this work presents a novel and simple GO synthesis
through electrochemical exfoliation assisted by SDS
surfactant by utilising DMAc¢ as the solvent for
PVDF-based membrane fabrication.
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2 Materials and Methods
2.1 Materials

Commercially available SDS (Sigma-Aldrich) surfac-
tant, DMAc and graphite rods (99.99%, 150 mm in
length and 10 mm in diameter, GoodFellow GmbH,
Germany) were used in GO synthesis. PVDF (Kynar
760, grade in palette form) and titanium (IV) oxide (>
99.5%, Sigma-Aldrich) were used as the main polymer
material and an additive in the NF membrane fabrica-
tion, respectively. MB (Sigma-Aldrich) was used for the
dye rejection test.

2.2 DMAc-Based GO Synthesis

GO was synthesised through electrochemical exfolia-
tion as mentioned in previous works (Suriani et al.
2018a, b, c¢). However, this work utilised DMAc to
replace water as the electrolyte. In brief, SDS was dis-
solved in DMACc to form 0.1 M of the electrolyte. Then,
two graphite rods were used as working and counter
electrodes which are partially immersed and connected
to the DC power supply (7 V) for 24 h of synthesis.

2.3 PVDF-Based NF Membrane Fabrication

The synthesised SDS—-GO was further used to prepare
the casting solution. The TiO, and PVDF were dis-
solved to the DMAc_SDS-GO solution and stirred at
70 °C for 24 h. Meanwhile, pure PVDF membrane was
only dissolved to DMAc for comparison. The weight
percentage data of the fabricated membrane are present-
ed in Table 1. Then, well-mixed membrane was kept at
room temperature overnight to remove the air bubbles.
Then, fully degassing membrane solution was casted
using casting knife on a glass plate with 200-pum casting
gap. Afterward, casted membrane was directly im-
mersed in the coagulation bath of DI water overnight,
and the membrane was kept by soaking it in DI water
until further characterisation.

2.4 Membrane Characterisation

The morphology of the fabricated membranes (top and
cross-section) was examined through field emission
scanning electron microscopy (Hitachi SU8020). Liquid
nitrogen immersion was performed prior to FESEM
observation to obtain a good membrane fracture for
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cross-sectional observation. Prior to the test, the mem-
brane surface was coated by thin gold. The elemental
composition of the samples was directly confirmed by
an EDX instrument (Horiba EMAX). The structural
properties of the fabricated NF membranes were studied
through micro-Raman spectroscopy (Renishaw InVia
microRaman System). The hydrophilicity of the fabri-
cated membrane was investigated by placing the dry
membrane on a glass slide and conducting drop shape
analysis (DSA100, KrussGmbH, Germany). The mem-
brane porosity was determined through gravimetric
method by using the following equation:

(wi-w2)/p,,

[(Wl—W2)/PW)} + (wz/pp>

£= x 100% (1)

where ¢ is membrane porosity (%), w; and w, are the
wet and dry membrane weights (g), respectively, p,, is
the water density (0.998 g/cm?), and pp is the PVDF
density (1.78 g/em’).

Water flux and dye rejection were measured in a
dead-end stirred cell (Sterlitech HP4750) with a capacity
of 300 mL, as illustrated in Fig. 1. The disc membrane
had diameter of 49 mm with an active area of the
measured membrane of 14.6 cm?. Water flux was mea-
sured under 5 different pressure levels (1-5 bar) with
10-min measurement for each pressure. Then, flux was
measured using the following equation:

J=— 2)

where J is the permeated flux (L/m? h), Vis the perme-
ated water volume (m?), A is the membrane area (m?)
and At is the operating time (h). Next, dye rejection test
was performed at the pressure of 2 bar at the pressure of
10 ppm in MB solution. UV-vis was also used to
measure the adsorption of the treated dye solution.
Then, the dye rejection efficiency (R) was calculated
using the following equation (Ngang et al. 2012):

C
R (%) = [IC—"} x 100% (3)
where R is the dye rejection efficiency (%), C, is the
permeate dye concentration (ppm) and C, is the initial
dye concentration (ppm).
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Table 1 Material weight percentage for the PVDF-based NF membrane fabrication

Membrane Material (wt%)

PVDF DMAc_SDS-GO DMAc TiO,
PVDF/SDS-GO/TiO, 20 79 - 1
PVDF/SDS-GO 20 80 - -
PVDF 20 - 80 -

3 Results and Discussion
3.1 FESEM and EDX Analysis

The difference in the morphology of the fabricated NF
membranes (PVDF, PVDF/SDS-GO and PVDF/SDS—
GO/TiO,) was significant, as shown in Fig. 2. Overall,
all fabricated membranes presented an asymmetric
structure consisting of porous finger-like and dense
sponge-like pores in the top- and sublayers, respectively.
These structures were formed due to the high miscibility
of DMACc and DI water as the solvent and non-solvent
pair which generates the pores, respectively
(Buonomenna et al. 2011). The dark and smooth skin
layer of the PVDF membrane was clearly seen from its
top surface (Fig. 2a). The membrane surface instantly
solidifies during coagulation when the casting solution
is immersed to DI water (Nawi et al. 2018; Zhu et al.

Fig. 1 Dead-end stirred cell used
to measure the water flux and dye
rejection

2017). The cross-section of the membrane surface
shown in Fig. 2b revealed that the top membrane
sublayer consisted of extremely porous and wide
finger-like pores structure with spherical shape in its
bottom. The top membrane sublayer pore size was ob-
served ranging from 661 nm to 9.59 um. The PVDF
membrane also showed thin and coarse pore walls.
Meanwhile, the bottom sublayer pores presented large
sponge-like structure with pore size varying from
772 nm to 1.87 um. On the basis of high-
magnification observation, the distance of the shortest
membrane pores from its surface was 694 nm (Fig. 2c).
Further EDX analysis showed high atomic percentages
of F (55.15%) and C (44.79%) as the components of
PVDF (Fig. 2d).

A slightly rough membrane surface was observed for
the PVDF/SDS-GO sample. The SDS—-GO sheets were
homogeneously spread all over the sample, as pointed

(/— Driven pressure

MB
solution

Membrane disc

Porous support
disc

Y
.

Stir bar assembly

3 -

Treated solution

\7

Balance

300

OFF
0.987
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(b) - 661 nm

143 um

Fig. 2 FESEM images and EDX
analysis of the fabricated NF
membrane; PVDF (a—d),
PVDF/SDS-GO (e-h) and
PVDF/SDS-GO/TiO, (i-1) )

15:0m

PVDF

:":"";‘"': \ Weight (-/.)1 Atomic (%)
Carbon (C) ‘
Fluorine (F) 553 |
Aurum (Au) \

PVDF/SDS-GO
c::;:: || Weight (%) Atomic (%)
Carbon () | 4136 | 5288
Oxygen (0) 3| 893
Fluorine (F) 04| 302
Aurum (Au)

PVDF/SDS-GO/TIO,
c::::.:: ') | Weight (%) Atomic (%)
Carbon(C) | 4252 | s4m
Oxgen(©) | 08 | o7
Fluorine (F) | 5399 | 4396
D

Titanium (Ti) | 1.2
Aurum (Au) | 149 0.12
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by the orange arrows in Fig. 2e. However, the mem-
brane surface was smooth without any crack, thereby
confirming the good stability of the fabricated GO-
based membranes (Zinadini et al. 2014). The addition
of SDS-GO strongly altered the membrane morpholo-
gy, as shown by its cross-section which presented more
homogeneous porous size than the PVDF sample. High-
ly porous structure density with a typical asymmetric
finger-like structure was clearly observed, whilst its
bottom sublayer showed small sponge-like structure
with spherical shape (Fig. 2f). This finding was due to
the hydrophilic groups contained in the SDS—GO which
accelerated the solidification rate during the phase in-
version method (Zhu et al. 2017). The top membrane
sublayer pores ranged from ~0.13 to 3.44 pum, whilst
the bottom membrane sublayer showed small mem-
brane pores (~661-926 nm). The top PVDF/SDS-GO
wall was clearly thicker than that of PVDF. The shortest
pore distance from the membrane surface was 407 nm
which was thinner than that of the PVDF sample (Fig.
2g). The higher C atomic percentage of PVDF/SDS—
GO (52.88%) than that of the PVDF sample (44.79%)
and O (8.93%) confirmed the presence of SDS—-GO in
this sample (Fig. 2h).

When TiO, was added, the colour of the membrane
surface became lighter, as shown by the blue circle. The
SDS-GO sheet was also evident in this sample, as
shown by red circle in Fig. 2i. Arranged column-
shaped finger-like pores were clearly observed in the
PVDF/SDS-GO/TiO, sample from its cross-section
view with slightly larger membrane pores in both the
top (~2.18-3.77 um) and bottom (~794 nm to
1.39 um) sublayers than the PVDF/SDS-GO mem-
brane. TiO, NPs were uniformly distributed all over
the sample, as pointed by the blue arrows in Fig. 2j. A
shorter pore distance from the membrane surface layer
of PVDF/SDS-GO/TiO, (198 nm) was observed than
those of PVDF/SDS—GO (407 nm) and PVDF (694 nm,
Fig. 2k). The addition of both hydrophilic GO and TiO,
in the membrane solution preparation also affected the
thickness of the fabricated membrane which was con-
firmed by the thicker PVDF/SDS-GO/TiO, sample
(60.1 um) than of the PVDF (41.5 um) due to the
instantaneous demixing process during coagulation
(Nikooe and Saljoughi 2017). Further EDX analysis
confirmed Ti, O, C and F as the components of the
sample, where the C atomic percentage presented a
similar value (54.77%) with the PVDF/SDS-GO sam-
ple (52.88%). The atomic percentage of Au for all

samples (~0.07-0.18%) was due to the thin coating
for FESEM analysis.

3.2 Micro-Raman Spectroscopy

Micro-Raman spectroscopy can be used to study the
crystalline and polymeric membrane structures, such
as the functional groups, group structure and the chang-
es in the structural parameter when the polymer was
modified (Hilal et al. 2017). The Raman spectra of the
fabricated membranes are presented in Fig. 3. Several
peaks as the characteristics of the PVDF matrix were
clearly observed in the range of 150-1650 cm ™' (bottom
graph). Two peaks at around 610.12 and 794.76 cm ™!
were due to the CF, vibrations and related to the o phase
of PVDF (Al-gharabli et al. 2017; Elashmawi and
Gaabour 2015; Ghaffar et al. 2018; Kumaran et al.
2015). Meanwhile, other two peaks located at 838.46
and 1426.66 cm ' were related to 3 phase of PVDF
caused by phase combination of CH, rocking and CF,
stretching mode (Al-gharabli et al. 2017; Bohara et al.
2017; Elashmawi and Gaabour 2015; Ghaffar et al.
2018; Kumaran et al. 2015). When SDS-GO was used
as the solvent, the D- and G-bands which are character-
istic of GO were clearly observed at 1332.42 and
1577.95 cm™', respectively (middle graph). The inten-
sity ratio of D- and G-bands which is known as the I/
ratio can be used to investigate the defect level of the
sample (Zhou et al. 2013). On the basis of the middle
graph, the Ip/I; ratio of the PVDF/SDS—-GO membrane
was 1.13, thereby indicating a high defect level of the
synthesised GO. This phenomenon was due to the exis-
tence of oxygen functional groups resulting from the
oxidation process during electrochemical exfoliation
(Yu et al. 2015). The existence of TiO, on the
PVDF/SDS-GO/TiO, membrane was confirmed by
the several peaks located at 148.11, 395.70, 514.45
and 637.21 cm™ ! which corresponded to the Eg, B/,
A;q and E, modes of the anatase phase of TiO,,
respectively (top graph) (Balachandran and Eror
1982). The existence of GO was also confirmed by
the D- and G-bands located at 1331.97 and
1575.08 ¢cm ™', respectively which also presented
the same Ip/I; ratio (1.13) as that of the
PVDF/SDS-GO membrane. The unobserved PVDF
peaks in the PVDF/SDS-GO and PVDF/SDS-GO/
TiO, membranes were caused by the low-intensity
PVDF peak, as presented in bottom graph.
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Fig. 3 Micro-Raman spectra of the fabricated PVDF-based NF
membrane

3.3 Contact Angle Analysis and Porosity Measurement

To investigate the hydrophilicity which reflects the nat-
ural wettability of the fabricated membrane, contact
angle analysis was performed, and the results are pre-
sented in Fig. 4. Clearly, the PVDF membrane presented
the highest contact angle (70.80 +0.13°), thereby indi-
cating the hydrophobic nature of PVDF. The hydrophi-
licity improvement (low contact angle, 65.50 +0.09°)
was obtained after SDS—GO utilisation (Fig. 4b). The
GO migration to the membrane surface during mem-
brane formation decorates the GO functional groups and
improves membrane hydrophilicity (Zinadini et al.
2014). Low contact angle was further observed in the
PVDF/SDS-GO/TiO, membrane (64.0+0.11°). The
increased hydrophilicity was also contributed by the
addition of TiO, which contains abundant hydroxyl
groups and high affinity to water (Cao et al. 2006;
Safarpour et al. 2015).

According to the calculation, the highest porosity
was achieved by the PVDF membrane (61.52%) which
due to the spherical membrane pore structure, as
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presented in the FESEM images in Fig. 2b. Meanwhile,
PVDF/SDS-GO presented lower porosity (50.96%)
than the PVDF membrane due to the slimmer membrane
top sublayer, as shown by the FESEM images in Fig. 2f.
The fast inward diffusion of DI water during the coag-
ulation process was caused by the hydrophilic groups of
GO, thereby resulting in rapid membrane solidification
(Zhu et al. 2017). High porosity (57.46%) was further
achieved by adding TiO, (PVDF/SDS-GO/TiO,). The
presence of both hydrophilic GO and TiO, accelerated
water penetration into the casted membrane due to the
instantaneous demixing process, thereby increasing the
precipitation rate of the casting solution and resulting in
a porous membrane (Nikooe and Saljoughi 2017). The
details of contact angle and porosity values are
summarised in Table 2, as follows:

3.4 Water Flux on the Basis of Different Operating
Pressure Levels

The water flux result of the fabricated NF mem-
brane on the basis of different operating pressure
is presented in Fig. 5. Clearly, the water flux
increased linearly with the increase in pressure
for all samples. High pressure resulted in increased
driving force, thereby resulting in high permeate
flux (Ngang et al. 2012). The lowest water perme-
ability was exhibited by PVDF (1.099 L/m? h bar)
due to its hydrophobic nature as confirmed by
contact angle measurement. High water permeabil-
ity (2.961 L/m*> h bar) was further obtained by
PVDF/SDS-GO due to its high hydrophilicity
and short pore distance from the membrane sur-
face. High hydrophilicity, which was also support-
ed by the short pore distance, decreased the resis-
tance, thereby increasing the water permeability by
attracting water to and further through the mem-
brane (Safarpour et al. 2015).

Then, the highest water permeability was
achieved by PVDF/SDS-GO/TiO, (4.187 L/
m” h bar) which can be attributed to the highest
hydrophilicity that was calculated before. The
abundant hydroxyl content of TiO, and the H-
bond effect of F and O increased the water flux.
The existence of GO also provided a channel for
water flow, thereby increasing the flux. The de-
fects on the GO edge plane act as the hydrophilic
gate for the water to enter and then slip into the
2D nanometre channel due to C wall
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Fig. 4 Contact angle measurement of the fabricated NF membrane; PVDF (a), PVDF/SDS-GO (b) and PVDF/SDS-GO/TiO, (¢)

hydrophobicity (Cao et al. 2006). The shortest
pore distance from the membrane surface also
supports this result. On the basis of the results,
we can conclude that water flux and permeability
were influenced by hydrophilicity and pore dis-
tance from the membrane surface. The water flux
details of the fabricated NF membrane at different
driving pressures are summarised in Table 3.

Table 2 Contact angle and porosity values of the fabricated NF
membranes

Membrane Contact angle (°) Porosity (%)
PVDF 70.8 £0.13 61.52
PVDF/SDS-GO 65.5 + 0.09 50.96
PVDF/SDS-GO/TiO, 64.0 £0.11 57.46

3.5 Dye Rejection Performance of the Fabricated NF
Membrane

The filtration result of the 10 ppm MB dye at
the pressure of 2 bar is presented in Fig. 6.
Overall, all fabricated membranes showed the

®  PVDF
© PVDF/SDS-GO
A PVDF/SDS-GO/TiO,

Flux (L/m?h)

Pressure (bar)

Fig. 5 Water flux measurement of the fabricated NF membrane
on the basis of different driving pressure levels

@ Springer
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Table 3 Water flux details of the fabricated NF membrane on the basis on different pressure levels

Pressure (bar) Water flux (L/m? h)
PVDF PVDF/SDS-GO PVDF/SDS-GO/TiO,
1 1.598 3.379 5.845
2 2.237 5.708 9.269
3 3.196 8.037 10.731
4 3.196 9.863 14.064
5 4.566 11.233 16.804
Permeability (L/m> h bar) 1.099 2.961 4.187
same final treatment water concentration after was the dye flux during filtration. According to

the filtration process (0.719-0.724 ppm). The Table 4, the highest dye flux was shown by
dye rejection efficiency (R) also showed the PVDEF/SDS-GO/TiO, (7.770 L/m* h) which was
similar value in the range of 92.76-92.81%. caused by high porosity and highest hydrophilic-
The main difference among the three membranes ity as proven by contact angle analysis. This

(a) 204 (b) 20
initial MB dye; 10 ppm
initial MB dye; 10 ppm -~ filtrated water by PVDF/SDS-GO; 0.719 ppm

1.5 - filtrated water by PVDF; 0.721 ppm 1.5
—_ -
S S
s s
@ ]
§ 1.0 2 104
3 3
S -
=] (=
7] 7]
E-1 -]
< 054 R(%) = 92.79% < 05- R(%) = 92.81%

0,0 _& 0.0 -L

T T T T T T T T T T T T T T T T T 4 T T T T
200 300 400 500 600 700 800 200 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

(c) 2.0

initial MB dye; 10 ppm
filtrated water by PVDF/SDS-GO/TiO,
1.5+ ; 0.724 ppm

Absorbance (a.u.)

0.5+

..

0.0

R(%) = 92.76%

. T x T v T v T . T v
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 6 Measurement of the fabricated NF membrane dye rejection
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Table 4 Performance of the fabricated NF membrane measured at the pressure of 2 bar

Membrane Water flux (L/m? h) Dye flux (L/'m? h) Final concentration (ppm) Rejection rate (%)
PVDF 2.237 1.146 0.721 92.79
PVDEF/SDS-GO 5.708 4.476 0.719 92.81
PVDF/SDS-GO/TiO, 9.269 7.770 0.724 92.76

value was approximately fourfold and sevenfold References

higher than those of PVDF/SDS-GO (4.476 L/
m? h) and PVDF samples (1.146 L/m? h), re-
spectively. This finding confirmed that the addi-
tion of SDS-GO and TiO, significantly affected
the filtration process. The details of the mem-

brane performance for dye rejection are listed in
Table 4.

4 Conclusions

Three types of PVDF-based NF membrane were
successfully fabricated through phase inversion
method. The utilisation of the direct DMAc-based
GO synthesised from electrochemical exfoliation
assisted by SDS surfactant and TiO, was proven
alter the pore morphology of the fabricated hybrid
membrane. Overall, all fabricated membranes pre-
sented high MB dye rejection of ~92-93%. How-
ever, PVDF/SDS—-GO/TiO, presents the highest
hydrophilicity (marked by the lowest contact an-
gle; 64.0+0.11°), water permeability (4.187 L/
m? h bar) and dye flux (7.770 L/m* h; which
was sevenfold higher than the pure PVDF mem-
brane). The improvement of membrane morpholo-
gy and performance was due to the utilisation of
both hydrophilic materials in the phase inversion
method. This study presents a simpler, less com-
plicated and less time-consuming method to fabri-
cate GO-based PVDF membrane than the presently
available methods (the common Hummers’
method).
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