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ARTICLE INFO ABSTRACT

Keywords: This study aimed to investigate the synthesis of TiO2/rGO nanocomposite particles and incorporate them into
Adsorption PVDF membrane for Batik wastewater treatment. Bentonite adsorption and ozonation were combined to mitigate
Band gap energy fouling development during the filtration process. The results proved that the TiO5/rGO nanocomposite suc-
?gltlilrizghlllclty cessfully narrowed the band gap energy ~2.9 eV by which enhancing its photo sensitivity within the visible light
Ozonation region. Furthermore, the chemical compatibility of TiO, with PVDF can be improved with the presence of rGO.

PVA coating on PVDF-TiO,/rGO membrane has enhanced hydrophilicity and provided the best performance by
giving permeate flux ~19.3 L.m 2h™! and dyes rejection up to ~90%, respectively. Obviously, pre-treatment
using bentonite and followed by ozonation significantly enhanced the permeate flux up to 21 L.m 2h™! and
overall rejection up to ~95%. As expected, the addition of TiO2/rGO nanocomposites increased membrane’s
photocatalytic activity by 30-100%. More importantly, wastewater treatment by combining bentonite adsorp-
tion, ozonation, and photocatalytic membrane filtration has successfully improved permeate flux and perfor-
mance stability, reduced fouling growth, and produced clean water. Therefore, the results of this study offers a

Photocatalytic membranes

new promising advanced wastewater treatment for Batik wastewater treatment to produce clean water.

1. Introduction

Since UNESCO designated Batik as a world heritage in 2009, Batik
textile industries have enjoyed steady growth due to the increasing de-
mand for its unique fashion trend [1]. Unfortunately, Batik industry can
be regarded as one of the industrial sectors that produce large amount of
highly contaminated and toxic wastewater. Textile industry is reported
to continuously contribute 17-20% of the global water pollution [2].
Commonly, Batik wastewater is generated from the coloring, soaking,
washing and wax removal processes [3]. Obviously, Batik wastewater
contains typically pollutant substances, such as dyes, starch, aluminum
sulfate, and wax with extreme pH, high COD, BOD, TSS and intense color
that exceeds the quality standards for wastewater disposal [4]. More-
over, the use of synthetic reactive dyes may terrifically deteriorate water
quality due to its high toxicity and non-biodegradability [5]. Therefore,
an appropriate wastewater management is crucial before its discard to
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the environment.

To date, numerous physicochemical methods have been developed
for Batik wastewater treatments, such as chemical coagulation-
precipitation, adsorption, electrocoagulation, flocculation, and
advanced oxidation. In addition to being cost intensive, these methods
generally produce a large amount of complex sludge and low water
product quality. Membrane separation offers excellent performance in
wastewater treatment and water reclamation. There have been several
membrane contactors for Batik wastewater treatment, such as direct
filtration using pressure-driven membranes (UF, NF, RO), membrane
distillation (MD), membrane bioreactor (MBR), and membrane elec-
trodialysis (ED). Rashidi et al. [6] developed UF/NF membrane filtration
system for Batik wastewater treatment and successfully removed up to
95% resin and wax. Lagbagbi et al. [7] utilized direct contact membrane
distillation (DCMD) for textile wastewater treatment, which provided
~99% dye removal. However, DCMD method consumed high energy
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supply to allow phase change. Lafi et al. [8] utilized hybrid process of
UF/electrodialysis for textile wastewater treatment, which was able to
remove soluble contaminants up to 97%. MBR is a hybrid process of
biological treatment and membrane filtration that has been extensively
developed for wastewater treatment. Febriasari et al. [9] reported 86%
dyes removal in Batik wastewater treatment using membrane biore-
actor. Although membrane-based processes have become more attrac-
tive in wastewater treatments, their current applications remain
susceptible to fouling growth that leads to performance decline and
operating cost increase. The development of anti-fouling or
reduced-fouling membrane materials by either bulk or surface modifi-
cation can be an alternative solution to overcome the fouling problem.

Many research groups have developed antifouling membrane
through hydrophilic nanoparticle loading [10], surface grafting [11],
in-situ polymerization [12], layer-by-layer assembly [13], and photo-
catalyst incorporation [14]. Among those proposed methods, the com-
bination between photocatalysis and membrane filtration system has
been reported to significantly reduce fouling, extend membrane life-
time, and improve pollutant removal performance by allowing simul-
taneous photocatalytic degradation of the pollutants [15]. As for the
semiconductor photocatalysts, titanium dioxide (TiO3) exhibited the
highest photoactivity potential due to its strong photocatalytic activity,
abundant availability, and low cost. As expected, the inclusion of low
amount of TiO, into PVDF membrane has been found to cause ~99%
removal of methylene blue [16]. However, the wide band gap energy of
TiOg (~3.2 eV) has restricted its application for photocatalysis where
the photodegradation is merely triggered by UV-light. In this regard,
numerous efforts have been devoted to reduce the band gap energy
bellow 3.2 eV and to shift the photon absorption of TiO; to visible light.
Elemental doping such as N, P, C, S into TiOy photocatalyst have
significantly reduced the band gap energy through electronic band
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structure modification and simultaneously improved its response in the
visible light [17]. Haq et al. [18] also reported that annealing of TiO,
particles could decrease the band gap energy by enhancing their crys-
tallinity and packing density. The binary composite material of TiO2 and
two-dimensional carbonaceous material, such as graphene, graphene
oxide (GO), and reduced graphene oxide (rGO) can be a promising
candidate because they facilitate the transfer of photogenerated elec-
trons and holes as well as reducing particle aggregation tendency [19].
rGO is two dimensional carbon material derived from GO through
reduction process with zero band gap energy, large specific area, and
unique electrical properties that provide suppression of e/h™ pair
recombination [20]. Yu et al. [21] developed ’p_2p rGO-TiOy nano-
composite through solvothermal with the narrowed band gap energy of
2.77 eV and more importantly, the nanocomposite material has pro-
vided impressive dye removal and self-cleaning ability under visible
light. Table 1 summarizes previous reported studies regarding the
photovcatalytic membrane application for various industrial pollutants
and dyes. Herein, the TiO/rGO nanocomposite was synthesized and
incorporated into PVDF membrane to be employed as a photocatalytic
membrane for Batik wastewater treatment.

Based on the previous reports that the photocatalytic membranes
(PMs) provided significant fouling reduction, its direct application to
treat the highly contaminated Batik wastewater will be unveiled. To
provide a more comprehensive perspective, the combined processes,
namely adsorption and ozonation as pre-treatments will also be adopted
to mitigate the fouling problem. Ozone is an environmentally friendly
oxidizing agent that is widely used in drinking water and wastewater
treatment. In an aqueous system, ozone oxidizes organic compounds by
direct oxidation with O3 molecules or formation of hydroxyl free radi-
cals [22]. Several researchers also reported that ozone pretreatment is
an effective way to degrade natural organic colloids (or biogenic

Table 1
Summary of previous reported works on the photocatalytic membrane applications for pollutants and dyes removal.

Membrane material Catalyst Preparation Pollutant Results Ref.

method

Polyvinylidene fluoride ZnO/Ag,CO3/ Blending Ibuprofen The ibuprofen removal from 27.37% in dark conditions to 35.27% [25]

(PVDF) Ag,0 under UV light irradiation using the PVDF- ZnO/Ag,CO3/Ag>0
composite membrane.

Polyacrylonitrile (PAN) Ag@ZnO Hydrothermal Methyl orange (MO) The decorated membrane possessed both photocatalytic and [26]
antibacterial properties. After 5 cycles of photodegradation, the
photocatalytic activity remained at 98.6%.

TiO,/Al,03 ceramic TiO5/Al,03 Sol-gel Direct Black 168 Dye removal of 82%. The membranes’ photocatalytic properties helped [27]

membrane in permeate flux improvement and prevented fouling formation.

Cellulose ZnO nanosheets  Blending Methyl orange (MO),  The ZnO/CFR12 composite membrane with the highest ZnO flower/ [28]

phenol, and aniline sheet ratio exhibited the best photocatalytic performance (the
degradation rate of MO, phenol, and aniline were 95.44%, 100%, and
82.39%, respectively).
Polypiperazine amide (PPA) ZnO-PEG Blending Industrial dye ZnO-PEG/UF PPA membrane presented SDWW degradation (100%), [29]
wastewater turbidity removal (100%), COD reduction (97.37 + 0.06%), and
electrical conductivity removal (92.38 + 0.66%). The modified
membrane also showed an outstanding antifouling property.

Polyethylene oxide (PEO) CNT/ZnO/TiO, Hydrothermal Acid orange 7 (AO7) The CNT/ZnO/TiO, nanocomposite membrane integrated the [30]
advantages of multiple semiconductors and carbon-based materials to
exhibit high mechanical strength along with high photocatalytic
capability, which possessed the ability to produce clean water at a high
membrane flux with low fouling potential.

Polysulfone (PSf) TiO2-GO Blending Methylene blue (MB)  The composite membrane exhibited 3-4 times faster dye removal under ~ [31]
UV and sunlight. Composite addition increased the membranes’
hydrophilicity.

Polyvinylidene fluoride CdS/Bi;WOg/ Blending Nitrile The photocatalytic activity of the hybrid membrane was evaluated, and ~ [32]

(PVDF) ZnO 92.58% of the nitrile was converted into non-toxic substances within 4 h
under simulated sunlight irradiation
Polyvinylidene fluoride TiO, Blending 4-nitrophenol (4-NP) 50% removal efficiency of 4-NP after 5 h of irradiation. The 4-NP [33]
(PVDF) + Polypropylene concentration in permeate was equal in retentate.
(PP)
Polyvinylidene fluoride TiO,/rGO and Blending and Industrial dye The membrane porosity, hydrophilicity, and water absorption ability This
(PVDF) PVA coating coating wastewater are all improved with the addition of the TiO,/rGO photocatalyst. In work

addition, the PVA coated PVDF-TiO,/rGO membrane showed
outstanding performance in terms of permeate flow, pollutant rejection,
photo-degradation stability, and antifouling properties
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colloids), which potentially promote membrane fouling [23], [24]. In
this study, the ozonation was combined with adsorption using bentonite
to reduce organic contaminants of the raw Batik wastewater prior to
photocatalytic membrane filtration process. Natural bentonite clay was
selected as the adsorbent due to its high surface area, excellent
adsorption capacity, and low-cost. Nanocomposite photocatalyst syn-
thesis, photocatalytic membrane fabrication, characterization and per-
formance evaluation in Batik wastewater treatment were evaluated in a
laboratory-scale membrane filtration cell. The combination of the
bentonite adsorption, ozonation pre-treatment processes and photo-
catalytic PVDF-TiO/rGO membrane filtration is expected to be an
efficient process for recovering clean water from Batik wastewater.

2. Materials and methods
2.1. Materials

The polyvinylidene fluoride (PVDF) Solef® 6020/1001 was pur-
chased from Solvay Advanced Material, USA, while the N-Methyl Pyr-
rolidone (NMP) as a solvent was purchased from Merck, Singapore.
Graphite powder (<20 nm) and glutaraldehyde 50 wt% in HoO were the
product of Sigma Aldrich, Singapore, while TiO; nanoparticles was
purchased from Shanghai Chemicals Ltd, China. The first grade polyvi-
nyl alcohol (PVA) with 1000 polymerization degree and completely
hydrolyzed was supplied by Wako Pure Chemical, Japan. Other chem-
icals, such as H;SO4, KMnO4, H3PO4, HCl, and NaNO3 were procured
from Merck, Singapore. Bentonite clay granule was supplied by Brataco
Chemika, Indonesia. The reduced graphene oxide (rGO) was prepared
from graphite powder according to the modified Hummer’s method as
presented in previous study [34]. The raw Batik wastewater sample was
collected from the Kampoeng Batik, Batik’s textile industry, Semarang,
Indonesia with the initial characteristics as tabulated in Table 2.

2.2. PVDF/TiO2-rGO photocatalytic membrane fabrication

The PVDF/TiO2-rGO photocatalytic membrane was prepared using
the bulk-blending method and followed by the dry-wet phase inversion
technique according to the protocol used in the previous work [35].
TiO2-rGO nanocomposite as photocatalyst filler was synthesized ac-
cording to the method previously used by Leal et al. [36] with the
rigorous procedure was available in the supplementary material Text
S1. Polymeric solution and nanoparticle suspension were prepared
separately to prevent nanoparticles agglomeration. Polymeric solution
was prepared by dissolving a predetermined amount of PVDF polymer in
NMP solvent to an exact 16 wt% and stirred at 60-70 °C until the
achievement of a homogenous solution. The TiO2-rGO nanocomposite
particles were dispersed into NMP solvent in another container and the
mixture was further ultrasonicated for 30 min to obtain a stable and
homogenous suspension. Then, this nanoparticles suspension was
introduced to the polymeric solution and was followed by vigorous
stirring for 6-8 h at 60-70 °C until the formation of a homogeneous
solution. Prior to casting onto a clean glass plate using a casting knife

Table 2

Characteristics of Batik Wastewater from Kampoeng Batik Semarang, Indonesia.
Parameters Value Standard*
Chemical oxygen demand (COD), mg.L ™" 668.24 250
Biochemical oxygen demand (BOD), mg.L ™" 386.63 85
Total Suspended Solid (TSS), rng.L’1 1280 60
Total dissolved solids (TDS), mg.L ™} 4454 500
0Oil and grease, mg.L ! 6.78 5.0
pH 5.9 6.0 -9.0
Cr Hexavalent, mg.L~? 2.17 2.0
Color absorbance, a.u. 0.772 colorless

* Quality standard of industrial wastewater according to the Ministry of
Environment and Forestry the Republic of Indonesia.
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with 150 um thickness, the dope solution was left under vacuum for 2 h
to allow the removal of trapped bubbles. The polymer film on the glass
plate was allowed within 30 s for solvent evaporation then subsequently
immersed into a coagulation bath containing deionized water at 30 °C
for 24 h to obtain a flat sheet membrane. The fabricated membrane was
dried at room temperature overnight. The neat PVDF, PVDE/TiO,, and
PVDF/rGO were also fabricated and further used as the control for
membrane performance comparison. The PVDF/TiO2-rGO membrane
surface was then modified for improving surface hydrophilicity and
morphological properties via crosslinked PVA coating following the
procedure previously used by Kusworo et al. [37] (the detail of the
modification procedure was available in the supplementary material
Text S2).

2.3. Characterization

The surface and cross-sectional morphology of the fabricated mem-
branes were assayed using scanning electron microscope (SEM, JEOL
Series LA, Japan) and transmission electron microscope (TEM, JEOL
JEM-1400 Series, Japan). Then, their elemental compositions were
identified using the energy dispersive x-ray (EDX, JEOL Series LA,
Japan) and x-ray diffraction (XRD, PANalytical XRD X'pert3 powder DY
5367, UK). The Fourier transform infra-red spectrophotometry (FTIR,
Perkin Elmer PC1600, USA) was performed to characterize the chemical
functional groups present in the PVDF-rGO-TiO, membranes at wave-
number range of 4000-450 cm L. The photocatalytic properties of the
nanocomposite fillers were assessed using the optical analysis of diffuse
reflectance spectrometry (DRS) method by a UV-Vis spectrophotometer
(Shimadzu, Japan) at wavelength range of 250 — 700 nm. In addition,
the surface charges of the photocatalyst nanocomposite were deter-
mined using point of zero charge method (PZC) according to the pre-
vious studies [38], [39], where the rigorous procedure was provided in
supplementary material S3. The surface hydrophilicity and wettability
of the membranes were evaluated based on the contact angle measure-
ment (Dataphysics-instrument OCA 25, Germany) at room temperature.
From the contact angle measurement, the surface energy of the mem-
brane was further calculated using Fowkes theory as expressed in Eqs.
(1) and (2).

1+ cosé@
% =728 +\/riv§ ®
vs=7rs +75 )

where 6 is the apparent contact angle (deg). y?, y¥, v, and 7% are the
dispersive and polar interfacial surface energy of the liquid and solid
state, respectively.

Membrane porosity (¢) and pore size (rp) were indirectly estimated
using the gravimetric and pure water permeability methods, respec-
tively. The ¢ value was calculated using Eq. (3), whereas the ry;, value
was calculated using the Guerout-Elford-Ferry equation for pore flow
model Eq. (4).
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where w; and w, are the mass of the dried and wet membranes,
respectively (kg). Accordingly, A is the membrane surface area (m?), l is
the membrane thickness (m), Q is volume of pure water permeate per
unit time (m3.s™1), p is the pure water density at 25 °C (997 kg.m_B), nis
the pure water viscosity at 25 °C (8.9 <1074 Pa.s), and AP is the trans-
membrane pressure (Pa).
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2.4. Experimental setup and procedures

In this work, the Batik wastewater treatment process was conducted
in two stages: (1) pre-treatment using bentonite adsorption-ozonation
process and (2) photocatalytic membrane filtration as clearly illus-
trated in Fig. 1. The commercial bentonite clay powder was washed,
activated using acid treatment method and dried at 105 °C for 24 h
according to the previous studies [40], [41]. A batch process was carried
out to allow wastewater adsorption under continuous agitation using
various amount of bentonite (0.5, 1.0, 1.5, and 2.0) g of bentonite for
every 100 mL Batik wastewater. The adsorption process was conducted
for (30, 60, ad 90) min for each batch until the achievement of equi-
librium. The adsorbent was then separated from the wastewater via
gravity settling. Accordingly, the adsorption treated wastewater was
further ozonated in semi-batch mode with constant ozone injection rate
of 3000 mg O3/h for 180 min. In order to facilitate maximum ozone
transfer efficiency into wastewater, a baffled tank reactor equipped with
two ozone diffusers at its bottom was used. The effluent of the ozonation
reactor was then continuously delivered to the membrane cell equipped
with UV lamp type C (Phillips TUV 30-watt, Netherland) for photo-
catalytic membrane filtration process. The permeate water was with-
drawn for further analysis and the retentate was recycled to the
ozonation reactor tank.

2.5. Permeate water flux

A crossflow filtration system evaluated the membrane permeation
flux. Firstly, the tested photocatalytic membrane was compacted using
deionized (DI) water for 30 min at constant trans-membrane pressure of
5 bar. Then, the crossflow filtration experiment was performed at an
operating pressure of 5 bar. For each tested membrane, the permeate
water was collected every 30 min during filtration process. The

permeate flux was subsequently calculated using Eq. (5).
\%4
1= Axt )

where J is the permeate flux (L.m’zh’l); Vis the permeate volume (L); A
is the effective membrane area (rnz), and t is the permeation time (h).

Recycled Bentonite

Filtration

Batch adsorption
Ozone generator

‘s Permeate volume
measurement
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2.6. Pollutants rejection evaluation

The pollutants removal from Batik wastewater was evaluated based
on the COD, TDS, and color concentration in both feed and permeate.
Then, those parameters were calculated to determine the pollutants
rejection rates according to Eq. (6).

R= (1 —ﬁ) x 100% (6)
G

where R is rejection efficiency (%); C, and Crare the concentration of the
pollutants in permeate and feed solution, respectively (mg.L™1).

2.7. Photocatalytic degradation and kinetic evaluations

The photocatalytic activity of the fabricated membranes were
examined by analyzing the organic degradation rate, which can be easily
identified by the COD decline. The raw Batik wastewater was used as the
feed. Then, the membrane was hermetically attached to a glass slide and
the glass was further immersed into Batik wastewater in an observation
vessel. The vessel was positioned in the dark environment for 60 min
before subjecting the sample under a UV lamp to initiate adsorption
equilibrium to ensure that only photocatalytic activity was examined in
the experiment. The experiment was performed for 120 min, from which
an equal aliquot was sampled every 30 min from the vessel to measure
its COD level. Furthermore, a photocatalytic activity modeling was
proposed to provide a clear approach to the photodegradation of organic
matters. The kinetic behavior of photodegradation of the fabricated
membranes were modelized using three models including the zero order
kinetic, Langmuir-Hinshelwood, and second order kinetic, as the
mathematical expressions are represented in Eqs. (7)-(9), respectively.

C,—C =k,t 7
C,

In[—=) =k 8

n(C) 1t (€))]

1 1

e ©

Where C, and C represent the initial and certain concentrations of COD
(mg/L), t represents time (min), k, (mg/L min), k; (min_l), and ko (L/

Exhaust gas

| —|+

Photoéatalytic
i  membrane
[}
]

Fig. 1. Simplified illustration of advanced membrane filtration with bentonite adsorption and ozonation as pre-treatment for Batik wastewater treatment.
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mg min) show the rate constants for zero order, Langmuir-Hinshelwood,
and second order kinetic models, respectively.

2.8. Membrane fouling and stability test

The influence of pre-treatment and photocatalytic degradation on
the mitigation of membrane fouling was evaluated quantitatively using
the resistance-in-series model [42].

T™P
- a0
nJo
T™P
R = —R, (11
! nJi
Ro=MP_ o R 12
nJa ’

where Ry, Ry, and R, are the intrinsic membrane resistance, resistance of
adsorbed solute on the membrane pores of walls, and resistance formed
by reversible cake layer, respectively (m™1). TMP is the trans-membrane
pressure (Pa). 7 is the dynamic viscosity of DI water at room temperature
(Pa.s). Jy, J1, and J; are the pure water permeate flux of clean mem-
brane, hydraulic cleaned membrane, and fouled membrane, respectively
(m.s™1). In addition, to further explore of the photocatalytic membrane
stability after sequential hydraulic cleaning, a cycle test [43] of Batik
wastewater filtration under UV-light irradiation was also carried out.

3. Results and discussions
3.1. Characteristics of TiO2/rGO nanocomposite

To obtain an in-depth understanding of the photodegradation
behavior during wastewater treatment application, the synthesized
nanocomposite photocatalyst was characterized for its physicochemical
properties. Based on their SEM and TEM images, Fig. 2(a) confirms that
the TiOy particles were in nanometer size with irregular structure.
Furthermore, the particle size distribution analysis showed that their
average particle size was ~100 nm. Fig. 2(b) shows the SEM image of
rGO with single layer structure indicating the successful exfoliation. The
detailed structure of TiO, and TiO2/rGO nanocomposite were identified
using TEM images as presented in Fig. 3. The size of TiO2 was estimated
to be in the range of 50 — 200 nm. The TEM image revealed a layered
structure of rGO that has creases due to hydrothermal reduction. TiO5
clusters are clearly attached and inhomogeneously dispersed over rGO
nanosheet. The thickness of rGO nanosheet was estimated to be less than
1 nm from the edges and wrinkles. The rGO nanosheets provide two-
dimensional “mattress”-like structure with TiO nanoparticle attached

W40 G RGO 100 130 130 16
Particle size (nm)

3 ' :;:.

SEl  20kV x¥10.000 1pm
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over the sheets.

Material phase, crystal structure, and crystalline nature of the ma-
terials used in this study were analyzed using powder x-ray diffraction.
Fig. 4(a) presents XRD patterns of graphite, GO, rGO, and TiO3/rGO
nanocomposite. Graphite demonstrates one prominent peak at 20 of
26.42° which corresponds the presence of well-arranged layer structure
with 0.3370 nm p-spacing. For GO XRD pattern, the peak was shifted to
11.14° with p-spacing of 0.7933 nm. The increasing of p-spacing was
attributed to the intercalation of oxide functional groups indicating that
the graphite was fully oxidized into GO. The GO reduction process using
NayCO3 as reducing-agent partially eliminated the oxygen-containing
functional groups indicated by appearance of boarder peak for rGO at
20 of 24.88° and the presence of peak at 20 of 11.84° belongs to the
unreduced oxygen-containing groups. The bp-spacing of rGO was
0.3572 nm lower than that of GO p-spacing, it indicates the restoration
of n-conjugated structure of rGO. For TiO2/rGO nanocomposite, the XRD
pattern showed sharp peak at 26 of 25.69° (101), 37.27° (013), 38.15°
(004), 38.83° (112), 48.39° (200), 54.25° (015) that exactly correspond
with the TiO; anatase pattern based on “Match! 3" software analysis.

The FTIR spectra of rGO in Fig. 4(b) showed characteristic peaks at
1736 cm™! and 1218 cm™! that belong to the carbonyl and carboxyl
stretching. It could be due to the residual oxygen containing groups of
unreduced part of rGO. This result supported XRD data where the GO
was partially reduced. The FTIR spectra further confirms the existence of
TiO4 based on the appearance of an IR absorption peak at fingerprint
region of 474 — 480 cm ™! of the FTIR spectra. A similar observation was
reported by Ayodhya et al. [44] regarding the presence of metal oxide
bond of TiO; based on the appearance of an IR absorption of Ti-O
bending at about 680 cm . This absorption band difference could be
due to the distinct TiOg structural phase. Typically, TiO exists in three
types polymorph: anatase, rutile, and brookite with anatase and rutile
are the two main structural phases of TiO, [45]. The broad band at
3427 cm™! and 1564 cm™! belong to the stretching and bending vi-
bration of -OH and Ti-OH, respectively. These observations represent the
adsorbed water as the result of the interaction between the hydrophilic
TiO, nanoparticles with water molecules. Additionally, the broad peak
observed peaks at 3437 cm™! which may related to the absorbed -OH
due to the interaction of O-Ti-O and H-O-H molecule. The peaks at
1564 cm™! and 474 cm ™! that correspond to Ti-OH and Ti-O stretching
absorption. The appearance of small peaks of TiO2/rGO FTIR spectra
could be attributed to the unreduced oxygen-containing functional
group of rGO. Hence, the observed absorption peaks that correspond to
the specific vibration of TiO2 and rGO indicated a successful synthesis of
TiO2/rGO nanocomposite. A previous report suggested that the
water-adsorbing behavior of TiO2/rGO nanocomposite plays important
role in photocatalytic activity [46].

Light absorption behavior of the manufactured TiOy/rGO

SEl  20kV WD10mm  SS30 x10.000 1pm

Fig. 2. SEM images of (a) pure TiO, nanoparticles and (b) rGO nanosheets.
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Fig. 3. TEM images of pure TiO; and TiO/rGO nanocomposite materials.

nanocomposite was evaluated using UV-Vis DRS measurement that
disclose the optical properties of a photocatalyst. The UV-Vis DRS plots
of TiO2/rGO nanocomposite photocatalyst, pure TiO; and rGO are
presented in Fig. 5(a). All tested materials exhibited their specific light
response behaviors. As expected, TiO2 has strong absorption at UV re-
gion and decrease sharply at visible light region. This observed char-
acteristic could be due to the high band gap energy of TiO; (~3.2 eV)
thereby it requires high hv energy to facilitate electron transition from
valence band (CB) to conduction band (VB). Meanwhile, rGO was found
to be a non-photoactive material as indicated by a low overall photon
absorption. Nevertheless, the light absorption of rGO at the visible re-
gion is higher than that of TiO2. The UV-Vis DRS of the TiO3/rGO
nanocomposite exhibited obvious red shift at the visible region
compared with pure TiO2. The high electron mobility of rGO played
important role in improving the charge transfer properties of the
nanocomposite material leading to a higher photo sensitivity [47]. Fig. 6
(b) exhibits the Tauc’s plot of photon energy (hv) level versus the
quantity of absorbed energy (ahv)’ for the determination of the band gap
energy of the fabricated materials. It is clearly observed that the pure
TiO2 showed band gap energy of 3.20 eV that is a typical band gap of
anatase phase. However, the band gap energy of rGO could not be
determined using Tauc’s plot because the slope is too low. A previous
report mentioned that rGO is a two-dimensional carbon material with

zero band gap energy [48]. The observed band gap energy of the
TiO2/rGO nanocomposite was 2.90 eV, which is lower than that of TiO,.
This narrowing band gap of the nanocomposite photocatalyst could be
associated to the improved planar structure which induces reflection
[49]. In addition, Gongalves et al. [50] also explained that the decrease
of band gap is associated with both interaction of TiO5 and rGO and the
formation of Ti-O-C bonds. The results suggested that the combination of
TiO2 and rGO with a band gap energy and an increased visible light
absorption would contribute to increase the photocatalytic activity.
Fig. 6(a) depicts the specific surface area of the mesoporous structure
of TiOy and TiO5/rGO nanocomposite obtained from the nitrogen
adsorption-desorption profile of the BET-BJH analysis. The tested ma-
terials (TiO, and TiO5/rGO) showed adsorption-desorption type IV(a)
isotherm indicated the typical adsorption behavior of mesopores con-
sists of multilayer adsorption. The hysteresis loops were type H2(b)
which resembles of complex pore structure resulting in adsorption
metastability and delayed desorption branch [51]. The estimated sur-
face areas of the nanocomposites photocatalyst and TiO5 were 232 and
186 m?/g, respectively. These results suggest that the combination of
TiO4 and rGO has successfully increased the specific surface area. This
improvement can be associated with the two-dimensional structure of
reduced graphene oxide. rGO materials is graphene like material with
large surface area. Basically, the theoretical specific surface area of
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Fig. 4. (a) XRD pattern and (b) FTIR spectra of modified membrane fillers.

graphene is 2640 m2/g [52]. A higher surface area of nanocomposite is
advantageous for photocatalytic reaction due to the provision of massive
active sites. Fig. 6(b) presents the pH changes of the aqueous solutions
from their initial pH at 25°C for 48 h as the result of OH or H' ions
desorption on the tested material surface. Point of zero charge (PZC) of
the materials defines the condition of the solution in which the surface
density of positive charges equals that of negative charges [53]. The
PHpyzc value describes the surface charge potential of the material as an
alternative for zeta potential analysis. The pHpzc of TiO2, rGO, and
TiO2/rGO were 5.98, 3.30, and 4.85, respectively. The significance of
this analysis is that the tested material possesses positive charge at the
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solution with pH values less than the PZC and vice versa. The results of
PZC analysis is important properties for understanding the mechanism
of Donnan’s exclusion of charged membrane surface.

3.2. Characteristics of PVDF-TiO2/rGO photocatalytic membrane

3.2.1. Photocatalytic membrane morphology

Fig. 7 depicts the surface and cross-section morphology of the
fabricated membranes. The evaluation of morphological properties
plays a pivotal role in appraising the microstructural changes of the
membranes caused by any kind of modification attempts. As clearly seen
in Fig. 7, all tested membranes possess a relatively smooth surface.
However, the neat PVDF membrane also exhibited some surface defects.
This phenomenon could happen due to three possible causes, such as
diverse coagulation rates of the whole membrane during phase inver-
sion, uncontrolled air humidity during membrane drying process, and
failure of mechanical casting. Such defects on the membrane surface
could potentially develop unselective void formation and thus reduce
the membrane selectivity performance. Moreover, they also could
initiate polymer crack under pressurized condition that shorten mem-
brane’s durability and lifetime. As expected, membrane with TiO2/rGO
loading showed better surface morphology than that of neat PVDF
membrane with fewer and smaller defect spots. The evenly distributed
white nodules over the membrane surface can be associated with the
presence of TiO,/rGO particles. This morphological structure is bene-
ficial for photocatalytic reaction in membrane filtration as the uniformly
distributed nanoparticles on the membrane surface would provide a
higher access for photon energy absorption. Cui et al. [54] also have
successfully incorporated magnetic Fe3O4 nanoparticles along with
TiO2 photocatalyst to enhance the particle distribution on the mem-
brane surface under magnetic field. Thus far, other advanced nano-
particles loading techniques had also been invented for the same
intention, such as surface grafting, interfacial polymerization,
layer-by-layer assembly, and surface deposition [11,12,55]. The PVA
coated PVDF-TiO5/rGO membrane surface presented in Fig. 7(c) has
smooth surface with minimum surface defect. It was likely due to the
presence of PVA layer that repairs the surface defect. Similar observa-
tions were also reported by previous study where PVA coating improves
membrane surface morphology [24,56]. Fig. 7(d),(e),(f) show
cross-section SEM images of neat PVDF, PVDF-TiO5/rGO nanohybrid
membrane, and PVA coated PVDF-TiO5/rGO, respectively. SEM images
have displayed the existence of macrovoid and porous finger-like
structure of all fabricated membranes. Overall, the cross-section image
of the membranes show a quite similar morphological structure of
finger-like voids. However, the TiO,/rGO incorporated membranes
exhibited larger finger-like macrovoids. It could be due to the effect of
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Fig. 5. (a) UV-Vis diffuse reflectance spectra (DRS) and (b) the Tauc’s plot of prepared materials for band gap energy determination.
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the hydrophilic TiO, and rGO loading into PVDF casting solution that
increased the hydrophilicity that subsequently alters the thermody-
namic instability and low rheological properties, thereby enhancing the
solvent-water exchange rate during phase inversion leaving large
finger-like macrovoids [57]. A previous study found that macrovoids
might be formed when the viscosity of the casting solution was high and
induced sudden-collapsed of finger-like structures formation [58].
Theoretically, larger finger-like macrovoids can be correlated with
higher water permeability due to low kinetic hindrance. Interestingly,
the cross-section morphology of PVA coated membranes has a thicker
and denser top skin layer due to the cross-linked PVA polymer appli-
cation. The dense skin layer of the membrane is responsible for
providing a higher layer selectivity. With massive hydroxyl group of
PVA polymer chain, the PVA coated membrane is expected to have
superhydrophilic surface to create hydration layer that enhances
membrane’s water permeability and antifouling properties.

3.2.2. Membrane porosity and pore size properties

Porosity is one of the imperative parameters that determines mem-
brane’s physical characteristics and filtration performance. Table 3
shows the porosity and pore size of the fabricated membranes. Practi-
cally, both characteristics are closely related to the membrane
morphology, especially on its surface. In general, porosity strongly af-
fects membrane performances, especially its flux and rejection against
pollutants. Based on the data tabulated in Table 3, the porosity of the
neat PVDF membrane is the lowest (33.85%). This value is in good
agreement with its SEM result that the finger-like structure of this
membrane is very narrow. As expected, the porosity of the PVDF
membrane increased with the incorporation of TiO5, rGO, and TiO2/rGO
nanoparticles. This increase in porosity could be due to the formation of
larger microvoids as evidenced by the SEM images (Fig. 7) as the result
of thermodynamic instability change upon the addition of nanoparticles.
Another possible reason is that the nanoparticles loading created gaps in
the polymer matrix, thus the more cavities are developed with the
increasing amount of nanoparticles which leads to a higher porosity. It
confirms the SEM results in Fig. 7 where the addition of hydrophilic
nanoparticles caused the membrane becomes more porous.

The cross-linked PVA coating on the PVDF-TiO2/rGO membrane
caused a decrease of membrane porosity up to 57.23% compared with
that of uncoated PVDF-TiO,/rGO membrane. This decrease was the re-
sults of the penetration of PVA solution into membrane surface pores
that filled-up the void fraction of surface pores [59]. It confirms the SEM
results in Fig. 7 that modification by cross-linked PVA coating produced
a smooth surface which leads to the reduction of pore volume. The
estimated membrane pore size obtained from Guerout-Elford-Ferry
equation showed that the average pore size of fabricated membranes

was around 2-3 nm. This finding suggests that the fabricated mem-
branes are in the transition of nanofiltration and ultrafiltration region or
classified as tight ultrafiltration (TUF) membrane with MWCO range of
300 - 5000 Da [60]. This type of pressure driven membrane is pro-
spective for dyes and polyvalent salts removal in the textile wastewater
treatment application according to previous study [61].

3.2.3. FTIR spectra of the fabricated membranes

Functional groups alteration of the fabricated membranes was
identified using FTIR spectrophotometry over a frequency range of 4000
— 450 cm ™. The FTIR spectra of all fabricated membranes are shown in
Fig. 8. Visually, the FTIR spectra of membranes are of similar pattern
with consistent peak belongs to polyvinylidene fluoride molecule. The
typical peaks of PVDF are 840 cm™!, 1177 cm ™, and 1400 cm™! that
can be assigned to the alkyl halide R-F or C-F stretching, the C-C
stretching of polymer backbone, and alkanes C-H stretching, respec-
tively [62]. It proves that the spectrum of the composite membrane can
sustain the absorption peak characteristics of neat PVDF membranes.
Both peaks at 1177 cm ™! and 840 cm ™! indicated the existence of the
C-F functional group. Meanwhile, peaks of 1400 cm™! represented the
asymmetric and symmetrical vibrations of the CHy functional group of
PVDF membrane.

Basically, there was no significant difference in the FTIR spectrum
when either TiOy or rGO nanoparticles were added to the PVDF mem-
brane. However, weak broad peak appeared at 3347 cm ™! in the PVDF-
TiO, membrane which can be attributed to the OH vibration of absorbed
H20 on the TiOy surface. The C-F stretching peak of PVDF-TiOy was
shifted from 1177 to 1073 cm ™! which might be due to the interaction of
fluoride with TiO,. Moreover, when rGO nanoparticles were added, new
peak appeared in the FTIR spectra, which was 1022 cm ™! in the PVDF-
rGO, PVDF-rGO/TiO,. A weak peak at 1022 cm ™' might be generated
due to the vibration of the C-O-H functional group [63].
Oxygen-containing groups in the rGO nanoparticles cause these three
absorption bands. It confirmed that rGO was embedded in the composite
membrane.

A previous research reported that modifying of a composite mem-
brane with UV irradiation and PVA coating increased membrane’s hy-
drophilicity [64]. As seen in the FTIR spectrum of the PVA coated
membrane, a strong wide peak appears between 3567 and 3130 cm ™.
This fact indicates an increase in the OH group due to the addition of
PVA [64]. Additionally, this result also confirmed the successful PVA
coating process on the PVSDF-TiO5/rGO membrane surface. Fig. 9 il-
lustrates the interaction of PVA polymer and PVDF polymer with the
presence of TiOy nanoparticles. PVA was applied onto PVDF membrane
surface via dip-coating and followed by crosslinking process using
glutaraldehyde. PVA chain was crosslinked via esterification reaction of
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Table 3
Porosity and pore size of the fabricated membrane.

Membranes Porosity (%) Estimated Pore size radius (nm)
Neat PVDF 33.85 + 2.76 3.83 +£0.31
PVDF-TiO, 44.71 + 2.37 3.13 +£0.29
PVDF-rGO 83.76 + 3.82 2.15+0.38
PVDF-TiO5/rGO 83.98 +1.79 2.14 + 0.09
PVDF-TiO5/rGO + PVA 57.23 +3.37 2.77 £ 0.30

carboxyl group of GA and hydroxyl group of PVA, resulting in the for-
mation of ester bridge group network. This network prevented PVA
polymer to swell during filtration process. Moreover, the interaction of
PVA layer with PVDF was an intermolecular force between Hydrogen of
hydroxyl group in PVA with Fluoride in PVDF. Hydrogen and fluoride
have large difference in electronegativity value (Ay=2.0) which
potentially to form dipole-dipole interaction (hydrogen bond). The
incorporation of TiO/rGO into PVDF membrane also increase the

interaction between PVA and PVDF membrane by providing O-Ti-O
group to interact with hydrogen in hydroxyl group of PVA. In the other
part, Ti has dipole-dipole interaction with fluoride due to its large
electronegativity gap (Ax=2.66). It suggests that TiO2/rGO has excel-
lent chemical compatibility with PVDF and PVA.

3.2.4. Membrane wettability: surface hydrohilicity, water uptake, surface
energy

Hydrophilicity is one of the fundamental factors that affect mem-
brane performance, especially membrane permeability and membrane
fouling tendency. To find out the hydrophilicity of the membrane based
on the water contact angle, the sessile-drop method was performed.
Fundamentally, a smaller value of water contact angle indicates a higher
hydrophilicity of the membrane and vice versa. Fig. 10(a) shows the
water contact angle of the neat and modified PVDF membranes. Modi-
fication of the PVDF membrane with the addition of TiO, and rGO
nanoparticles have successfully enhanced surface hydrophilicity of the
membranes. However, the sole incorporation of rGO as nanoparticle
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Fig. 8. FTIR spectra of fabricated membranes.

fillers in PVDF membrane did not considerably improve membrane’s
surface hydrophilicity. On the other hand, the addition of 2.5 wt% of
rGO slightly decreased water contact angle from 68.5 to 68°. This
observation is likely due to the poor oxygen containing site of rGO after
reduction process.

Surprisingly, the addition of 1.5 wt% TiO2 and TiO2/rGO nano-
particles reduced the water contact angle until 65.83° and 65.5°,
respectively. From the fundamental perspective, the improvement of
surface hydrophilicity of the membrane is contributed by the presence of
TiOq. A similar observation was also reported by Lou et al. [62] where
the addition of hydrophilic additives such as rGO/TiO5 nanoparticles
could increase the hydrophilic properties by providing
oxygen-containing groups such as Ti-O. The addition of hydrophilic
nanoparticles has also been reported to increase the surface roughness of
the membrane that facilitates better contact between water molecules
and OH groups and improves diffusion through the membrane surface.
However, upon addition of TiO5/rGO nanoparticles, the contact angle
value was not significantly different from the PVDF-TiO, membrane
with a contact angle of 65.83°. This phenomenon is plausible because
the rGO nanoparticles used in this work was prepared by GO reduction
process, which leads to a lower OH content in rGO [34]. Therefore, the
addition of rGO to the membrane did not significantly increase the hy-
drophilicity compared to that of TiO, nanoparticles addition. Although
no significant effect was obtained, the addition of rGO/TiO5 combined
particles successfully enhanced the PVDF membrane’s hydrophilicity,
which is one of the efforts to reduce fouling on the membrane.

10

Surprisingly, the PVA coated membrane exhibits the lowest water con-
tact angle (53.03°). As evidenced by FTIR analysis in the earlier section,
the PVA coated membrane has more hydroxyl groups from PVA polymer
which causes a more pivotal dipole-dipole interaction between
cross-linked PVA and water molecules. Water uptake ability of mem-
brane can be indirectly correlated with water contact angle. It describes
membrane porosity and affinity towards water molecules. The water
uptake of fabricated membranes were 40.25%, 53.33%, 54.21%,
54.83%, and 63.20% for the neat PVDF, PVDF-rGO, PVDF-TiOq,
PVDF-TiO2/rGO, and PVA coated PVDF-TiO5/rGO membranes, respec-
tively. The nanohybrid PVDF showed a higher water uptake ability
compared with that of neat PVDF. This higher water sorption ability is
supported by a higher porosity and larger macrovoid as proven by the
SEM images and porosity values. This intense water sorption ability can
also be helpful in enhancing the membrane’s permeability. The neat
PVDF membrane has the lowest surface energy (y;) with the portion
polar surface energy (v) is lower than that of dispersive surface energy
(v9). It reveals that naturally PVDF has low affinity towards polar sub-
stance such as water molecule. The PVDF-TiO5/rGO membrane with
PVA coating has shown the highest surface energy with higher portion of
polar surface energy. These characterizations have revealed a successful
modification of improving membrane surface hydrophilicity and
wettability, which resulted in an improved permeability and antifouling
properties.
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3.2.5. Electron dispersive X-Ray (EDX) analysis of fabricated membranes

An EDX analysis of the fabricated membranes was conducted to
ensure the presence of the nanoparticles added to the casting solution
because the nanoparticles in the casting solution might leach out during
phase inversion process. The elemental and oxide composition of the
tested membranes (PVDF-TiO5/rGO 2 wt%) is shown in Table 4. The
membrane is composed of 44.37% of carbon and 53.80% of floride
indicating both substances are the main constituents of PVDF polymer.
The mass percentage of TiO, was found to be 1.83 wt%, which is smaller
than its expected content in the membrane due to the leaching of TiOy
nanoparticles during the phase inversion [65]. However, the TiOy

11

content in PVDF-TiO3/rGO membrane was higher than that of
PVDF-TiO; membrane (1.20 wt%). This observation might be due to the
improved the nanoparticle affinity with PVDF polymer through van der
Waals interaction caused by the presence of rGO. The uniform dispersion
of photocatalysts on the membrane surface has prevented particles ag-
gregation and release.

3.3. Performance evaluation in Batik Wastewater treatment

3.3.1. Effect of TiO, loading on membrane performance
The addition of TiO2 nanoparticles to the membrane was expected to
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Table 4
Elemental and oxide composition of PVDF-TiO,/rGO using EDX analysis.
Element Mass (%) Compound Mass (%)
PVDF- PVDF- PVDF- PVDF-
TiO, TiO2/rGO TiO, TiO2/rGO
Carbon (C) 48.15 44.37 Carbon (C) 48.15 44.37
Oxygen (0)  0.48 0.37 Fluoride 50.65 52.18
Fluoride 50.65 53.80 F) 1.20 1.83
F) 0.72 1.10 TiO,
Titanium
(Ti)
Total 100 100 100 100

influence membrane’s permeability and selectivity. A successful result
can be observed based on membrane performance evaluations presented
in Fig. 11, which focuses on the permeate flux and ability to reject
contaminants during Batik wastewater treatment. Fig. 11(a) shows that
the PVDF membrane with 1.5 wt% TiO» has the highest and most stable
flux value compared to the other prepared membranes. The initial flux
was 22.36 L.m 2h™!, but it continuously decreased until 13.15 L.
m~?h ! in the last 180 min. Meanwhile, the PVDF with 2.0 wt% of TiOy
loading exhibited the lowest flux value of ~13.15 L.m~2h ! in the first
30 min to ~9.87 L.m 2h ! in the last 180 min. The reason behind this
flux enhancement is due to the high affinity of TiO, towards water,
which improved water penetration rate into the membrane during the
coagulation stage of the phase inversion process. The presence of TiO;
also caused the enhancement of water-solvent interdiffusion rate lead-
ing to the formation of a more porous membrane. Based on the mem-
brane porosity test (Table 3) and SEM images (Fig. 7), it is confirmed
that TiO, embedded membrane visually has a larger macrovoids. Water-
soluble NMPs exited the membrane during the coagulation stage, while
TiO2 particles remained in the membrane matrix and clogged some
membrane pores. This process can also be affected by particle aggre-
gation phenomenon. For this reason, the addition of different amounts
of TiO5 results in different structures.

Rejection analysis was conducted to measure pollutant parameters in
wastewater to evaluate pollutant removal capacity of the membrane. As
seen in Fig. 11(b), the COD rejection fluctuates along with the increasing
of TiO; loading concentration. 1.5 wt% of TiO5 have increased the COD
rejection from 65% to 80%. COD level in wastewater is associated with
the presence of natural organic matter (NOM) in water. The improved
rejection rate of COD could be attributed to the photodegradation with
the presence of TiO,. Previous study indicated the ability of TiOy in
NOM mineralization at low concentration under UV irradiation [66].
However, further increasing of TiO2 concentration has significantly
decreased the COD removal down to 25% after the loading of 2.5 wt%
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TiOs. This COD rejection decline could be due to TiO; over-loading that
initiates nanoparticle aggregation. The nanoparticle aggregation has
been reported as the cause of unselective voids formation. Similar trend
was also shown by TDS rejection and dyes rejection. The pore size
estimation has indicated that this membrane type is unable to reject free
monovalent ions. The rejected TDS might be the ionic dyes and acids
such as azo, anthraquinone, nitroso, remazol etc. It is supported by
similar trend and level of TDS rejection and dyes rejection.

3.3.2. Effect of TiO/rGO nanocomposite loading on membrane
performance

The photocatalyst nanocomposite of TiOz and rGO was prepared
using an equal mass ratio for both TiO3 and rGO. Fig. 12 shows the effect
of loading concentration on the membrane performance for Batik
wastewater treatment was evaluated based on the permeate flux and
pollutants rejection. Fig. 12(a) shows that the 2.5 wt% TiO2/rGO
loading in PVDF membrane had the highest and most stable flux, which
is 24.99 L.m ?h~! in the first 30 min and continuously decreased to
19.07 L.m~2h ! in the last 30 min. The interaction of rGO with TiO,
improved the electron transform from CB of TiO; to rGO nanosheets,
which subsequently reduced the charge recombination and enhanced
the photocatalytic activity. The increased photoactivity generated more
reactive oxygen species (ROS) that attracts water molecules. Another
reason is that the combination of TiO, and rGO synergistically increased
the surface hydrophilicity, water uptake, and polar surface energy thus
enhancing membrane’s water permeability.

According to Fig. 12(b), the COD rejection was significantly
increased with the increasing of TiO2/rGO nanocomposite loading. The
COD rejection by the neat PVDF was 65% and it was enhanced up to 75%
upon the addition of 2.5 wt% of TiO2/rGO. Nevertheless, the variation
of TiO2/rGO nanocomposite concentration showed insignificant change
in TDS rejection where all membranes have comparable rejection rate
around 80%. The highest dyes rejection of Batik wastewater was ach-
ieved by membrane with 2.0 wt% of TiO,/rGO at rejection value of
87.79%. Es expected, both COD and dyes rejection have similar trend
because these contaminants are organic compounds. When the filtration
was carried out under UV irradiation, the presence of TiO2/rGO pho-
tocatalyst promoted the generation of ROS leading on organic degra-
dation. Therefore, the simultaneous process of molecular exclusion by
membrane and photodegradation has improved the overall rejection
efficiency. Despite the prepared membranes have pore size radius in the
range of TUF (2-3 nm), the TDS rejection was relatively high for all
membranes. This results could be due to the solutes rejection via Gibbs-
Donnan exclusion mechanism where solutes were rejected based on
their surface charge. The PZC characterization has shown that both TiO2
and rGO nanoparticles are positively charged particles in solution with
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Fig. 12. Membrane performance in Batik wastewater treatment at various TiO/rGO nanocomposite loading concentration (a) permeate flux and (b) pollut-

ants rejection.

pH > 6. The pH of Batik wastewater was 6.9, thus the membrane surface
was protonized to form positive charged layer with strong ability to
reject cations. The performance evaluation also showed that the COD
rejection efficiency was relatively lower than the rejection of other two
parameters. This observation is possible because the ionization of
oxygen-containing groups can still have the opportunity to attract
organic molecules via intermolecular forces. Therefore, some pollutants
can wriggle out during filtration [34]. Meanwhile, the increased dye
rejection after the addition of rGO nanoparticles in the membrane was
due to the adsorption of dye molecules by membrane surface and in-
fluence the membrane flux via physical and chemical interactions, such
as hydrophobic interactions dipole forces, and charge transfer
(hydrogen bonds). In addition, the dye molecules have amino, sulfonate,
and hydroxyl groups as active species attached to the aromatic ring,
resulting in an interfacial force between the dye and the membrane,
which has carboxyl, amide, and amino functional groups. Finally, these
interactions resulted in a high rejection value of the color substances
[67]. Based on this study, the TiO5/rGO loading at 2.0 wt% has shown
the best performance by reaching the highest pollutants rejection with
moderate permeate flux value.

3.3.3. Effect of cross-linked PVA coating on membrane performance
The evaluation of PVA coating influence on the photocatalytic
membrane performance was carried out using PVDF-TiO5/rGO 2.0 wt%

22
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and followed by PVA coating with different concentration (2 and 4 wt
%). The PVA coated membrane was crosslinked using glutaraldehyde to
avoid membrane swelling during filtration process. Based on the
permeate flux and solutes rejection evaluation in Batik wastewater
treatment, a performance enhancement was observed. The flux profile
and contaminants rejection rates are shown in Fig. 13.

As shown in Fig. 13(a), the PVA coating on membrane surface at low
concentration (2 wt%) slightly enhanced the permeate flux by providing
initial flux increment from 18.9Lm 2h~! to 19.5L.m 2h~!. This
improvement is contributed by hydrophilic layer of PVA polymer that
forms hydration layer leading on higher water permeability. In contrast,
4 wt% PVA coating on membrane surface significantly decreased the
permeate flux down to 9.4 L.m ?h~!. This flux decline could be due to
the higher polymer density that hinder the penetration of water mole-
cules to pass through membrane barrier. This reason is supported by the
SEM cross-section images of the PVA coated membrane where its skin
layer was thicker than that of uncoated one. Furthermore, the porosity
characterization also showed the PVA coated membrane had a lower
porosity that that of uncoated membrane. Based on this study, the PVA
concentration as a coating agent for membrane surface to enhance water
permeation should not exceed 4 wt%.

The PVA coating on membrane surface positively affected the solutes
rejection. The solutes rejection increased along with the increasing of
PVA concentration. There are two possible reasons that support this
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Fig. 13. Membrane performance in Batik wastewater treatment at various PVA concentration as coating agent (a) permeate flux and (b) pollutants rejection.
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rejection enhancement. First, the supplementation of the membrane
matrix with TiO2/rGO synergistically increased the photoactivity under
UV light. According to Xu et al. [68], PVDF-rGO membranes exhibited a
closely similar photocatalytic properties to PVDF-TiO; membranes. It
indicates that rGO has a similar characteristic with semiconductor as
photocatalyst and that it has a similar band-gap energy to TiOs. The
integration of TiO3 and rGO in the PVDF membrane is beneficial for
decreasing the effect of charge recombination and ultimately increasing
photocatalytic efficiency. Under UV irradiation, electron in VB of TiOy
can be excited to produce photo-electrons (¢7) and holes (h™). These
electrons are then transferred to the rGO nanosheets that possess charge
transfer ability. The electron can be captured by oxygen molecules (O2)
on the surface of TiO,/rGO to produce 0%, HO?*, H,0?% and hydroxyl
radicals (OH). These holes can interact with water molecules and hy-
droxyl groups (OH") to produce hydroxyl radicals OH. OH can degrade
most complex organic compounds. According to Xu et al. [68], the
photodegradation of organic substances occurs in two steps: firstly, the
degradation of organic molecules into small fragments, and secondly,
the mineralization of small organic fragments into inorganic molecules.
The efficient photocatalytic properties have a beneficial effect in
reducing membrane fouling due to the photocatalytic oxidation of the
impurities, which ensures that the modified membrane can maintain a
high permeate flux for a longer time than traditional membranes. Sec-
ond, the PVA coating on membrane surface formed selective skin layer
by providing hydroxyl sites, thereby increasing the solutes rejection via
charge exclusion mechanism.

Fig. 13(b) also shows that 4 wt% PVA coated PVDF-TiO5/rGO
membrane under UV irradiation has the highest rejection of COD, TDS
and dyes up to 89%, 87%, and 95%, respectively. The membrane
rejected dye compounds more effectively than that of COD and TDS due
to the in-situ photocatalytic process. During photocatalysis, TiO2/rGO
nanoparticles formed hydroxyl radicals, which are responsible for the
degradation dye molecules. The OH" radical is a very strong oxidizing
agent that can oxidize most dyes. The combination of TiO/rGO with
PVA coating has obviously improved the performance of PVDF mem-
branes in removing intense contaminations of Batik wastewater simul-
taneously through membrane filtration and photocatalytic degradation.

3.3.4. Effect of adsorption using bentonite and ozonation as pre-treatment

Batik wastewater was treated by a combination of adsorption using
bentonite, ozonation, and membrane filtration. The pre-treatment
through adsorption using bentonite and ozonation prior to membrane
filtration aimed to reduce the level of organic content in Batik waste-
water. The pollutants removal efficiencies of adsorption and ozonation
processes are presented in Supplementary materials Fig. S1. The
adsorption process using bentonite clay has removed COD, TDS, and
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dyes up to 24.38%, 4.28%, and 40.52%, respectively. The ozonation
process has removed COD, TDS, and dyes up to 18.21%, 0%, and
38.72%. the Adsorption-ozonation process has achieved removal effi-
ciency of 50.28%, 5.06%, and 68.21%. The adsorption-ozonation per-
formance has shown moderate pollutant removal, thus it suggests that
membrane separation as final treatment is required to achieve clean
water standard. The study of integrated system performance was con-
ducted by determining the flux profile and the influence of the Batik
wastewater pretreatment process on the reduction of organic pollutant
levels in the effluent measured using the TDS, COD, and dyes removal.
The effect of pretreatment processes on membrane filtration perfor-
mance is presented in Fig. 14.

Fig. 14(a) exhibits the significant effect of adsorption and ozone pre-
treatment processes of Batik wastewater on the flux performance during
filtration using the fabricated membrane. The combination of adsorp-
tion and ozone pre-treatment processes reduced the organic load of
wastewater prior to membrane treatment. This steps has been proven to
significantly reduced membrane fouling growth rate and enhanced the
permeate flux and stability. Although adsorption process as pretreat-
ment did not significantly influence the permeate flux enhancement, but
it gave a more stable flux than that of membrane filtration without pre-
treatment. The bentonite used as the adsorbent was montmorrilonite
clay with strong sorption capacity towards organic molecules, especially
the dye compounds. With a reduced organic content, the cake layer
formation rate can be minimized thus resulted in a more stable flux. In
contrast, the ozonation process as a pre-treatment step provided sig-
nificant enhancement of the permate flux up to 20 L.m 2h~!. This is
because ozone is a strong oxidant that mineralize organic compounds
through either direct or indirect oxidation pathway [69]. The combi-
nation of adsorption and ozonation has successfully given the highest
and stable permeate flux profile.

The pollutant rejection in the effluent by the combined process of
bentonite adsorption-ozonation-membrane filtration pretreatment is
shown in Fig. 14(b). Overall, rejections of the integrated filtration sys-
tem were 95%; 86.52%; and 95% for COD, TDS, and dyes, respectively.
As a control experiment, a membrane filtration without any pre-
treatment was performed and obtained the rejection of COD, TDS, and
dyes were 78%, 84%, and 86%, respectively. Pretreatment through
adsorption was carried out using bentonite clay, which is a low-cost
aluminium phyllosilicate adsorbent. Bentonite particles provide a
large adsorption surface area that can bind organic substances through
van der Waals intermolecular intraction. This adsorption step success-
fully reduced the pollutant content in the permeate from the effluent
filtration compared to that without adsorption pre-treatment. It is also
evidenced by the flux profile, which is higher than filtration without
pretreatment. Meanwhile, ozonation is well-known as organic
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Fig. 14. Membrane filtration performance with different pre-treatment configuration in term of (a) Permeate flux (b) pollutants rejection performance.
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degradation through an oxidation process. Oxidation reactions by ozone
in water can occur when ozone forms the highly reactive hydroxyl
radicals. Under this consideration, the oxidation rate will be faster at a
higher hydroxyl (-OH) concentration in wastewater. In the ozone pro-
cess, there is contact between ozone and waste pollutants; therefore,
there is an oxidation process of organic compounds, which are the basis
for the formation of dyes which will be oxidized to compounds with
simpler molecular structures (mineralization). In the combined
adsorption-ozone process, the adsorption process was carried out prior
to ozonation because the adsorption process could withstand the large
and complex organic contaminants. Hence, the remaining simpler
organic compounds that escaped would then be degraded through the
ozonation process.

3.4. Photocatalytic activity and kinetic evaluation of the fabricated
membranes

Photocatalytic analysis of nanohybrid membranes was assayed by
degrading the dye pollutant in Batik wastewater under UV C light irra-
diation. All fabricated membranes were tested for their photo-
degradation ability with control treatment of photo irradiation without
photocatalytic membrane. The dyes degradation profile using photo-
catalytic membranes obtained from this investigation is presented in
Fig. 15. Based on the results, it can be seen at the initial treatment,
before the UV light was turned on, the pollutant removal was slightly
influenced by the adsorption process of the nanohybrid membranes.
However, the adsorption effect on the membranes is not significant
compared to the overall pollutant removal by photocatalysis. The
adsorption process by the membranes only achieved a maximum value
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of 10% of pollutant removal. After the UV lamp was turned on, the
control experiment shows insignificant photodegradation where only a
slight decrease of dyes concentration could be achieved due to the direct
photolysis of dyes by UV C irradiation. Nevertheless, the effect of
photolysis of dyes is so small and is not comparable to the pollutant
removal by membrane’s adsorption and photocatalysis. Similar results
were also demonstrated by neat PVDF and PVDF-rGO membranes,
which indicates that those membrane have no photocatalytic activity.
This finding also reveals that rGO has no photocatalytic properties as
evidenced by no band gap energy found in the DRS and Tauc’s plot
analysis. In contrast, PVDF-TiOy, PVDF-TiO5/rGO, and PVDF-TiO5/rGO
provided a strong dyes degradation up to ~90% for 120 min reaction. It
is also found that PVDF-TiO2/rGO membrane exhibited a higher pho-
todegradation activity than that of PVDF-TiO, membrane. The higher
photodegradation of PVDF-TiO2/rGO over PVDF-TiO, indicated the
nanocomposite photocatalyst had superior photocatalytic activity. This
is because TiO2/rGO nanocomposite has 2.9 eV band gap energy which
is lower than that of TiO5 (3.2 eV). With a narrower band gap energy,
the nanocomposite requires a lower photon energy to initiate the elec-
tron excitation for generating ROS around photocatalyst surface. Com-
bination of TiO/rGO promotes rapid interfacial charge transfer and
interfacial catalytic reaction [47]. rGO nanosheets can accept electrons
to effectively separate electrons and holes, thus preventing the recom-
bination center of e/h™ pair as well as increasing photocatalytic
efficiency.

To further study the photocatalytic activity on the membrane, the
reaction kinetics of the organic compounds degradation was modeled
following the zero order, Langmuir-Hinshelwood, and second order ki-
netic models, as the fitted results are depicted in Fig. 12(b-d),
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Fig. 15. (a) adsorption and photodegradation profiles of dyes using various membranes. Photodegradation kinetics fittings using several models: (b) zero order, (c)

Langmuir-Hinshelwood, and (d) second order.
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respectively. The estimated fitting parameters including the rate con-
stants and coefficient of determination (R?) can be seen in the Table S1.
From the value of R, it is found that the photodegradation behavior is
better fitted using the second order model. For example, the PVDF-TiOy/
rGO+PVA membrane the estimated R? values were 0.7175, 0.8457, and
0.9388 for zero order, Langmuir-Hinshelwood, and second order kinetic
models, respectively. It is also found that the other membranes also
showed relatively better R? in the second order model. The membranes
with embedded active photocatalysts showed greater slope on all plots,
which mean that they have higher rate constants compared to the other
membranes with smaller slope. Higher rate constant on the kinetic
equation represents faster photodegradation performance [70].
Furthermore, the photocatalytic activity on PVDF-TiO5/rGO membrane
was faster than PVDF-TiO2 and PVDF-rGO membrane by increasing
30-100% of photocatalytic activity. This phenomenon can occur
because of the synergistic effect between rGO and TiO; in the mem-
brane, where rGO plays a role in increasing photon absorption on the
membrane surface, leading to hydroxyl radicals (-OH) formation,
thereby increasing photocatalytic activity [70].

3.5. Membrane fouling and stability evaluation

Fouling resistance is one of the simplest method in evaluating the
fouling growth during membrane filtration process. In the raw waste-
water sample from Batik textile industry, organic pollutants such as
humus, wax, polyscharides, oil/grease, and dyes generally exist
together. Therefore, the fouling resistance of different prepared mem-
branes are performed to explore the influence of modification attempts
on the fouling growth rate. The fouling resistance profile of all prepared
membranes is presented in Fig. 16(a). As seen in Fig. 16(a), the total
resistance of PVDF-rGO membrane was higher than that of neat PVDF
membrane. The resistance was dominated by reversible fouling (cake
layer). It could be due to the properties of rGO that possesses large
surface area and ability to adsorp organic compounds on the membrane
surface. Nevertheless, the irreversible fouling of PVDF-rGO membrane
was significantly lower than that of neat PVDF membrane. The incor-
poration of TiO, and nanocomposite TiO,/rGO to the membrane
exhibited obvious fouling resistances reduction. It could be due to the in
situ photodegradation and hydrophilicity enhancement thus promoting
antifouling and self-cleaning properties. The lowest fouling resistance
was achieved by PVA coated PVDF-TiO2/rGO membrane. The modifi-
cation of hydrophilic surface has significantly increased the antifouling
properties of the membrane by decreasing the fouling resistance from
9.2 x 10" m ! t0 5.1 x 10! m~. Another parameter for assessing the
performance of photocatalytic membrane is cycle test. The tested
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membrane was utilized to degrade dyes under UV irradiation after a
predetermined reaction time, the membrane is cleaned and reused for
photodegradation process. The results of five-consecutive cycle test of
prepared membranes are depicted in Fig. 16(b). For the entire cycle
experiment, the PVDF-TiO,/rGO+PVA showed the highest photo-
degradation compared to other tested membranes. It is also found that in
the next cycle experiments the PVA coated membrane successfully sus-
tained the dyes degradation performance and experienced just a slight
reduction in pollutant removal performance. The PVDF-TiO5/rGO-+PVA
exhibited 73% pollutant degradation in the first cycle and 66% pollutant
degradation in the fifth cycle, which shows a stable photodegradation
activity. It could be due to the presence of PVA layer that form hydration
layer thus preventing the attachment of organic pollutants on membrane
surface that potentially retarded the UV light access for photocatalytic
reaction.

4. Conclusion

This study has successfully manufactured PVA PVDF-TiOy/rGO
photocatalytic membrane and investigated its performance for Batik
wastewater treatment. The combination of TiO with rGO significantly
reduced the band gap energy ~2.9 eV and promoted red shift light ab-
sorption at visible light region. The incorporation of inorganic fillers of
rGO-TiOy to the membranes improved membrane performance and
synergistically played their role as hydrophilic additives that resulted in
the improvement of membrane morphology, permeability, and selec-
tivity. Furthermore, the cross-linked PVA coating was found to provide
an excellent antifouling characteristic of the membrane by enhancing
membrane surface hydrophilicity that subsequently decrease the fouling
resistance from 9.2 x 10' m™! to 5.1 x 10! m~!. The 2 wt% PVA
coated PVDF-TiO2/rGO membrane offers the best membrane perfor-
mance with a permeate flux of 19.3 L.m~2h~!, while the COD, TDS, and
dyes rejections were 82.50%, 85%, and 90%, respectively. Moreover,
the bentonite adsorption and ozonation as the wastewater pre-treatment
steps had obviously enhanced the permeate flux up to 21 L.m 2.h~! as
well as increasing the pollutants rejection of 95%, 86.52%, and 95% for
COD, TDS, and dyes, respectively. Finally, the improved photocatalytic
activity of TiO2/rGO nanocomposite, hydrophilicity enhancement by
PVA coating have brought excellent antifouling and self-cleaning
properties. The strategy of applying hydrophilic PVA on the mem-
brane surface was to deal with reversible surface fouling while the
photocatalyst inside the membrane was to deal with absorbed fouling.
Therefore, both reversible and irreversible fouling can be minimized
even with high load of contaminated wastewater. Overall, the results of
this study provide insightful ideas for future applications of membranes
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Fig. 16. (a) fouling resistance of membranes (b) Five consecutive cycles test of photocatalytic membranes for dyes removal under UV irradiation.
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with prominent antifouling properties not only for Batik wastewater but
also other highly polluted wastewater.
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