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INTRODUCTION

The textile dyeing and finishing industry has created a huge
pollution problem as it is one of the most chemically intensive
industries on earth and one of the main pollutants of clean water
(after agriculture). Organic dyes are poisonous and damaging
to human health directly or indirectly. The presence of very
small amounts of dyes (< 1 mg/L for some dyes) in the water,
which are nevertheless highly visible, seriously affects the
aesthetic quality and transparency of water bodies such as lakes,
rivers and others, leading to damage to the aquatic environment
[1]. In addition, increase demand for clean water supplies has
become a global issue due to rapid industrialization and popul-
ation growth. As a result, a variety of practical strategies and
solutions to develop more sustainable water supplies have been
introduced.

Recent studies have shown that the titanium dioxide (TiO,)
materials synthesized by hydrothermal method can be used as
photocatalyst to degrade a variety of organic contaminants
[2,3] because of their being able to control particle size and
nanostructure at low temperatures as well as being a cost-
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effective synthesis method accomplished of large-scale produ-
ction [4,5]. Despite all the amazing properties of TiO, such as
photostability, intrinsic electronic and surface properties, non-
toxicity, cost-effectiveness and environmental friendliness [6-8],
it suffers from the small surface area, large band gap which
inhabits about 4% of the sunlight and cause separation possi-
bility of photo-induced electron-hole pairs in photocatalysts
is low [9]. There are many process of water treatment including
traditional chemical, electrochemical and biological treatment,
but this approach is limited due to low degradation performance,
chemical consumption and the generation of secondary pollution
[10]. To find a suitable process to remove these harmful pollu-
tants, the photocatalysis seems to be economical and efficient
approach to this issue [ 11]. New ways to produce more effective
photocatalysts like combining semiconductors, noble metal
doping and loading that recently gotten a lot of attention many
researchers.

In addition, TiO,-carbon composites can also show good
photocatalytic activity under UV light [12,13]. As one of the
most popular two-dimensional (2D) graphitic carbon materials,
graphene possesses excellent physical and chemical properties
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[14,15]. Graphene and graphene derivatives are being used
because of their special properties of high optical transparency,
high electrical conductivity, and charge transport as well as
have a large surface area [16,17]. Hybrid catalysts containing
graphene oxide (GO) or reduced graphene oxide (RGO) seem
to have greater absorptivity [18], rapid bonding of organic
molecules to the surface active sites with functional groups
[19], rapid charge separation, increased photocatalytic activity,
and high conductivity with a large surface area [20]. In addition,
RGO shows a specific narrow band gap energy and visible light
response eliminates deficiencies in degradation of dye [21,22].
RGO also was used as supports to remove the cationic impurities
such as cationic dyes and heavy metal cations [23]. Therefore,
in this study, nanostructured TiO, materials which is TiO, nano-
wires (TiO,NWs) was synthesized and coupled with reduced
graphene oxide (RGO) to produce titanium dioxide nanowires/
reduced graphene oxide (TiO,NWs/RGO) hybrid photocatalyst
for degradation of methyl orange dye.

EXPERIMENTAL

All chemicals and solvents were purchased from Merck
(Germany).

Synthesis of titanium dioxide nanowires (TiO,NWs):
An amount 1 g of TiO, was added to aqueous solution of 10 M
NaOH (100 mL) and the solution was stirred with the magnetic
stirrer for 30 min and the resulting suspension solution was
transferred into 80 mL Teflon-lined autoclave reactor for hydro-
thermal treatment at 160 °C for 10 h in the furnace. When the
reaction is completed, the white precipitate obtained was washed
with deionized water followed by 0.1 M HCI. The solution
was filtered and washed with deionized water and ethanol
respectively. Then, the white precipitate was dried at 40 °C for
24 hin an oven. Finally, the synthesized TiO, was annealed at
500 °C for 2 h.

Synthesis of reduced graphene oxide (RGO): Graphene
oxide (GO) was prepared according to modified Hummer’s
method. In a typical synthesis, 3 g of graphite powderand 1.5 g
of NaNO; was poured into 23 mL of H,SO, under rapid stirring.
After 30 min, 4 g of KMnO, was slowly added into mixture
solution. The solution was kept under 10 °C. The mixture
solution was then transferred into 35 + 5 °C water bath and
kept stirring for 30 min, then the mixture solution was diluted
with 46 mL of deionized water and the temperature was raised
up to 98 °C. The mixture solution was diluted again with 140
mL of deionized water and left it stirred for 30 min. Finally,
the mixture solution was treated with 10 mL of H,O, to stop
the reaction. Further, the mixture solution was washed with
5% of HCI and repeated centrifuging with deionized water.
The synthesized product was dried in oven at 60 °C overnight.
Dark brown precipitate as a GO is obtained and then put into
the furnace at 500 °C for 2 h as a thermal reduction process
for synthesis of reduced graphene oxide.

Fabrication of TiO,NWs/RGO nanocomposites: The
photocatalyst TIO,NWs was dispersed in 50 mL deionized
water for 30 min in ultrasonic. Next, the solution was dropwise
added into 0.5 g of RGO nanosheets which dispersed in 100
mL deionized water and stirred for 10 min. The mixture solution

was put in ultrasonic for 3 h. The obtained precipitate was
centrifuged at 4000 rpm for 30 min and washed with deionized
water several times. Finally, the solid was filtered and dried at
50 °C for 12 h.

Characterization: FTIR spectra were conducted on Niconet
5700 FTIR spectrometer with the sample was dispersed in
potassium bromide (KBr). The analysis was done from 4000-
400 cm™' wavenumber. The X-ray diffraction (XRD) was utilized
to study the crystal structure and XRD patterns were acquired
on Bruker D8 Advance X-ray diffractometer (Bruker AXS,
German) at a scanning speed of 0.2° s from 10° to 90° of 26.
The surface morphology of catalyst was determined using
scanning electron microscopy (SEM) JEOL JSM 6360LA at
the operational voltage of 10 kV. Thermogravimetric analyses
(TGA) was carried out using Mettler Toledo thermal analysis
system TGA/DSC 1 with heating temperature over a range of
20°C-700°C to analyze the weight loss (%) and thermal stability.
The N2 adsorption-desorption isotherms were recorded using
Micromeritics TriStar II, at —196.2 °C. Prior to this characteri-
zation, samples were degassed at 120 °C for 2 h with nitrogen
purging. Surface area, pore size and volume were determined
using BET method. UV-Vis absorption spectra were obtained
using a UV-Vis spectrophotometer (UV-2550, Shimadzu, Japan).

Photocatalytic activity: An amount of catalyst was disso-
Ived into 100 mL of methyl orange dye solution (20 ppm).
Photocatalytic degradation was carried out in dark for 30 min
to attain adsorption/ desorption equilibrium between dye and
photocatalyst. Next, the solution (10 mL) of initial concentration
was taken out and then the solution continuously stirred was
exposed to UV light. The UV light irradiation was provided
by two 15 W of UV-B lamps with a fixed distance of 50 cm
between samples and lamp. To define the degradation of dye,
samples were filter by using 0.5 um filter membrane after
regular intervals (30 min) during the reaction. The progress of
methyl orange dye degradation was monitored by considering
the change in absorption peaks at 300 nm to 600 nm range in
UV-Vis spectra. The photodegradation efficiency (1) was
calculated using eqn. 1:

Degradation (%) = AOA_ Ai100 (1)

0
where A, and A are the initial photocatalytic activity and the
after photocatalytic activity various intervals of time (t),
respectively.

RESULTS AND DISCUSSION

FTIR studies: The FTIR spectrum of the prepared TiO,
NWSs/RGO hybrid photocatalyst is shown in Fig 1. The presence
of the water molecules on the TiO,NWs surfaces is attributed
to the existence the broad absorption around 3500-3400 cm™,
which is assigned to O-H stretching vibration of the surface
hydroxyl groups [24]. The observed absorption band appearing
at ~1600 cm™ for graphene-TiO, nanoparticle (GNP) and
graphene-TiO, nanowire (GNW) indicates the skeletal vibration
of the graphene sheets reduced from graphene oxide during
the hydrothermal reaction [25,26]. Furthermore, the C=C
stretching mode shifted slightly to higher wavelength number
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Fig. 1. FTIR spectra of TiO,NWs/RGO hybrid

1616 cm™', probably due to the interaction of TiO,NWs with
reduced graphene oxide (RGO) [27]. Thus, complete GO redu-
ction was accomplished since no apparent peaks could be
detected, indicating that all functional groups of carbon-oxygen
existed, but their characteristic peaks are only very small. The
spectra broadening peak below 1000 cm™ was assigned to the
formation of Ti—O-C bonds (798 cm™) during the hydrothermal
process overlapping with the original peak of Ti—O-Ti vibra-
tion and the existence of Ti—O-Ti bonds confirms that the
chemical bonds were firmly built between graphene and TiO,
nanostructures [28,29] as the hybrid sample representing the
chemical bonding between TiO, and nanosheets RGO.

XRD studies: The XRD pattern of TiO,NWs containing
the peaks at 25.3°,37.8°,48.0°,53.9°, 55.1°, 62.7°, 68.8°, 70.3°,
and 75.0° can be indexed to (101), (004), (200), (105), (211),
(204), (116), (220) and (215) tetragonal crystal planes of anatase
TiO,, as reported by other researchers [30-32]. Interestingly,
no peaks assigned to rutile and brookite phase were observed
even though the sample has been calcined at 500 °C during the
preparation of TiO,NWs. In contrast, Ali et al. [33] reported
that after calcination at 500 °C, the presence of a mix phase of
anatase and rutile TiO, because anatase easily transformed into
rutile phase after calcination at high temperature. The forma-
tion of fully anatase TiO, phase structure in this study is
important because it will help in increasing the photoactivity
of the photocatalyst. According to Marien et al. [34], the anatase
phase has a stronger photocatalytic property because of the
higher electron mobility in the anatase crystal structure comp-
ared to rutile and brookite. However, most of the diffraction
peaks in the XRD pattern of the hybrid samples can be assigned
to the standard XRD pattern of tetragonal anatase TiO, (JCPDS
No. 71-1187) indicates that the amount of RGO used has no
effect on the crystalline structure of the actual products [35].
In particular, for the TiO,NWs/RGO hybrid photocatalyst
sample, peaks at 20 of 25.3°, 37.8°, 48.0°, 53.9°, 55.1°, 62.7°,
68.8° 70.3° and 75.0° were observed and could even be class-
ified to (101), (004), (200), (105), (211), (204), (116), (220)
and (215) crystal planes of anatase TiO, while (002) crystal

planes of aromatic in RGO appeared at 26.2° [36]. Thus, the
intensity of the TiO,NWs peaks in anatase phase decreases
after modification with RGO and pure RGO displays a broad
peak that can quickly overlap with the anatase peak whenever
the amount of graphene in the fabricated samples is small,
inferring that a homogeneous mixture of TiO,NWs and RGO
in nanocomposite materials was obtained. The diffraction
peaks of the RGO were not distinguishable in the XRD patterns
of TIO.NWs/RGO hybrid since RGO has a lower concentration
and diffraction intensity than TiO,NWs, the RGO peaks are
shielded (Fig. 2) [37].
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Fig. 2. XRD pattern of TiO.NWs/RGO hybrid

SEM studies: SEM analysis was carried out to investigate
the surface morphology of TiO,NWs/RGO as shown in Fig. 3.
The nanocomposite sample aggregate strongly as TiO.NWs
are enveloped by multilayer RGO in the TiO,NWs/RGO hybrid
sample. The preparation methods and mechanisms of TiO,-
based nanocomposites can explain these morphological chara-
cteristics of nanocomposites. When TiO, particles are treated
with aqueous NaOH solution at high temperature during the
hydrothermal synthesis, they change into nanosheets and asse-
mble into nanowires on the surface of RGO [38]. The wide
titanate nanosheets decomposed into very thin nanowires that
cover RGO surface in a reasonable uniform fashion, although
sometimes, nanowires are bundled together on RGO surface
indicated by the dark colour area. Two-dimensional RGO layers
prohibit TiO,NWs from bundling, whereas one-dimensional
pure TiO,NWs prevent RGO from stacking, giving the as-
prepared hybrid a large surface area [39]. It can be noticed
from the SEM image that the synthesized photocatalyst nano-
structures have a length of several micrometers, but the width
varies from ~20 nm up to~200 nm and particular observation
indicates that the larger structure is in fact nanosheets [29]. It
is proposed that TiO.NWs is easier to form a Ti—O—-C bond
with RGO at the locations of defects, including functional
groups [40]. Next, the dye adsorption process on the surface
of the composites is excellent due to the increase surface areas
and acidity [41].
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Fig. 3. SEM image for TiO.NWs/RGO hybrid

Thermal studies: Fig. 4a shows that the weight loss of
TiO,NWs/RGO hybrid samples at the first decomposition stage
37-150 °C is 8%, while the second decomposition stage from
150-600 °C is also 14% weight loss. Interestingly, the last
decomposition of hybrid sample is from 600 to 750 °C with
60% weight loss, suggesting that 40% of sample is remained
and thermally stable up to 900 °C. This is probably due to the
electrostatic force between RGO and TiO,NWs in the fabricate
sample as well as attributed to the availability of nitrogen
environment and low oxygen groups in reduced graphene oxide
that inhibit the burning and weight loss [42] as well as the
presence of TiO.NWs which assists to enhance the thermal
stability of the hybrid sample and consequently, the prepared
TiO,NWs with high purity exhibit high thermal stability even
at 1000 °C [43].

N; absorption-desorption measurement: The specific
surface area and porosity influence the efficiency of the photo-
catalyst. A large specific surface reabsorbs more organic mole-
cules on the surface, which helps to reduce the recombination
of photogenerated electrons and holes, improving the effici-
ency of the photocatalytic degradation [44]. Hence, N, absor-
ption-desorption measurement was conducted to studies specific
surface areas (Sger) and Barret-Joyner-Halenda (BJH) pore
size distribution. The Sger shown that TIO,NWs/RGO had a
surface area of 102.05 m,/g, pore size of 20 nm and pore volume
of 0.49 cm*/g. Based on previous studies by Bamba et al. [45],
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nanocomposite TiO»/graphene (1:1) shows the Sger (113 m*/g)
and total pore volume (0.243 cm’/g) meanwhile TiO,/graphene
(2:1) sample indicate Sger (52 m*/g) and total pore volume
(0.079 cm’/g), respectively. From literature studies, it show
that the different weight of graphene or TiO, in hybrid ratio is
very essential in control the large surface area of photocatalyst
that will contribute in photocatalytic activity efficiency. How-
ever, the surface area of TiO,NWs/RGO hybrid sample is
slightly lower due to the presence of agglomerated TIO.NWs
into/onto layered RGO which will block their pores but this
hybrid still representing a large surface areas compared a single
TiO,NWs. The hybrid photocatalyst TiO,NWs/RGO exhibit
type IV isotherms (Fig. 4b), which indicate the presence of
mesopores. The hysteresis observed in isotherms plot is
matched with the H3 type characteristic for the slit shaped
pores. Furthermore, the surface area can be correlated with
the number of the active sites. Therefore, the larger Sger
TiO,NWs/RGO indicates that this composite could be very
promising in the degradation of organic pollutants [46,47].
Photocatalytic activity: The efficiency of the photo-
catalytic process of the different mass of TiO.NWs/RGO was
evaluated by photocatalytic degradation of methyl orange dye.
The methyl orange dye absorption on the different mass of
TiO,NWs/RGO by using 100 mL of 20 ppm methyl orange
dye. As shown in Fig. 5a, the TIO,NWs/RGO dosage upto 1.5 g
reduces the degradation rate of methyl orange to 87% after
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Fig. 4. (a) Thermogram and (b) N, adsorption-desorption isotherms of hybrid TiO,NWs/RGO nanocomposite
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Fig. 5. (a) Photocatalytic degradation efficiency of methyl orange at different dosage of photocatalystand (b) using 1.0 g TiO,NWs/RGO at

different initial concentration methyl orange

210 min while the increment of TiO,NWs/RGO dosage from
0.1to 0.5 and 1.0 g was increase the degradation up to 100%
after 3.5 h reaction. This is due to the presence of more active
sites on TiO,NWs/RGO hybrid photocatalyst that leading to
an increments of radical hydroxyl generation to degrade methyl
orange [48-50]. The photocatalysis produced oxidant reagents
such as hydroxyl radicals, which can decompose contaminates,
especially organic compounds. As reported by Yan et al. [51],
the GO-TiO, membrane shows a photocatalytic performance
only 58.8% removal rate of methylene blue dye under UV for
250 min. These results could be correlated to the enlargement
of the active sites accessible to the pollutant molecules. How-
ever, Table-1 compiles the results found in the literature for
methyl orange dye degradation with different photocatalysts
for comparison with the TiO.NWs/RGO hybrid catalyst
presented here, which showed the better photocatalytic activity
in terms of efficiency.

This is attributed to the excess amount of photocatalyst,
which could leads to the hybrid photocatalyst accumulations
that might serve as a boundary that hinders the passage of light
to the catalyst surface [48]. Therefore, the number of accessible
active centers is blocked, so depressed photocatalytic efficiency
is reached. On top of that, extra dosage of photocatalyst will
increase the suspension turbidity, block the light irradiation
through light scattering and thus decreases the penetration of
UV light during the reaction. These will decline the photo-
catalytic efficiency of TiO.NWs/RGO hybrid photocatalyst for
methyl orange degradation.

Fig. 5b shows the degradation of methyl orange dye
using TiO.NWs/RGO hybrid photocatalyst at different initial
concentration of methyl orange. It was observed that dye
removal efficiency reached up to 100% at lower concentration
(10 ppm). This is because the amount of the adsorption sites
on 1 g TiO,NWs/RGO hybrid photocatalyst and *OH radicals
available were enough to adsorb the methyl orange molecules
and degrade the dye via photocatalytic oxidation, respectively.
Thus after 30 min, the removal of methyl orange was found to
be more than 70% and managed to achieve 100% degradation
within 180 min. Similar results was observed when initial
concentration of methyl orange dye was increased up to 20
ppm even though the adsorption of methyl orange slightly
lesser than 10 ppm methyl orange in first 30 min reaction.
Initial concentration of 10 ppm methyl orange dye also
shows slightly higher photodegradation efficiency within 90
min compared to 20 ppm but again both concentration was
achieved 100% degradation after 180 min. For comparison
the photocatalytic activity of synthesized TiO,.NWs/RGO
hybrid nanocomposites and other photocatalyst for degradation
of methyl orange dye under UV light is listed in Table-2. The
TiO.NWs/RGO hybrid nanocomposite exhibited better or
comparable photocatalytic activity in methyl orange dye degra-
dation.

However, the lack of direct contact between the methyl
orange molecules and the surface of the hybrid photocatalyst
due to increase mass resistance as well as less production of
the active species on the TiO.NWs surface would decrease the

TABLE-1
COMPARISON OF REPORTED PHOTOCATALYSTS EFFICIENCY USED FOR THE DEGRADATION OF METHYL ORANGE DYE

Photocatalyst Methyl orange dye Photodegradation efficiency Ref.
CoFe,0,-Ag,0 (3 g) 20 ppm (200 mL) 85% after 240 min under UV light [52]
Cu-doped ZnO (0.1 g) 20 ppm (100 mL) 88% after 240 min under UV light [53]
TiO,/ZnO/RGO (0.5 g) 20 ppm (1 L) 44.2% after 180 min under UV light [54]
5% SnSO,-TiO, (0.3 g) 20 ppm (75 mL) 91.3% after 14 h under visible light [55]
Ag/TiO, (0.05 g) 7.5 ppm (100 mL) 65.4% after 120 min under UV light [56]
TiO,NWS/RGO (1 g) 20 ppm (100 mL) 100% after 150 min under UV light This study
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TABLE-2
RECENT REPORTS ON DIFFERENT CONCENTRATION
OF METHYL ORANGE DEGRADATION

Methyl orange

Photocatalyst ekt Ref.
Ag/TiO, 35% after 120 min in 30 ppm [56]
C-TiO/RGO-WPUA  88.3% after 6 h in 20 ppm [57]
RGO/Pt/3DOM TiO,  80% after 120 min in 10 ppm [58]
GO-TiO, 55% after 30 min in 20 ppm [59]
Ti,C,-TiO, 98% after 180 min in 30 ppm [60]
TiO, nanowires 88.3% after 60 min in 10 ppm [61]
TiO,NWS/RGO 100% after 150 min in 20 ppm  This study

photocatalytic activity. Fig. 6 shows the reactions which take
place on the surface of photocatalyst.

UV light

Degradation
products

OH RGO

TiO,/RGO + hv > h" +e”

e +0,-50,
c h* + H,0 — OH" + H*

20,” +2H" - H,0,+ O,

HO, + v — 20H™~~ /
H,0, + & — OH + OH" OH’ + MO dye — Degradation products

Fig. 6. Photodegradation reaction of methyl orange dye by using hybrid
photocatalyst

Conclusion

The TiO.NWs/RGO nanocomposite was fabricated method.
FTIR analysis shows the presence of functional group of
TiO,NWs, RGO and XRD pattern confirmed the existence of
both materials. Agglomerated TiO, nanowires (1D) and layered
like structure (2D) of RGO were shown by SEM micrographs
and XRD pattern. Hybrid has a large surface area that increase
the photocatalytic activity efficiency of degradation methyl
orange dye. The photocatalytic degradation of methyl orange
dye was performed under different dosage of photocatalyst
and different initial concentration of methyl orange dye. For
different dosage of photocatalyst and different initial concen-
tration of methyl orange dye, both reached 100% degradation
within 210 min. The successful separation of photogenerated
carriers and the wide optical absorption, both owing to the
interaction developed between TiO.NWs/RGO contributed to
the photocatalytic efficiency capability.
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