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Abstract In this work, the successful synthesis of reduced graphene oxide-TiO,
(rGO/T) photocatalysts with various concentrations of GO (5, 10, 15, and 20 wt%) has
been reported. The synthesis of rtGO/T photocatalysts was done by the photo-assisted
reduction of GO to rGO using ultraviolet radiation followed by the hydrothermal
deposition of rGO onto the TiO,. The synthesized photocatalysts were characterized
by field-emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD),
and energy dispersive X-ray spectroscopy (EDXs) techniques. The photocatalysts
were used for the photodegradation of Rhodamine B (RhB) dye. The photocatalytic
degradation of RhB dye of 10 ppm was successfully carried out under UV light,
as well as solar light irradiation over rGO/T photocatalysts. Here, the influence of
GO over the photoactivity of TiO, was explored. It was found that the synthesized
rGO/T photocatalysts exhibit enhanced photocatalytic efficiency as compared to
unmodified TiO,. The rate of photodegradation of RhB dye was successfully fitted
by Langmuir-Hinshelwood kinetic model.
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1 Introduction

The discharge of a huge quantity of colored dyes from various industries such as
textile, plastic, paper, printing, pharmaceutical, and food industry into water bodies
are the life-threatening health hazard to aquatic as well as human life. These dyes
being toxic in nature are imposing a serious threat to the environment (Chang et al.
2009). Rhodamine B (RhB) is one of the very common water-soluble organic dyes
and is extensively used as a colorant in the textile and food industries, as well as a
biological stain in biomedical laboratories. RhB has been banished to use in the food
industry for many years due to its suspected carcinogenic nature. However, with the
development of industry and the illegal discharge, RhB still has the chances to enter
the aliment chain to hazard human health. It is therefore essential to remove these
dyes from dye effluents prior to their discharge into the receiving water bodies (Rani
et al. 2016; Shen and Gondal 2017; Yu et al. 2004; Li et al. 2014a, b; Carneiro et al.
2016). To date, several treatment methods such as chemical oxidation, coagulation,
biological treatment, ozonolysis, and adsorption have been extensively explored for
the removal of organic pollutants from industrial effluents, but all such methods suffer
from a number of drawbacks such as very low removal efficiency, generation of sec-
ondary pollutant, high chemical consumption, and high cost of treatment (Carneiro
et al. 2016; Oseghe et al. 2014). Photocatalysis using semiconductor nanocompos-
ites is involved in a group of waste treatment methods called advanced oxidation
processes (AOPs) (Carneiro et al. 2016). AOPs are recommended when wastewater
components have a high chemical stability and/or low biodegradability. A chemi-
cal wastewater treatment using AOPs can produce the complete mineralization of
pollutants to CO,, water, and inorganic compounds (Thiruvenkatachari et al. 2008).

Titanium dioxide (TiO;) has gained intensive attention due to their strong oxi-
dizing power, physicochemical stability, non-toxicity, low-cost production and eco-
friendly nature (Friedmann et al. 2010) (Krej¢ikova et al. 2012; Nakata and Fujishima
2012; Gnanasekaran et al. 2015). However, the photocatalytic activity of TiO; is
strongly influenced by its structural properties such as morphology, crystalline phase,
particle size, surface hydrophilicity, and oxygen vacancy concentration (Shao et al.
2013). The efficiency of the photocatalytic reaction of TiO, gets significantly reduced
owing to its wide band gap energy of 3.2 eV and high electron-hole recombination
rate. Thus, restricting the electron-hole pair recombination and extending the light
absorption to the longer wavelength are the key factors to improve the photocatalytic
activity of TiO, (Chen and Mao 2007; Abdel-Messih et al. 2013; Yadav et al. 2017).
Consequently, several attempts have been made to improve the performance of TiO,
such as modifying it with carbonaceous materials like CNTs, Fullerene, graphene,
or graphene oxide. Doping or immobilization of TiO, over the surface of carbon
extends the absorption range of TiO, to the visible region. In addition, the nonpolar,
nonreactive, and nontoxic natures of carbon materials play a significant role in the
treatment of wastewater containing complex toxic organic compounds (Fang et al.
2017).
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Graphene oxide (GO), a two-dimensional sp> hybridized carbonaceous mate-
rial, which has been extensively investigated because of its unique structure, large
surface area (2630 m?/gm), high mechanical strength, and good physicochemical
stability. Benefiting from the large surface area, superior electronic, thermal, and
optoelectronic properties, GO has gained great attention in various fields such as
catalysts, sensors, supercapacitors, and energy devices (Dubey et al. 2014; Lin et al.
2015; Lorestani et al. 2015; Li et al. 2014a, b; gtengl et al. 2013). The synthesis of
GO-TiO; composite is regarded as a significantly important approach for improving
the performance of photocatalysts. The hybridization of GO-TiO, can reduce the
recombination of photogenerated electron-hole pairs, extend the light absorption to
the visible light region, and accelerate the transfer rate of charge carriers (Lv et al.
2012; Kumar et al. 2015; Hamandi et al. 2017).

To explore the influence of GO over photocatalytic activity of TiO,, the studies
have been made on the degradation of RhB dye using GO-supported TiO, nanocom-
posites. The effects of various parameters such as light source, catalyst dosage, and
type of catalysts have also been investigated.

2 Methodology

2.1 Preparation of Graphene Oxide

GO was prepared by the oxidation of natural graphite powder according to modified
Hummer’s method. Typically, 2 gm of graphite powder and 1 gm of sodium nitrate
were added to 80 ml of concentrated H,SO, in a 2000 mL beaker maintained at
0 °C under continuous agitation. After 10 min, 12 gm of KMnO,4 was added slowly
to the above reaction mixture by keeping the reaction temperature below 20 °C.
Successively, the reaction system was transferred to a 40 £ 3 °C water bath and
vigorously stirred for about 2 h. Atthe end of 2 h, 40 ml of deionized water (dH,O) was
added slowly to the reaction mixture causing violent effervescence and an increase in
temperature. The solution is maintained for 15 min at 90 &+ 3 °C under agitation. The
excess KMnO, was removed by the addition of 6 ml of 30% H,0,. The yellow bright
solution was filtered and washed three—four times with 1400 ml of dH,O followed
by 1:10 HCI aqueous solution. The resulting solid was dried in vacuum at 100 °C.

2.2 Preparation of TiO;

In a typical synthesis, 5 ml of titanium (IV) isopropoxide (TTIP) was mixed dropwise
in a vigorously stirred 6 ml isopropanol. The resulting mixture was stirred for 15 min
and followed by the dropwise addition of 75 ml of dH,0. The addition of dH,O to
the above solution resulted in a solution containing a white precipitate. Then, the
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temperature knob was adjusted so that the temperature of the solution becomes
80 °C. After stirring at 80 °C for 1 h 2.5 ml of acetic acid was added and continued
to stir for 5 h. Then, 1 ml of nitric acid was added for peptidization and the resulting
solution was further stirred for 2 h and cooled naturally to room temperature. The
as-formed solution was oven dried at 60 °C. The dried powder was crushed in the
mortar to make it fine powder, and then this powder was finally annealed at 500 °C
for 3 h.

2.3 Synthesis of rGO-TiO; Photocatalyst

In a typical synthesis process, 500 mg of TiO, np powder was dispersed in absolute
ethanol solution by vigorous stirring for 1 h exposed under UV radiation to store
the electrons inside the TiO, np. Then, GO with different mass ratios (5, 10, 15, and
20 wt%, respectively) was added to the TiO, np solution. The GO-TiO, suspension
was stirred under UV exposure for another 2 h in order to reduce GO to rGO. The
resulting dispersions were subjected to hydrothermal treatment in an autoclave for
2 h. During the hydrothermal process, the partial reduction of GO to reduced graphene
oxide (rGO) and the deposition of rGO onto the TiO, were simultaneously achieved.
Finally, the resulted nanocomposites were recovered by centrifugation, followed by
washing and drying in oven 100 °C to get the 5-rGO/T, 10-rGO/T, 15-rGO/T, and
20-rGO/T nanocomposites.

2.4 Photocatalyst Characterization

X-Ray Powder Diffraction analysis was performed at room temperature with X’ Pert
Pro Diffractometer equipped with X’Celerator solid-state detector using Cu-K a
radiation (x = 1.54060 A) to observe the crystalline structure and phase composition
of the photocatalysts synthesized. The surface morphology and size of the samples
were investigated by Field-Emission Scanning Electron Microscope (Carl Zeiss Ultra
Plus) coupled with Energy dispersive X-ray spectroscopy (EDXs).

2.5 Photocatalytic Activity Test

The photocatalytic activities of synthesized photocatalysts were evaluated by pho-
todegradation of RhB. The reaction was carried out in batch mode at the initial RhB
concentration of 10 ppm under UV and solar light, irrespective of pH of the dye solu-
tion. In all the experiments, the volume of dye solution used was 100 ml. Before the
irradiation, the suspensions were magnetically stirred in dark for 30 min to reach the
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adsorption—desorption equilibrium of RhB dye. The RhB concentration after various
time intervals were estimated using the following equation:

C, —C

o

% RhB Degradation = x 100%

where C, is the initial RhB concentration and C; is the concentration after various
time intervals (t).

3 Results and Discussion

3.1 FE-SEM

The field-emission scanning electron micrographs of the samples synthesized are
depicted in Fig. 1. FE-SEM was done to inspect the topography of the samples
synthesized. It is observed from Fig. 1a that GO has a layered structure with cascades
of folds, which is due to the introduction of oxidizing functional groups between
interlamination of graphite. The different degrees of wrinkles are also observed over
the sheets of graphene oxide due to the absence of functional groups. Figure 1b shows
agglomerated particles of TiO, having spherical morphology and rough surfaces.
Figure 1c—f shows the micrographs of 5-rGO/T, 10-rGO/T, 15-rGO/T, and 20-rGO/T,
respectively. In Fig. 1c—f, the images of graphene oxide-modified TiO, does not show
a clear-cut presence of the rGO flakes, however, it shows the uniform distribution
of TiO, nanoparticles. The uniform distribution of TiO, nanoparticles is due to very
small amount of rGO with respect to TiO, and intercalation of rGO inside the TiO,
matrix. The FE-SEM investigation reveals that the crystallites are of nanometer size
ranging from 36 to 56 nm.

3.2 EDXs

Figure 2 shows EDXs spectra of the prepared rGO/TiO, photocatalysts with varying
concentration of rGO and GO sample. From the EDXs data, the existence of main
elements such as C, O, and Ti has been observed. There is no impurity peak observed
in the EDXs spectra. This confirms that the prepared samples are in pure form. The
elemental composition of the GO, TiO,, 5-rGO/T, 10-rGO/T, 15-rGO/T, and 20-
rGO/T are depicted in Table 1.
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Fig. 1 FE-SEM images of different nanocomposite photocatalysts a GO, b TiO, (synthesized),
¢ 5-rGO/T, d 10-rGO/T, e 15-rGO/T, £ 20-rGO/T
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Fig. 2 EDXs elemental microanalysis of a GO, b TiO», ¢ 5-rGO/T, d 10-rGO/T, e 15-rGO/T and
f 20-rGO/T

Table 1 Surface composition

from EDXs elemental Sample Element wt%

microanalysis C 0 Ti Total
(a) GO 60.28 39.72 - 100
(b) TiO; - 34.89 65.11 100
() 5-r1GO/T | 2.33 33.92 63.75 100
(d) 10-rGO/T | 5.37 37.17 57.46 100
(e) 15-rGO/T | 8.06 38.54 53.40 100
) 20-rGO/T | 10.07 39.27 50.66 100
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3.3 XRD Analysis

The XRD pattern of sample photocatalysts is shown in Fig. 3. The broad peaks indi-
cate either particles of very small crystalline size, or the semi-crystalline nature. A
sharp diffraction peak of GO appears at 20 = 11.14° with an interlayer spacing of
7.93 A. The diffraction pattern of TiO, shows major peaks at 26 = 25.58, 37.20,
48.19, 54.13, 55.36, 62.89, 69.01, 70.70, 75.35 and corresponds to the planes (101),
(004), (200), (105), (211), (204), (116), (220) and (215) of anatase TiO,, respec-
tively (Li et al. 2014a, b). It can be observed that the intensity of the peaks attributed
to rutile phase that is very small in TiO,. The effect of rGO in TiO, nanocompos-
ite found negligible and is nearly same diffraction pattern appears in all 5-rGO/T,
10-rGO/T, 15-rGO/T and 20-rGO/T photocatalysts. Since the existence of rGO in
TiO, nanocomposite did not affect the crystalline phase of TiO, as shown in the
XRD patterns, such interaction could be responsible for the enhanced photocatalytic
performance of rGO/T.

3.4 Photocatalytic Analysis

3.4.1 Effect of Light Source

Experiments were performed under UV light source (15 W UV tube) as well as in
solar light without any photocatalyst. Initially, RhB solution (10 ppm, 100 ml) was
poured in a Petri dish (diameter 190 mm) and kept under illumination of UV light

Fig. 3 XRD patterns of GO,
TiOy, 5-r1GO/T, 10-rGO/T
and 20-rGO/T
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Fig. 4 Effect of light source on dye solution without any catalyst

as well as solar light. It was observed that there was no change in the concentration
of RhB dye both under UV light as well as solar light (Fig. 4).

3.4.2 Catalyst Doses

The experiments were conducted to study the effect of catalyst dose for the removal
of RhB dye. The best suitable dose of catalyst was determined on the basis of degra-
dation efficiency of the unmodified TiO, photocatalyst. In these experiments, three
different doses (25, 50, and 100 mg) of TiO, were taken for the same volume of dye
solution (100 ml) of 10 ppm concentration. The degradation of dye was observed
under both UV light as well as solar light. It can be seen from Fig. 5 that percentage
degradation is high for the high value of catalyst concentration for the same time
interval (3 h). The percentage degradation under UV light was obtained as 84.4%,
92.4%, and 99% for the amount of catalyst 25 mg, 50 mg, and 100 mg, respectively;
whereas, the percentage degradation under solar light was 29%, 34%, and 50% for
the amount of TiO; 25 mg, 50 mg, and 100 mg, respectively, which is very less.
Among all three doses, 50 mg dose was selected as the best suitable dose as there is
no far difference in the degradation efficiency of 50 and 100 mg dose. As we know
irradiation time is also an important parameter; by seeing the above result, it can be
inferred that prolonged irradiation may lead to 100% degradation of dye.

3.4.3 Effect of Type of Catalyst Under UV Light

The photocatalytic activity of all four types of photocatalysts with variable ratio
of GO to TiO, synthesized was tested to determine the optimal catalyst for RhB
degradation. The catalysts 5-rGO/T, 10-rGO/T, 15-rGO/T, and 20-rGO/T with rGO
content 5, 10, 15, and 20 wt%, respectively, were set under examination keeping
other parameters constant. 50 mg of each sample was taken in 100 ml of the dye
solution. The results are depicted in Fig. 6. The % degradation in 2.5 h for 5-rGO/T,
10-rGO/T, 15-rGO/T, and 20-rGO/T was found to be 97%, 95%, 97%, and 100%,
respectively.
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Fig. 5 Effect of catalyst dose on photocatalytic degradation of RhB (TiO, dose per 100 ml dye
solution: a 25 mg, b 50 mg, ¢ 100 mg)

The activity of TiO, has increased by 12-18% after modifying it with GO. The
% degradation is nearly the same for 5-rGO/T and 15-rGO/T; however, there is
slightly decrease in % degradation for 10-rGO/T may be due to the agglomeration
of the nanocomposite. The maximum was observed for 20-rGO/T nanocomposite,
which might be due to the adsorption of RhB dye as the catalyst has large surface
area support. From the above results, it can be concluded that TiO, loaded with the
lowest concentration of rGO (i.e., 5-rGO/T) is better among all four photocatalysts
because increase in the concentration of rGO is not significantly changing the %
degradation.

3.4.4 Effect of Type of Catalyst Under Solar Light

The activities of all four types of photocatalysts synthesized (5-rGO/T, 10-rGO/T, 15-
rGO/T, and 20-rGO/T) were investigated under solar light keeping all the parameters
the same as in under UV light. The results are shown in Fig. 7. It has been observed
that the trend of degradation of RhB dye under solar light is the same as in UV
light. The % degradation of RhB dye using 5-rGO/T, 10-rGO/T, 15-rGO/T and 20-
rGO/T photocatalysts are 70%, 64%, 77% and 81%, respectively, whereas that of
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Fig. 6 Effect of type of catalyst on photocatalytic degradation of RhB (catalyst dose 50 mg/100 ml
of dye solution) under UV light

bare TiO; is only 25%. The tremendous increase in the photocatalytic performance of
rGO/TiO, nanocomposite can be attributed to increase in light absorption capacity
and the reduction of electron-hole pair recombination in TiO,. The characteristic
feature of GO as good electron acceptor provides a flexible platform to electrons in
the conduction band of TiO,, where electrons are transferred over the surface of GO
and thereby providing more time for photocatalytic reaction.
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Fig. 7 Effect of type of catalyst on photocatalytic degradation of RhB (catalyst dose 50 mg/100 ml
of dye solution) under solar light

3.5 Kinetic Study of Degradation of RhB Dye

The selection of a reaction system that operates in the safest and most efficient manner
can be the key to the economic success or failure of a chemical process, so the kinetics
study for any reaction becomes more important and necessary factor to study. The
rate of reaction depends upon the number of parameters; the most important is the
nature of the species involved in the reaction, concentrations of reactants and weight
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of catalyst loading in the reacting system. The plot of In (C/C,) versus time data
for all the four types of photocatalysts is plotted and shown in Figs. 8a—d and 9a—d
for UV light and solar light irradiation, respectively. The straight line with R? =
0.99 shows the best fit and indicates that the photocatalytic degradation followed the
pseudo-first-order kinetics according to L-H (Langmuir-Hinshelwood) law (Li et al.
2014a, b).

Table 2 shows the pseudo-first-order reaction rate constant for all the samples in
UV light and solar light. It also shows the half-life period for the degradation of RhB
for all the photocatalysts and their correlation coefficient. The unmodified TiO, has
the maximum half-life time (t;;) 0.923 h and 5.638 h under UV light and solar light
respectively, which is almost 2—4 times higher than that of 5-rGO/T. After analyzing
the above results, it has been found that 5-rGO/T photocatalyst showed the best fit
for the pseudo-first-order reaction kinetics.
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Table 2 Kinetic degradation coefficients for different photocatalysts
Type of sample Under UV light Under solar light
Rate Half-life | Correlation| Rate Half-life | Correlation
const. K ti2 (h) coeffi- const. K ti2 (h) coeffi-
(=Y cient (=1 cient
(R%) (R%)
Pure TiO; 0.751 0.923 0.988 0.123 5.638 0.9682
5-rGO/T 1.426 0.486 0.989 0.485 1.429 0.999
10-rGO/T 1.206 0.574 0.996 0.467 1.484 0.994
15-rGO/T 1.420 0.488 0.996 0.529 1.310 0.992
20-rGO/T 2.274 0.304 0.998 0.659 1.051 0.994

4 Conclusions

In this work, TiO; is selected as a base material for the degradation of RhB dye
and was modified to enhance its photocatalytic activity. TiO, np was synthesized
by sol-gel method. GO was prepared by the oxidation of natural graphite powder
according to the modified Hummers method. The synthesis of rGO/T photocatalyst
was successfully done by the photo-assisted reduction of GO using ultraviolet radi-
ation followed by hydrothermal deposition of rGO onto the TiO,. The synthesized
photocatalysts were characterized by different physical techniques, such as X-ray
diffraction, FE-SEM, and EDXs. FE-SEM analysis reflected the morphology of GO
as layered structure and that of TiO, and rGO/T as spherical structure. The XRD
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spectra confirmed crystalline nature of TiO; and rGO/T, with anatase being the main
crystalline phase. The introduction of GO over the TiO; np reflected no change in
the crystalline phase of GO modified TiO, nanocomposites. The results of photocat-
alytic degradation of RhB dye showed an improvement in the degradation efficiency
of rGO/T photocatalysts by almost two—three times that of pure TiO,. From the
experimental data, it has been concluded that 5-rGO/T having 5% GO content is best
among all the photocatalysts synthesized. The rate of photodegradation of RhB was
successfully fitted by Langmuir—Hinshelwood kinetic model. RhB dye followed the
pseudo-first-order reaction kinetics for photodegradation. This study explored the
feasibility of using sunlight as the main light source for photocatalytic degradation
of organic dye.
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