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tic performance of reduced
graphene oxide–TiO2 hybrids for efficient water
treatment using microwave irradiation

Aashu Anshuman, Sina Saremi-Yarahmadi and Bala Vaidhyanathan *

Towards achieving efficient waste water treatment, the degradation of a common water pollutant, Orange

G azo dye, was studied using a new hybrid catalyst and microwave irradiation. The fabrication of a hybrid

catalyst based on reduced graphene oxide–titania (rGO–TiO2), was first achieved in a single mode

microwave cavity by reducing the precursor consisting of graphene oxide (GO) and titania. Catalytic

performance was then assessed in both microwave assisted and conventional heat treatment conditions.

The hybrid catalyst showed significant improvement under microwave irradiation, with more than 88%

dye degradation after 20 minutes of treatment at 120 �C. The microwave effect was found to be more

dominant in the early stages of the catalysis – the hybrid catalyst decomposed �65% of the dye in just 5

minutes of microwave treatment compared to only 18% degradation obtained during conventional

heating. The improved performance with microwaves is mainly attributed to the formation of the hot

spots at the surface of the hybrid catalyst which ultimately results in higher degradation rates. The

morphological and catalytic properties of the hybrid catalyst are investigated using High Resolution

Transmission Electron Microscopy (HRTEM) and UV-Vis Spectroscopy, respectively. Successful reduction

of GO to rGO was confirmed using Raman spectroscopy and X-ray diffraction. The outstanding

performance of microwave irradiated hybrids offers a viable low energy, low carbon footprint process

with a new catalyst for wastewater treatment and for highly polluted wastewater conditions where

photocatalysis is deemed not feasible.
1. Introduction

Dyes are a major source of industrial water pollution. Azo dyes
in particular constitute more than half of all the dyes and
colorants used on the industrial scale,1 the majority of which
will end up in wastewater entering aquatic ecosystems and are
resistant to microbial degradation.2 As a result of rapid indus-
trialisation, the problem of dealing with large volumes of
wastewater contaminated by dyes has received worldwide
attention.3,4 A variety of methods have been used to remove
organic pollutants from wastewater including membrane
separation processes and adsorption which function on the
basis of transferring the contaminated phase from water to
another phase.5,6 However, these methods do not satisfactorily
answer the challenge as secondary pollution in the new phase
still persists. A more versatile approach is through advanced
oxidation processes (AOPs) for wastewater treatment which
have garnered signicant interest due to several advantages
over conventional methods.3,7–10 AOPs have demonstrated faster
treatment rates and the ability to treat a wide variety of
contaminants including industrial dyes. Recently, microwave
niversity, Loughborough, LE11 3TU, UK.
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assisted AOPs have shown promise in further improving treat-
ment speed as well as allowing for the treatment of non-
transparent wastewater where photocatalytic AOP processes
lose their effectiveness.2,11,12 The composite catalysts used for
these processes usually consist of activated carbon (AC) and an
oxide semiconductor such as TiO2 and ZnO where the organic
pollutants are adsorbed on the nanocomposite. The thermal
degradation mechanism proposed, especially for the carbon-
based materials, is the local heating of a region close to the
surface of the catalyst under microwave heating, rather than the
dielectric heating of the entire solution. This local heating upon
microwave (MW) irradiation leads to the accumulation of heat
at the surface of the catalyst, i.e. formation of “hot spots” on the
surface, hence enabling microwave assisted rate
enhancements.2,13–15

Reduced graphene oxide rGO–TiO2 composites have shown
improvement over TiO2 in the photocatalytic decomposition of
dyes and water contaminants.16–19 Enhanced generation of
hydroxyl radicals in solution has also been reported when
microwave radiation was used with TiO2 which can improve the
removal of organic contaminants in wastewater.1 Here, we
report the synthesis of hybrid rGO–TiO2 catalyst and demon-
strate for the rst time signicant improvements in the degra-
dation of commonly used industrial azo dye, Orange G (OG),
RSC Adv., 2018, 8, 7709–7715 | 7709
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under microwave irradiation using this hybrid system and, in
particular, on shorter time scales and low temperatures.

2. Experimental
2.1. Microwave heating system

Microwave heating was carried out using a single mode
microwave cavity (Monowave 300, Anton Paar) using closed
glass vessels of 10 ml and 30 ml capacity. The temperature was
controlled using a dual monitoring system of an infra-red
sensor as well as an in situ ruby thermometer. Microwave
power (0 to 300 W) was manipulated automatically so that the
temperature was maintained at the required values. The pres-
sure inside the vessel was monitored through an in-built pres-
sure sensor.

2.2. Preparation of rGO–TiO2 catalyst

rGO was prepared using a modied Hummer's method.20 In
a typical process, 1 g of graphite was dissolved in 25 ml of
H2SO4. The mixture was stirred for 1 h and then 0.5 g NaNO3

was added to the mixture. Aer 6 hours, 3 g KMnO4 was added
to the mixture and the mixture was stirred for a further 24
hours. The reaction was terminated by adding 140 ml of
deionised water to the mixture followed by 10 ml of H2O2. The
mixture was then washed and ltered 3 times to obtain GO
powders. Microwave-assisted reduction of GO was carried out
using the procedure adopted from Zhao et al.21 In a typical
preparation, TiO2 (Aeroxide® P25, Sigma Aldrich) was added to
the as-prepared GO to make a 1 wt% suspension. Ethanol was
then added to the suspension at a ratio of 35 : 65 vol% (etha-
nol : rGO–TiO2 aqueous suspension). Microwave reduction was
carried out in a closed glass vessel of 30 ml capacity in several
batches; for every batch of 5 ml of suspension, the mixture was
thermally reduced in the microwave cavity at 180 �C for 1 hour
to obtain rGO–TiO2.

2.3. Characterisation of hybrid catalysts

The morphologies of the TiO2 powder, GO and rGO were
studied using transmission electron microscopy. The surface of
the rGO–TiO2 catalyst was further observed using high resolu-
tion transmission electron microscopy (HRTEM). Raman spec-
troscopy was performed using a HORIBA Jobin Yvon LabRAM
HR (with 532 nm laser). The surface area and pore size distri-
bution of powders were measured by using an automated Bru-
nauer–Emmett–Teller (BET) nitrogen gas adsorption analyser
(Tristar™ 3000, Micromeritics Instrument Corporation, Nor-
cross, USA). X-ray diffraction (XRD) results were obtained using
a Bruker D2 Phaser X-ray diffractometer (Bruker AXS, Karlsruhe,
Germany, 2000), using Ni ltered Cu Ka radiation (l ¼ 1.542�A)
run at 30 kV and 10 mA. Patterns were recorded from 5–80� 2q,
using a step size of 0.02� and an equivalent time per step of 2
seconds.

2.4. Orange G (OG) dye degradation

The dye degradation was carried out using a 10 mM solution of
OG dye in water and xed amount of the catalyst. The samples
7710 | RSC Adv., 2018, 8, 7709–7715
were then placed in a 10 ml closed glass tube and degradation
was performed by applying microwave and conventional heat-
ing, respectively. The experiments were carried out at 4 different
temperatures, 30, 60, 90, and 120 �C and 3 different times, 5, 10,
and 20 minutes, for both types of heating methods. In micro-
wave experiments, the temperature was measured in situ using
a ruby thermometer. The concentration of the OG dye in the
solutions before and aer degradation was measured using UV
spectrophotometry (Lambda 35, Perkin Elmer, UV/Vis Spectro-
photometer) from the optical absorption at 478 nm using the
Lambert–Beer's law. In addition, microwave control experi-
ments were conducted at 120 �C with the addition of H2O2

alone, to assess the intrinsic effect of radical auto-generation by
decomposition and its impact on the oxidation of the dye.

3. Results and discussions
3.1. rGO–TiO2 hybrid morphology and structure

The morphology of the nanoparticles and composites was
studied at every step of the process using TEM and HRTEM.
Fig. 1(a) shows the morphology of the TiO2 nanoparticles with
an average size of 20 nm suggesting a degree of agglomeration.
Fig. 1(b) depicts the GO layers formed whilst the formation of
rGO–TiO2 hybrids was conrmed by HR-TEM as shown in
Fig. 1(c). The surface area and porosity of the materials used
were measured at 49 m2 g�1 with a pore size of 15 nm for TiO2,
and surface area of 44 m2 g�1 and a pore size of 7 nm for GO,
respectively, which is in agreement with previously reported
literature.22,23

In order to establish the formation of rGO, the reduction of
GO using the microwave irradiation was conrmed by Raman
spectroscopy and XRD (Fig. 2 and 3). Raman spectroscopy has
been used extensively to study carbon-based materials24,25 and
in particular to investigate the ratio of sp2/sp3 bonding in gra-
phene based materials.25–29 Traditionally, to identify defective
graphene oxide, either GO or rGO, the Raman peaks of
�1350 cm�1, D peak, and �1580 cm�1, G peak, were studied.
The D peak is due to the disorder resulting from defects created
in the pristine graphene structure which is sp2 hybridised. The
G peak is a rst-order Raman peak which is characteristic of
pristine graphite. It has been proposed that oxidation of
graphite to GO would result in the shi of G peaks to higher
wavenumbers as compared to that of the graphite, from �1589
to 1610 cm�1, whilst reduction of GO to rGO restored the G peak
to its original position of �1580 cm�1 corresponding to the
recovery of hexagonal network of carbon atoms with defects.27,30

Furthermore, the ratio of the intensity of D and G peaks (ID/IG)
in the Raman spectra of carbon based materials has been used
as an indication of the degree of the reduction of defective
graphene where an increase in this ratio was attributed to the
increased defect concentration present in rGO relative to that of
in the GO.30,31 However, this approach is not reliable and con-
tradicting ratios could be observed depending on the reduction
processes, crystallinity, laser wavelength, etc.32–34 Recently, King
et al.35 introduced a new Raman tool to distinguish between GO
and rGO mainly due to the unreliability of ID/IG in defective
graphene. Using the same approach by considering the Gapp
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) TEM image of the TiO2 nanoparticles, (b) TEM image of the GO layer, (c) HR-TEM image of the TiO2 in contact with rGO.

Fig. 2 Raman spectra of the GO (a) and microwave reduced rGO (b) with peak fits applied and position of D, D0, G and Gapp clearly identified.
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peak resulting from the superposition of G peak and D0 peak as
shown in Fig. 2, we conrm the extensive reduction of GO due to
signicant degree of G peak intensity contribution in the
formation of the Gapp peak.

The measured and calculated values of specic spectral
peaks before and aer microwave radiation are listed in Table 1.
The proposed method by King et al.35 takes into account the
value of the “D0 � Gapp” to dene the boundary between GO and
rGO. Values smaller than zero are representative of GO and “D0

� Gapp < 25” is used as an indicator of rGO formation. Based on
the results shown in Table 1 and Fig. 2, whilst the position of
the D peak did not change as a result of the microwave reduc-
tion, both D0 and G peaks shied from 1594 and 1528 cm�1 to
1598 and 1569 cm�1, respectively. The microwave reduction of
GO is conrmed by comparing D0 � Gapp obtained which
showed the value of �2 for the GO and 4 for the rGO, in
agreement with the method proposed by King et al.35

XRD patterns of graphite, GO, rGO, and rGO–TiO2 hybrid
are given in Fig. 3. The as-received graphite shows a charac-
teristic peak at 2q ¼ 26.7�. Oxidation and exfoliation of
graphite and formation of GO is conrmed by shiing of this
characteristic peak to lower 2q values due to introduction of
oxygen functionalities in GO. Depending on the degree of
oxidation, oxygen content and exfoliation of graphite
precursor the shi could be as large as approximately 16�.36

The observed peak for GO at 12.2� suggests an oxygen level of
40–50 wt% which shows some remnant graphitic structure in
the synthesised GO.36 In the case of rGO, the sharp peak at
This journal is © The Royal Society of Chemistry 2018
12.2� has completely disappeared and a broad peak appears
indicating the reduction of oxygen rich functionalities and
formation of rGO.37 The peaks observed in the pattern of rGO–
TiO2 hybrid catalyst result from the presence of titania as
indexed, which agrees well with reported values for nano-
crystalline P25 TiO2.38
3.2. Dye degradation studies

To investigate the efficiency of the catalyst systems under
microwave heating, comparable experiments were conducted
using microwave as well as conventional heating. This was
done to establish if there were any signicant non-thermal
improvements in the degradation rates when microwave
was applied. Fig. 4(a) compares the decomposition of the dye
aer different durations for different catalyst systems and
heating methods at a constant temperature of 120 �C. The UV-
Vis spectra of the OG dye solution aer 20 minutes of
microwave irradiation for different catalyst systems and the
control experiment (H2O2 alone) have been compared in
Fig. 4(b). While H2O2 alone is responsible for some decom-
position of the dye (�4%), the performance is inferior to both
TiO2 (59%) and rGO–TiO2 (88%) hybrid catalyst systems.
Similar trends of degradation were observed at other
temperatures tested. As shown in Fig. 4(a), microwave process
exhibited enhanced decomposition of the OG dye compared
to the conventional heating process irrespective of the cata-
lyst system.
RSC Adv., 2018, 8, 7709–7715 | 7711
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Fig. 3 XRD patterns of graphite, GO, rGO and rGO–TiO2 hybrid
catalyst. Peaks of anatase are denoted as A and those of rutile are
denoted as R.

Table 1 Raman peak positions (in cm�1) of GO and rGO samples from
a two-peak fit of the Gapp band

Sample G D0 Gapp

D0

� Gapp

GO 1528 1594 1596 �2
rGO 1569 1598 1594 4
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The microwave enhancement factor of the process is depic-
ted in Fig. 4(c and d) where the catalytic performance
enhancement is given by the following relation:

MW enhancement factor ¼ C0 � CMW

C0 � CConv

where C0 is the initial concentration of the dye solution, CMW

and CConv are concentrations of the dye at set time and
temperature aer microwave irradiation and conventional
heating, respectively. Aer 5 minutes, in case of TiO2 catalyst,
microwave heating resulted in the degradation of �15% of the
dye as compared to only �4% in conventional heating method.
In case of the hybrid catalyst, �65% of the dye was decomposed
in just 5 minutes of microwave treatment compared with only
�18% degradation for conventional heating, indicating
a dominant microwave effect during the early stages of the
7712 | RSC Adv., 2018, 8, 7709–7715
catalytic treatment. The microwave enhancement factor was
�4.1 for TiO2 whilst the same factor was �3.5 for the hybrid
system (Fig. 4(c and d)). This demonstrates efficient nature of
microwave assisted catalytic process and, also, exemplies the
inefficient nature of the TiO2 based catalyst during conventional
heating at short time scales. Since the global temperature for all
the experiments was carefully controlled (note that a non-
microwave interfering ruby thermometer was used for temper-
ature measurements), the improved efficiency can be attributed
to a microwave effect resulting in enhanced local heating in the
vicinity of the catalyst while the bulk temperature did not show
any variation. A comparison of the decomposition at different
temperatures further conrms this behaviour. At longer treat-
ment times, for example, aer 20 minutes, using the TiO2

catalyst, the microwave process decomposed 15% more of the
dye in the solution. Better catalytic performance was observed
in the case of rGO–TiO2 hybrid catalyst with the microwave
process, demonstrating signicantly improved decomposition,
�88% decomposition aer 20 minutes and enhancement factor
of 1.2. This clearly conrms that introducing microwaves
resulted in improved catalytic performances of both catalyst
systems, whether it was TiO2 only or when the hybrid rGO–TiO2

nanocomposite was used as the catalyst. This was consistent
across all the time scales investigated. As shown in Fig. 4, the
effect of microwave was more enhanced especially at shorter
time scales and when rGO was used in the system. The
decomposition showed a slowdown at longer time scales which
is attributed to the consumption of hydrogen peroxide in the
reaction mixture into water and oxygen.

There are a series of contributing factors which result in the
improvement of the hybrid catalysts and could explain the
performance with and without microwave irradiation. In the
case of TiO2 nanoparticle catalyst system, it has been shown
that microwave irradiation alone could facilitate the generation
of electron/hole pairs in the titania semiconductor and help
produce hydroxyl radicals and enhance reaction kinetics.1

Moreover, it has also been shown that microwave irradiation
could enhance the generation of hydroxyl radicals from
H2O2.39,40 This is in addition to the role of oxidative H2O2 which
is present in all systems and at the same level in the experi-
ments carried out in this research. We observed similar
improvements in the performance of titania catalyst upon
irradiation of microwave and enhanced degradation of the dye.
The fact that this improvement was consistent over a range of
time scales under isothermal conditions (Fig. 4) suggests the
genuine effect of microwaves in improving the performance of
catalysts. The increased catalytic decomposition of the dye
under microwave irradiation in the TiO2 system is attributed to
the enhanced generation of hydroxyl radicals from H2O2 as well
as improved electron/hole pair generation in TiO2 as a result of
microwave irradiation, leading to faster kinetics and higher
degree of decomposition overall.

To elucidate the effect of thermal degradation in the
performance of the catalysts, a comparison of the decomposi-
tion of the dye using titania and the hybrid rGO–TiO2 catalyst
was investigated at a range of different temperatures. The
addition of the rGO and formation of the hybrid catalyst
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Dye degradation graph of different TiO2 and rGO–TiO2 nanocomposite catalysts under conventional and microwave heating. (b) UV-
Vis spectra of OG dye solution as prepared, after 20 minutes of microwave irradiation with catalysts and with only H2O2. (c) Microwave
enhancement factor in the case of TiO2 catalyst at an isothermal condition of 120 �C at different times. (d) Microwave enhancement factor in the
case of hybrid catalyst at an isothermal condition of 120 �C at different times.
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drastically changes the catalytic performance (Fig. 5). At higher
temperatures, hydrogen peroxide irreversibly decomposes to
produce water and oxygen. This contributes to the slowing
down of the reaction rates with time along with the consump-
tion of the hydroxyl radicals directly involved in the dye degra-
dation process. Microwaves have been observed to enhance the
Fig. 5 (a) Dye degradation graph of rGO–TiO2 hybrid catalyst under con
a range of temperatures. (b) Microwave enhancement factor for the hybr

This journal is © The Royal Society of Chemistry 2018
formation of hydroxyl radicals in the reaction solution to an
extent which cannot be fully explained by the increase in
temperature alone.41 The precise nature of the phenomenon is
not completely understood, but non-thermal interactions
between the catalyst and microwaves have been suggested as
being responsible for the improvement in radical generation.41
ventional and microwave heating at a fixed time of 20 minutes across
id catalyst at different temperatures and 20 minutes of treatment time.

RSC Adv., 2018, 8, 7709–7715 | 7713
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Fig. 5(b), compares the MW enhancement factor for the
hybrid catalyst at the range of temperature from 30–120 �C. This
clearly signies the fact that microwave contribution is more
signicant at lower temperature regimes where the catalyst
system is normally expected to be inefficient. The enhancement
factor was �2.4 at 30 �C whilst it was reduced to half, �1.2–1.3,
for higher temperatures. This implies that the hot spot mech-
anism of dye degradation is more prevalent at lower tempera-
ture regions while at higher temperatures other decomposition
mechanisms such as peroxide oxidation and thermal excitation
of electron/hole pairs start to compete with hot spot formation
and the impact of microwaves is reduced. Nevertheless,
microwave irradiation at 120 �C for 20 minutes results in only
�12% non-degraded dye whilst conventional heating showed
>30% of non-degraded dye. This conrms the effectiveness of
microwave radiation in enhancing the performance of the
hybrid catalysts. The microwave enhancement capability of
rGO–TiO2 hybrid catalyst for dye degradation has not been re-
ported before, however similar improvements have been re-
ported for photocatalytic oxidation processes with the addition
of GO and/or rGO.42,43 For example, Jiang et al.42 reported 22%
OG dye degradation efficiency for a UV irradiated heat treated
GO–TiO2 hybrid catalyst aer 12 minutes of irradiation at room
temperature. We have demonstrated that microwave irradiated
hybrid catalyst used in this study resulted in 35% OG dye
degradation at 30 �C aer 20 minutes at signicantly low
microwave powers (less than 10 W). Further detailed discussion
of microwave AOPs is provided in a recent review by Karayannis
et al.44

In addition to the enhanced performance of TiO2 itself, rGO
provides larger number of active sites for the adsorption of the
dye molecules closer to the titania catalyst whilst reducing the
extent of aggregation of titania nanoparticles. It has been
demonstrated that rGO performs as an excellent microwave
absorber45 hence leading to the formation of the hot spots at the
surface of the hybrid catalyst. The formation of such local hot
spots results in excitation of more electron/hole pairs at the
surface of the hybrid catalysts which consequently would react
with O2 and H2O to form cOH and superoxide radical anion
(O2c

�) and ultimately the degradation rates are enhanced.
Similar mechanisms have also been observed for TiO2/activated
carbon catalysts in microwave degradation of methyl orange
dye.1 This is followed by signicant improvements in the
conductivity and enhanced electron scavenging performance of
the rGO4,46 inhibiting recombination of the charge carriers
formed at the hybrid catalysts. The availability of the larger
number of the charge carriers would also result in improved
decomposition of the dye molecules. More work is required to
optimise the loading of the hybrid catalyst as well as utilising
more efficient oxidative agents such as peroxymonosulfate
(PMS) to replace the H2O2 and obtain even more efficient
decomposition pathways.

4. Conclusions

rGO–TiO2 hybrid catalyst was prepared using a microwave
assisted process and the catalyst demonstrated signicant
7714 | RSC Adv., 2018, 8, 7709–7715
improvements in the azo dye degradation efficiency when irra-
diated by microwaves across a range of temperatures from 30 to
120 �C. The combination of hybrid catalyst and microwave
irradiation resulted in more than 88% dye degradation within
20 minutes of treatment at high temperatures. The improved
performance of the hybrid catalyst system is attributed to (i)
excellent microwave absorption of rGO leading to the formation
of the hot spots at the surface of the hybrid catalyst (ii) larger
number of active sites available for the adsorption of the dye
molecules, and (iii) consequent formation of cOH and super-
oxide radical anion (O2c

�) which ultimately result in higher
degradation rates. The outstanding wastewater treatment
performance of microwave irradiated hybrid catalyst offers
a viable low energy, low carbon footprint alternative to
conventional thermally activated catalytic processes of waste
treatment.
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