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A B S T R A C T

Graphene oxide–titanium dioxide (GO@TiO2) nanocomposite with mean diameter size of 14 nm has been
fabricated, characterized, and used as photocatalyst for degradation of two highly toxic insecticides,
namely carbaryl and imidacloprid. Characterizations of GO@TiO2 have been carried out using various
analytical and spectroscopic techniques. Compared to TiO2NPs, the fabricated GO@TiO2 nanocomposite
has advantage of its smaller band gap. The finding that the photocatalytic degradation of the examined
insecticides by the fabricated GO@TiO2 is more efficient compared to that of TiO2NPs suggests the
superiority for using the fabricated GO@TiO2 nanocomposite for degradation of the examined toxic
insecticides.
© 2018 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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Introduction

Water is the most important source of life as it required for all
human activities. Due to the rapid developments of economics and
industries, water pollution is one of the biggest problems in the
world. Among the most serious pollution sources in the developing
countries, pesticides cause serious health and environmental
problems [1]. Carbamate insecticides such as carbaryl are highly
toxic and widely used as insecticides, acaricides, nematocides,
herbicides, and molluscicides for protection of crops. Widespread
use of carbamates in agriculture increases their residues in soil and
water [2]. In addition, imidacloprid is one of the commonly
insecticides in agriculture that have been demonstrated harmful
effects [3]. According to US EPA reports, imidacloprid is high toxic
for the aquatic invertebrates [4].

Several approach have been reported for pesticides removal
from the aquatic environment, e.g., adsorption, membrane
separation, fluid extraction, etc [5,6]. Among these methods,
photocatalytic degradation by the newly fabricated semiconduct-
ing nanoparticles is an effective technology in the environmental
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application [7–9], in particular for converting the pesticides into
friendly compounds [10–13]. In particular, TiO2 semiconductor was
extensively examined as photocatalyst for its advantages of wide
energy gap, chemical and thermal stability, low cost, unique optical
and electronic properties, ease of fabrication, and wide compati-
bility [14]. These properties render TiO2 as efficient photocatalyst
for decomposition of various pollutants in an aqueous media. On
the other hand, TiO2 suffers from its high band gap (only in the UV
region, 3.2 eV), high charge carrier recombination, and low surface
area. These undesired properties restrict its uses in various
applications. For overcoming these limitations of using TiO2 and
to extend its light absorption in the visible range, the combination
of TiO2 with various carbon nanostructures (carbon nanotube,
graphene, etc) attracted much attention in the recent years.
Compared with other carbon materials, graphene with its two
dimensional structure attracted much attention for its excellent
mobility of charge carriers, large specific surface area, flexible
structure, unique optical and electronic properties [8,14,15].

Based on their unique properties, the combination between GO
and semiconductor TiO2 forming GO@TiO2 nanocomposite that
would enhance the photocatalytic performance [16–21]. In such
GO@TiO2 nanocomposite, GO can work as an acceptor/transporter
of the photogenerated electrons for TiO2 nanoparticles (NPs) and
reduced the recombination of photogenerated electron–holes of
hed by Elsevier B.V. All rights reserved.
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TiO2. Keeping it into consideration, we report herein the photo-
catalytic efficiency of two pesticides, namely carbaryl and
imidaclporid by using titanium dioxide (TiO2) and graphene
oxide–titanium dioxide nanocomposite (GO@TiO2) (Fig. 1).
According to our information's, such studies for photodegradation
of these two toxic pesticides by the modified graphene with TiO2

are rare in the literature. The fabricated GO@TiO2 nanocomposite
has been well characterized by using X-ray diffraction (XRD),
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), zeta potential, and Fourier transform infrared
spectroscopy (FTIR) techniques. The photocatalytic degradation of
carbaryl and imidaclporid by the fabricated GO@TiO2 has been
studied by using steady-state absorption and fluorescence
techniques.

Experimental section

Materials and instruments

The two examined insecticides namely, 1-naphthyl methyl-
carbamate(Carbaryl), and N-{1-[(6-Chloro-3-pyridyl)methyl]-4,5-
Dihydro-imidazol-2-yl}nitramide (Imidacloprid) were purchased
from Sigma-Aldrich Company Ltd. The Old Brickyard, New Road
Gillingham Dorset SP8 4 XT United kingdom. Titanium (IV) n-
isobutoxide was obtained from Strem chemical. Graphite, potassi-
um hydroxide and ethanol were purchased from Sigma-Aldrich. All
used chemicals in this study were reagent grade and used without
any further purification.

UV–vis absorption spectra were measured using a Shimadzu
UV-2450 spectrophotometer model. Fluorescence measurements
were carried out by using Shimadzu RF-5301PC spectrofluorome-
ter. Fourier transform infrared (FT-IR) spectra were measured using
a JASCO spectrometer 4100 using the KBr pellet technique. The X-
ray diffraction (XRD) measurements were conducted by using a
Shimadzu 6000–XRD, X-ray diffractometer using Cu Kα radiation
(l1/41.54056 Å). Transmission electron microscopy (TEM) images
were recorded by a JEOL 2010 microscope operating at an
accelerating voltage of 200 kV. While the morphology of the
surface was estimated using scanning electron microscopy (SEM),
JEOL(JSMIT100) 30 kV. Zeta potential data were obtained by
Brookhaven zeta potential/particle size analyzer. The specific
surface area, pore volume and the pore structure were determined
by N2 adsorption technique using Nova touch LX3 analyzer.

Photocatalytic degradation of the examined insecticides

The efficiency of TiO2 nanoparticles and GO@TiO2 nano-
composite were determined for photodegradation of some
insecticides under UV light source at 365 nm. The concentration
of examined insecticides was 100 ppm, 5 mg of TiO2 nanoparticles
and GO–TiO2 nanocomposite were dispersed in 10 ml water. The
photocatalytic measurements were performed with different
times after exposed to UV light at wavelength of 365 nm. OH

�

radicals were generated during the reaction, which can be
Fig. 1. Chemical structure of the examined insecticides.
decompose the pesticides. Photodegradation of the examined
insecticides was detected by using steady-state absorbance and
fluorescence techniques. The adsorption activity of GO for
insecticides, such as, carbaryl, and imidaclporid was evaluated.
Furthermore, the activities property of TiO2 nanoparticles and
GO@TiO2 nanocomposite in the absence of light were examined.

Synthesis of nanocomposite

Synthesis of graphene oxide nanostructure
Water dispersions and solid of graphite oxide were prepared

from natural graphite powder using a modified Hummers and
Offeman’s method [22,23]. In a typical reaction, to a glass beaker
8 g of graphite flakes (Sigma Aldrich), 8 g of NH4NO3 and 368 ml of
98% (w/w) H2SO4 were added, and mixed under stirring in an ice
bath for 1 h. Then, 40 g of KMnO4 was slowly added to the mixture
in an ice bath, and thoroughly mixed for 1 h, the solution color
becomes green. After that, the beaker placed in a 35 �C water bath,
and the solution was stirred for about 1 h to form a thick paste.
Then 640 ml of high-purity water was added to the formed paste,
and stirred at 90 �C for 1 h, which change the solution color to be
brown. Finally, 1600 ml of water was added, followed by the slow
addition of 48 ml of H2O2 (30%), meanwhile the color of the
solution turned from dark brown to yellow. The solid filtered,
washed with 10% HCl aqueous solution (3.2 l) to remove metal ions
and washed with high-purity water several times until pH became
6. The resulting GO was dried at 45 �C for 24 h. The crystalline
structure of dried powder was identified by XRD (Shimadzu 6000
model) using Cu Kα (l = 1.5418 Å) as incident radiation. Refinement
was carried out from a starting model based on information given
in the Inorganic Crystal Structure Database (ICSD). The morpholo-
gy of the GO synthesized was evaluated by transmission electron
microscopy (TEM, JEOL 2100) under maximum acceleration
voltage of 200 kV.

Synthesis of titanium dioxide
A 6 ml of titanium (IV) n-isobutoxide 98% was added dropwise

to mixture of ethanol–water (4:1) at 90 �C. The resultant has been
reflux for 2 h at 90 �C, the color of mixture was changed into white
precipitate (ppt). The obtained precipitate was centrifuged at
6000 rpm, then washed with deionized (DI) water and ethanol for
several times, then dried at 50 �C, and calcined at 470 �C for 2 h
[24].

Synthesis of GO@TiO2 nanocomposite
The fabrication process was carried out by dispersing 1 gm of

TiO2 nanoparticles that prepared in a previous step in 50 ml water
for 30 min by ultrasonic and a drop wise has been added to 0.04 g of
GO nanosheet which dispersed in 100 ml water. After that, the
mixture was mixed by ultrasonic for 3 h and the obtained
precipitate was centrifuged at 6000 rpm. Then washed with DI
water for several times and dried at 50 �C [25].

Results and discussion

Characterization of GO@TiO2 nanocomposite

XRD analysis
Fig. 2 showed the XRD pattern of the pure graphite powder,

synthesized GO, TiO2 NPs, and GO@TiO2 nanocomposite powder.
The XRD analysis exhibits the (001) diffraction peak of GO (10.9�)
[26,27], which is larger than that of the pure graphite (26�). This
can be rationalized by the presence of the oxygenated functional
groups on carbon sheets of GO [17,28]. The XRD pattern of TiO2 NPs
showed typical diffraction peak of anatase phase (25.16�, 37.78�,
47.89�, 53.85�, 54.83�, 62.64� and 74.88�) [29], without any



Fig. 2. XRD patterns of: (a) graphene oxide, (b) graphite, (c) TiO2 NPs, and (d) GO–
TiO2 nanocomposite.
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contribution of rutile or brookite phases. Compared with other
phases, the anatase phase exhibited high surface area and its
slower charge carrier recombination compared with other phases.
When turning to GO@TiO2 nanocomposite, the XRD pattern
showed values the diffraction peaks at 24.84�, 37.42�, 47.59�,
54.80�, 62.31� and 74.69� [30]. The absence of typical peak of GO
may due to the disruption and well exfoliation of GO in the
Fig. 3. HR-TEM image of: (a) GO, (b) GO@T
nanocomposite and/or the loading of metal oxide into the surface
of GO oxide.

The main crystallite size of GO and metal oxide nanocomposite
was calculated based on the Debye-Scherrer’s formula (Eq. (1)):

D = Kl/β cos u (1)

where, K is a constant representing shape factor (�0.9), l is the
wavelength of the X-ray source (1.5405 Å), β is the full width at half
maximum of the diffraction peak and u is the angular position of the
peak. The average crystallite sizes were determined to be 15 nm and
14–24 nm for TiO2 and GO@TiO2, respectively. This finding suggests
that the anchoring of GO with TiO2 NPs nanocomposite has little
influence on the crystallite size of phase structure of TiO2 NPs.

HR-TEM analysis
The morphologies of GO, TiO2 NPs and GO@TiO2 nanocomposite

were characterized by high resolution TEM images with different
magnifications to illustrate the shape of the particles. As shown in
Fig. 3, GO showed a good nanosheet form, while TiO2 NPs showed
good dispersion nano-spherical shape. However, GO@TiO2 nano-
composite showed like nano-spherical shape loading into the GO
sheet with an average size of about 15–24 nm, which is in a good
agreement with that observed by the XRD measurements.
iO2 nanocomposite, and (c) TiO2 NPs.
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SEM analysis
The fabricated GO@TiO2 nanocomposite was characterized by

scanning electron microscopy (SEM) technique with different
magnifications to exhibit its spherical morphology. As shown in
Fig. 4, the surface of GO nanosheet was packed densely by TiO2 NPs
with average sizes from 15 to 17 nm indicating a good combination
between graphene oxide and TiO2. GO nanosheets seem to act as
bridges that connect with different TiO2 NPs and increase the
separation of the photogenerated electron-hole pairs. This con-
firms the distribution of TiO2 nanoparticles on the surface of GO
sheets with slightly agglomeration of metal oxide nanoparticles.
The samples were analyzed using EDX with uniform particle
morphology (Supporting information, Fig. S1).
Fig. 4. SEM images of: (a) TiO2 NPs a
UV-spectroscopy analysis
The absorption spectrum of GO exhibited an absorption peak

with maximum at �228, which is due to p → p* transitions of the
aromatic C¼C bonds [12,26,31], while the absorption maximum of
GO–TiO2 was clearly observed at 260 nm (Supporting information,
Fig. S2). Compared with TiO2NPs, the absorption band of GO@TiO2

nanocomposite shifted to the visible light region that rationalized
by the hybridization of C2p and O2p atomic orbits to create a new
valence band.

The band gap values of the fabricated GO@TiO2, as well as the
control of GO and TiO2 were calculated from Tauc (Eq. (2)) [32,33].

αhy = A(hy � Eg)n (2)
nd (b) GO@TiO2 nanocomposite.



Fig. 5. Zeta potential of GO, TiO2 and GO@TiO2 in water.

Fig. 6. TGA diagrams of: (a) GO, (b) GO@TiO2 nanocomposite and (c) TiO2NPs.

Fig. 7. FT-IR spectra of: (a) GO (a), (b) GO@TiO2, and (c) TiO2.
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where α is absorption coefficient, y is the frequency of light, h is
Planck’s constant, hy is the photon energy, A is a proportionality
constant, Eg is the band gap and n = 1/2 for the direct transitions
[34]. The band gap values were found to be 4.00, 3.50, and 3.78 eV
for GO, GO@TiO2 and TiO2, respectively.

Zeta potential analysis
Zeta potential technique has been used for detection the

stability of the fabricated GO@TiO2 nanocomposite in the solution
and understanding the charge of the surface. As shown in Fig. 5, the
results show that particles are negatively charged for GO (�33),
TiO2 (�25) and GO@TiO2 (�39), revealing high stability of colloidal
dispersions of particles in water. Based on these values, one can say
Fig. 8. BET N2 adsorption/desorption isotherm curve of: (a) GO, (b) TiO2, and (c) GO@TiO
GO@TiO2 nanocomposite.
that the fabricated GO@TiO2 nanocomposite exhibited higher
dispersion than TiO2NPs.
2. (d) Langmuir fits from the N2 adsorption data for GO nanosheet, TiO2 nanorod and



Fig. 9. UV–vis absorption spectra of carbaryl (50 ml from 100 ppm) in the presence of: (a) GO@TiO2 (0.1 ml from 0.005 g/10 ml), and (b) and TiO2 (0.1 ml from 0.005 g/10 ml)
under UV-light in water at the indicated time intervals. Fluorescence spectra of carbaryl (50 ml from100 ppm) in the presence of: (c) GO@TiO2 (0.1 ml from 0.005 g/10 ml), and
(d) TiO2 NPs upon using 300 nm excitation light at the indicated time intervals.

320 N.M. El-Shafai et al. / Journal of Industrial and Engineering Chemistry 69 (2019) 315–323
Thermal analysis
Fig. 6 shows the thermogravimetric analysis (TGA) diagrams of

GO, TiO2 and GO@TiO2 at temperatures in the range of 25–700 �C.
Thermal analysis curve of TiO2NPs is straightly line, the total
decomposition elements and residue percentages are 0.972 and
99.028%, respectively, this stability in results mean that TiO2 has
been completely formed as a pure metal oxide. The thermogram
curve of GO displays a weight loss of up to 200 �C due to the
removal of humidity and decomposition of oxygen functional
group and release of CO2 gas [17]. The skeleton of GO is
decomposed through four successive steps (first step from 25 to
100 �C, second step from 150 to 280 �C, third step from 450 to
590 �C, and the fourth step from 650 to 710 �C). When turning to
GO@TiO2 nanocomposite, the thermogram curve was accompa-
nied with the decomposition of graphene oxide steps, this
emphasis the formation of TiO2 on the surface of GO. The finding
that GO@TiO2 nanocomposite showed higher thermal stability
than GO nanoparticles may be due to the strong interaction exists
between GO and TiO2 NPs in the fabricated nanocomposite.

FT-IR analysis
Fig. 7 shows the FT-IR spectra of the fabricated GO@TiO2

nanocomposite, as well as GO, and TiO2 NPs. GO showed peaks at
3400 and 1620 cm�1 due to the stretching vibration of (OH) group
and the skeletal vibration of GO sheets, respectively. However, the
strong peaks at 1730, 1370, 1220, 1165 and 1058 cm�1 assigned to
stretching vibration of oxygen containing functional groups
carboxyl (C¼O), carboxyl (C��O), epoxy (C��O), carboxyl (C��OH)
and alkoxy (C��O), respectively [35–37]. This indicates numerous
oxygen containing functional groups on the GO surface. Anatase
phase of TiO2 exhibits low frequency bands in 500–850 cm�1 due
to the Ti��O bending vibration and stretching modes. In addition, a
broad peak observed in between 3500 to 3000 cm�1 can be
assigned to stretching vibration of the surface hydroxyl (��OH)
groups on the surface TiO2 nanoparticles [38].

Brunauer–Emmett–Teller theory (BET) studies
Nitrogen adsorption-desorption full isotherm has been used for

detecting the surface properties for GO, TiO2 and GO@TiO2. The
loop of isotherm shown in Fig. 8 was of type (IV) with a H1
hysteresis loop (0.4 < P/Po > 0.95), this mean that the surface
includes a high degree of pore size uniformity. The result showed
that surface has one type of pores, mesopores (diameter 2–50 nm)
[39,40]. BET surface area (SBET), for GO, TiO2 and GO@TiO2, were
determined to be 253.87, 66.29 and 74.8513 m2/g, respectively.
Total pore volume (VP) and mean pore diameter (rp) were 1.915,
2.445 and 2.432 nm for GO, TiO2 and GO@TiO2, respectively
(Supporting information, Fig. S3).

Photocatalytic degradation studies

Photocatalytic degradation of insecticides under UV irradiation
Photocatalytic degradation processes of the examined insecti-

cides (carbaryl and imidaclporid) using GO nano sheet, TiO2 NPs
and GO@TiO2 nanocomposite under UV irradiation (at 365) nm
was examined by using steady-state absorption and fluorescence
techniques. As seen from Fig. 9, the maximum absorption band of
carbaryl was recorded at 278 nm. Upon irradiation by using
365 nm, the absorption band of carbaryl decreased in the presence
of GO@TiO2 at the indicated time intervals (Fig. 9a). In contrast, the



Fig. 10. (Upper figures) Linear plot of ln (Co/Ct) with irradiation time in water for degradation of: (a) carbaryl and (b) imidacloprid with GO@TiO2 and TiO2 (& = 365 nm).
(Lower figures) Photodegradation efficiency (%) of: (c) carbaryl and (d) imidacloprid with GO@TiO2 and TiO2 at different times of irradiation; &ex = 365 nm.

Table 1
Photo-degradation efficiency of the examined insecticides by the various materials.

Insecticides Materials Efficiency References

Imidacloprid Photon–Fenton 95% [44]
ZnO/Na2S2O8 100% [45]
TiO2/Na2S2O8 100% [45]
Membrane 80% [46]
TiO2 57% This study
GO@TiO2 93% This study

Carbaryl Clay 75% [47]
Platinum and Boron-doped 90% [48]
TiO2 7% This study
GO@TiO2 22% This study
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absorption spectra of carbaryl showed only small decrease in the
presence of TiO2 NPs (Fig. 9b). This finding indicates that the
degradation process of carbaryl pesticide takes place more efficient
in the presence of GO@TiO2 nanocompostie compared to that of
TiO2.

The steady-state fluorescence measurements showed the same
track of the absorption measurements. As seen, the fluorescence
emission band of carbaryl was observed at around 340 nm. As seen
from Fig. 9(c,d), the fluorescence band showed significant
quenching in the presence of GO@TiO2 nanocompostie, but not
TiO2 NPs. This observation is in a good agreement with the steady-
state absorption measurements. Similar absorption and fluores-
cence features were observed upon treating imidacloprid with
GO@TiO2 nanocompostie and TiO2NPs (Supporting information,
Fig. S4).

The rate constants of first order reaction were determined from
Eq. (3):

ln (C/Co) = �kobs t (3)

where Co (mg/l) is the initial dye concentration, and kobs
depends on the initial concentration (Co) [41]. The degradation
rates (k) of carbaryl in the presence of TiO2 NPs and GO@TiO2

nanocomposite were calculated to be 0.00176 and 0.05982 min�1

for carbaryl, respectively (Fig. 10a). Similar trend was observed for
treating of imidacloprid with TiO2 NPs (k = 0.000551 min�1) and
GO@TiO2 nanocomposite (k = 0.0227 min�1) (Fig. 10b).

The efficiency of the photocatalytic degradation process was
determined from Eq. (4) [42]:

E (%) = ([Ao� At]/Ao) � 100 (4)

where Ao and At are the absorbance changes of insecticides with
the time under light irradiation, respectively [43]. The efficiency of
photocatalytic process of carbaryl was found to be 22% and 7% in
the presence of GO@TiO2 and TiO2, respectively (Fig. 10c). In a
similar trend, Fig. 10d illustrates that 92.6% and 56.6% of
imidacloprid has been decomposed in the presence of GO@TiO2

and TiO2, respectively. This finding showed clearly the significant
effect of GO@TiO2 in increasing the rates and efficiencies of the
degradation process compared to the TiO2 NPs. The higher photo-
degradation efficiency of imidacloprid compared with that of
carbaryl was in an agreement with the literature (Table 1). Possible
mechanism of the examined insecticides by using GO@TiO2 under
visible light irradiation can be summarized as shown in Scheme 1.
The higher photocatalytic properties in the case of GO@TiO2

compared to GO and TiO2 may explained by the ability of the
surface of graphene oxide to accept electrons from the conduction
band (CB) of the metal oxide to react with oxygen generating the
superoxide anion radicals (O2

��), which act with the generated
reactive

�
OH radical in decomposing the insecticides molecules

into CO2 and water [49–53].



Scheme 1. The proposed mechanism for the photodegradation of the examined insecticides by using GOi@TiO2.

322 N.M. El-Shafai et al. / Journal of Industrial and Engineering Chemistry 69 (2019) 315–323
Adsorption of the examined insecticides on the GO surface

Adsorption of the examined insecticides in theaqueous solution on
surface of GO underdifferent concentration levels was examined from
Fig. 11. Fluorescence quenching of: (a) carbaryl, (b) imidocloprid with additions of diffe
the steady-state fluorescence measurements. As shown in Fig. 11, the
fluorescence band of the examined insecticides were decreased
gradually with increasing the added amounts of GO (0.5 g l�1). The
fluorescence quenching may rationalized by the strong binding of the
rent amounts of [GO]; lex = 300 nm. (c) Linear plot of log (F0� F)/F versus log[GO].
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examined insecticides with GO through hydrogen bonding, electro-
static interaction and van der waals force [54,55].

Conclusion

TiO2 NPs and graphene oxide-titanium dioxide (GO@TiO2)
nanocomposite were synthesized and characterized by TEM, XRD
UV–vis and SEM. From the optical absorption measurements, the
energy band gap values were found to be 4.00, 3.78 and 3.5 eV for GO,
TiO2 and GO@TiO2, respectively. From the spectroscopic studies, the
photocatalytic degradation of examined insecticides by using
GO@TiO2 nanocomposite was found to be more efficient compared
to the widely used TiO2. The highest degradation rate among the
examined insecticides was recorded for imidacloprid. Absorption
spectroscopyconfirmed that the insecticides are efficientlyadsorbed
over the surface of the graphene oxide. Different features were
observed in the presence of metal oxide TiO2NPs over the surface of
graphene oxide such as faster degradation rate of examined
insecticides relative to using TiO2NPs alone. These findings suggest
the usefulness the fabricated GO@TiO2 nanocomposite for degrada-
tion the examined toxic insecticides in water.
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