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Abstract Photocatalytic behavior was investigated for TiO,—graphene nanocom-
posite in the degradation of acid orange 7 (AQO7) as a model pollutant under
ultraviolet light in aqueous solution. XRD, SEM, TEM, DRS, FT-IR and EDX
techniques were used for the characterization of the prepared nanocomposite. The
effect of synthesis variables such as weight ratio of TiO, to graphene and opera-
tional key factors such as initial dye concentration, irradiation time, catalyst dosage
and solution distance from UV lamp were studied in the photocatalytic degradation
of AO7. This excellent catalytic ability is mainly attributed to the synergic effect of
photocatalyst and adsorbent. The effect of operational variables was optimized for
the photocatalytic degradation of AO7 as a pollutant model using the RSM tech-
nique. In this case, the amount of the determination coefficient (R2 = 0.97) shows
that 97% of the variability in the response could be described by the model. The
maximum degradation efficiency (96%) was achieved at the optimum operational
conditions: catalyst dosage of 0.5 g L™, the irradiation time of 50 min and distance
the solution from UV lamp of 0.3 cm.
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Introduction

It is known, that the textile industry with its manufacturing process is characterized
by the high consumption of resources like water, fuel and a large variety of
chemicals [1]. Reactive dyes, including azo dyes, are widely used due to their higher
performance. But many of them are environmentally extremely hazardous and are
proven to be carcinogenic [2—4]. Hence, removal or degradation of organic
pollutants is an important research subject. Considerable efforts have been devoted
to developing a suitable purification method that can easily destroy these organic
contaminants [5]. Nowadays it is well confirmed that advanced oxidation processes
(AOPs) are the best-recommended technologies for the removal of different
pollutants from water [6]. Heterogeneous photocatalysis oxidation, as the most
popular AOP method, has been widely used for removal of water pollutants because
of its advantages, especially capability of carrying out under ambient conditions
[7-11].

Hereby a considerable attention was shown over the past years for TiO, as a
photocatalyst with high activity, low cost, non-toxicity, high stability in aqueous
solutions and a possible use of solar irradiation [12, 13]. TiO, with energy band gap
about 3.2 eV, which implies an excitation at a wavelength <400 nm, is also able to
reduce metallic ions besides the degradation of toxic organic compounds and its
basic efficiency can be enhanced by coupling process [14, 15]. The quick
recombination of photogenerated electron—hole pairs decreases the efficiency of
TiO, as a photocatalyst in wastewater treatment process [16, 17].

However, practical applications of TiO, as an adsorbent or a photocatalyst in
aqueous solutions are limited because of the recovery problems of fine TiO,
particles [18]. Recently, attempts have been made to immobilize the TiO, particles
on different supports, such as activated carbon [19], clay [20] and zeolites [21], to
improve their separation from bulk water [22].

Graphene (GR) as a new carbon nanomaterial has many exceptional properties,
such as high electron mobility, high transparency, flexible structure, and large
theoretical specific surface area [23, 24]. It is worthy to mention that the
nanoparticles are directly decorated on the graphene sheets and no molecular linkers
are needed to bridge the nanoparticles and the graphene which may prevent
additional trap states along the sheets. Therefore, many types of the second phase
can be deposited on graphene sheets in the form of nanoparticles to impart new
functionality to graphene aiming at catalytic, energy storage, photocatalytic, and
optoelectronics applications [25]. Many different types of synthesis methods have
been developed for preparing graphene—nanoparticles composites, includes three
main strategies; pre-graphenization, post-graphenization and syn-graphenization
[26, 27].

Considering its superior electron mobility and high specific surface area,
graphene can be expected to improve the photocatalytic performance of semicon-
ductor photocatalysts such as TiO,, where graphene can act as an efficient electron
acceptor to enhance the photoinduced charge transfer and to inhibit the recombi-
nation of the photogenerated electron—holes [28]. Thus, the combination of TiO,
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and graphene is promising to improve the photocatalytic performance of TiO,. Most
recently, Lightcap et al. [29] demonstrated that TiO,—graphene composite shows an
enhancement of photocatalytic activity for the degradation of methylene blue.
Zhang et al. [30] pointed out that the TiO,—graphene composite was a highly
efficient photocatalyst for the degradation of gas-phase benzene. Zhang et al. [31]
reported that a TiO,—graphene composite prepared by growing TiO, nanocrystals on
graphene oxide (GO) through hydrolysis of Ti(BuO), has improved the photocat-
alytic activity of TiO, for the degradation of rhodamine B.

We employed response surface methodology (RSM) for statistically optimizing
the operational and synthesis variables of TiO,—Agl by using a minimum number of
experiments. The RSM is a mathematical and statistical technique that is widely
employed in optimizing and modeling process. RSM technique is capable of
analyzing the interactions of possible influencing factors and determining the
optimum region of the factors level just by using a minimum number of designed
experiments.

In the present study, TiO,—graphene composite was prepared via a combination
of the ultrasonic and hydrothermal method. The photocatalytic performance of this
composite was investigated for photodegradation of acid orange 7 (AO7) as a
pollutant model. The effect of synthesis and operational variables, such as TiO,
content, irradiation time, catalyst dosage and solution distance from UV lamp were
studied in the photocatalytic degradation of AO7. On the other hands, the effect of
operational variables were optimized for the photocatalytic degradation of AO7 as a
pollutant model using the RSM technique. In this case, the amount of the
determination coefficient (R? = 0.97) shows that 97% of the variability in the
response could be described by the model. XRD, SEM, TEM, DRS, FT-IR and EDX
techniques were used for the characterization of the prepared nanocomposite.

Experimental
Materials

All the reagents for the synthesis of TiO,—graphene such as potassium iodide,
graphite, HNOj3;, H,SO,4, KMnO,, H,O, and titanium dioxide were commercially
available from Merck and employed without further purification.

The synthesis was carried out at atmospheric pressure and ambient temperature
with an ultrasonic irradiation provided by a probe sonicator (Qsonica Q700,
Newtown, CT, US). FT-IR spectra was recorded a 400-4000 cm™! region on
Rayleigh WQF-510a. Powder X-ray diffraction (XRD) patterns were collected from
a diffractometer of Philips Company with X’pertpro monochromatized Cu Ku
radiation (A = 1.54 A). Microscopic morphology of products was visualized by
SEM (MIRA3 TESCAN). TEM images were obtained on a CM30 transmission
electron microscope with an accelerating voltage of 300 kV. The energy dispersive
spectrometry (EDS) analysis was studied by XL30, Philips microscope. DRS of
samples was obtained using AvaSpec 2048 TEC spectrometer for determination of
the optical band gap (E,) of pure TiO,, pure Agl, TiO,/Agl coupled nanoparticles
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and the ternary composite of TiO,—Agl-graphene. For determination of the E,
Eq. (1) was used:

a(hv) = B(hv — E,)'? (1)

where o is optical absorption coefficient, B is a constant dependent on the transition
probability, 4 is the Plank’s constant and v is the frequency of the radiation. The E,
values were calculated by plotting (ahv)® versus hv, followed by extrapolation of
the linear part of the spectra to the energy axis.

Preparation of Graphene Oxide

In this method, the improved Hummer method was applied to oxidize graphite for
the synthesis of graphene oxide (GO) [32] from H,SO,, HNO3;, KMnO,, H,O, and
distilled water.

Preparation of TiO,—~Graphene Nanocomposite

A typical procedure for the synthesis of TiO,—graphene nanocomposite is as
follows: 0.2 g graphite oxide was dispersed in 10 mL. water for 15 min under
ultrasound irradiation. Then a solution containing 0.02 g TiO, in 10 mL of water
was added dropwise into above mixture. After hydrothermal reaction at 80 °C for
5 h, graphene oxide was reduced to graphene nanosheets and TiO, nanoparticles
were fixed on its surface to generate a TiO,—graphene composite. Finally, the
temperature of the mixture was brought down to room temperature and the mixture
was filtered. The solid obtained was collected and washed with distilled water. After
drying at 60 °C for 8 h, the TiO,—graphene composite was obtained. In order to
investigate the effect of different weight ratios of TiO, in as synthesized composite,
seven different weight ratios of TiO, to the graphene were prepared.

Photocatalytic Degradation Experiment

The photocatalytic degradation processes were carried out at room temperature in a
batch quartz reactor. Artificial irradiation was provided by an 8 W (UV-C) mercury
lamp (Philips, Holland) emitting around 254 nm, positioned in the top of the batch
quartz reactor. In each run, 40 mg of catalyst was dispersed in 100 mL water, then
desired concentration of AO7 (20 mg L™") and photocatalyst (400 mg L™") were
transferred into the batch quartz reactor and was stirred for 30 min to reach the
adsorption equilibration in the dark before irradiation. The photocatalytic reaction
was initiated by turning on the light source. At given irradiation time intervals, the
samples (5 mL) were retrieved, centrifuged (sigma 2-16p) and then the AO7
concentration was analyzed by UV-vis spectrophotometer (Rayleigh UV-1600) at
Amax = 485 nm. All experiments were performed in initial pH of dye solution (pH
6.1). The degradation efficiency is calculated by Eq. (2):
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Degradation efficiency (DE(%)) = (Co— C;/Cp) x 100 (2)

where CO and C are the AO7 concentration (mg Lfl) at the time O and t.
Experimental Design

Optimization of degradation percentage versus operational variables was considered
via statistical analysis. Catalyst dosage (mg/L) (A) and distance of solution from a
lamp (cm) (B) were selected as effective factors. Analysis was used in order to study
the relationship between these variables and the optimum levels of them. For this
purpose, ten experimental runs were required as per five-level central composite
design (CCD). The results and predicted responses are offered (Table 1). Data from
CCD were exposed to a regression analysis to describe the behavior of the system
using the least squares regression procedure to obtain the factor estimators of the
mathematical typical.

Results and Discussion

Based on our previous papers that were published in 2014 and 2015 graphene oxide
was synthesized and characterized by using SEM, XRD and FT-IR [23, 24].
According to XRD pattern, FT-IR and SEM images of graphite and graphene oxide
(GO), the as prepared GO was properly synthesized.

Characterization and Photocatalytic Performance of TiO,-G

Figure la—c shows the XRD patterns of TiO,—G, TiO, and graphene oxide. The
diffractogram of graphene oxide exhibited the typical reflections at 20 = 26.48° and
43.17° corresponding to the (002) and (100) reflections (JCPDS 01-0646) (Fig. 1c).
According to Fig. 1b For the TiO, compound, the XRD diffraction reflections at 26
of 25.8°, 38°, 39.5°, 48°, 55°, 62.6°, 69.7° and 75.7° can be indexed to the
characteristic reflections of the (101), (004), (112), (200), (211), (213), (220) and

Table 1 The experimental

design according to RSM for A B
optimization of key factors - -
1 -1
-1 1
1 1
—1.41 0
1.41 0
0 —1.41
0 1.41
0 0
0 0
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Fig. 1 XRD patterns of: a TiO,-G; b TiO,; ¢ GO

(215) plane reflections of anatase crystal structure TiO,. However, for the TiO,—
graphene composite, only the reflections from TiO, were detected. The (002) and
(100) reflection of graphene overlapped the anatase (200) and (113) reflection of
TiO,. However, for the TiO,—graphene composite, only the reflections from TiO,
were detected. The (002) reflection of graphene oxide overlapped the anatase (200)
reflection of TiO,. Therefore, the intensity of the reflection at 20 = 25.8° from the
TiO,—graphene composite was stronger than that from the TiO, compound.

Figure 2a—c show the SEM images of graphene, TiO,, and TiO,—G. As shown in
Fig. 2a, graphene nanosheets are individually exfoliated. According to Fig. 2b
spherical morphology of TiO, is shown. Figure 2c shows the SEM images of the
TiO,—graphene composite. According to this image, spherical TiO, compounds
were observed on the graphene sheets and particles were coated on the surface of the
graphene. SEM images of graphene (Fig. 2a) and TiO,—graphene composite
(Fig. 2c) show the best distribution of TiO, particles on the graphene sheets.

WD:8.18mm SEMHV:30.0kV Det: SE WD: 5.18mm  SEM 0KV Det: SE

1pm 1pm I pm
View Field: 2.75 um SEM MAG: 114 kx View Field: 2.56 ym SEM MAG: 101 kx View Field: 2.40 pm

SEM MAG: 108 kx

Fig. 2 SEM images of: a graphene; b TiO,; ¢ TiO,-G
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TEM images of graphene and TiO,—-G composite are shown in Fig. 3a, b
respectively. According to TEM images, TiO, particles are mounted on the graphene
sheet surfaces and some particles intercalate between the graphene interlayer.

To get information on the elements, the TiO,—G composite was examined by
EDX analysis. Figure 4 show the EDX analysis of the TiO,—G composite. In the
EDX spectrum of TiO,—G composite, the main elements such as Ti, O and C were
presented. According to EDX analysis, results confirmed the existence of TiO,
nanoparticles on the surface of graphene. TiO, being present on the graphene
surface emerged to trap the migrated electron (e”), leaving the holes (h™) free to
react with water molecules to form hydroxyl radicals, which in turn could have
degraded pollutant molecules and prevented the rapid recombination with electrons.

Since the synthesis procedure of TiO,—G was post-graphenization, so we used
graphene oxide for synthesized the TiO,—G composite. Because graphene oxide is a
hydrophilic compound due to presence of oxygen functional group on its surface,

Fig. 3 TEM images of: a TiO,—G; b graphene oxide
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Fig. 4 EDX spectrums of TiO,—-G

so, this combination is well dispersible in water. On the other hands, TiO, is a
hydrophilic compound that can connect to graphene oxide surface via hydrogen-
bond to oxygen groups. Since there is no thermal stage in the preparation method of
TiO,—G nanocomposite, so, after being on the graphene surface, not change is
shown in the TiO, phase. We suspected that, since there has been no change in the
TiO, phase, so TiO,’s chemical surrounding have not any change after combining
with rGO. Finally, as shown in SEM and TEM images, spherical TiO, nanoparticles
placed on the surface of graphene oxide.
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Fig. 5 Diffuse reflectance absorption spectra of: a TiO,; b TiO,-G
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UV-visible diffused reflectance spectra of TiO, and TiO,—G were shown in
Fig. 5. Compared with absorption edge of TiO, which was detected at around
399 nm, a red shift to the higher wavelength at 425 nm in the absorption edge of
TiO,—G sample could be observed. It means that the TiO,—G catalyst underwent a
red shift of about 26 nm. This result indicated that the narrowing of the band gap of
TiO, occurred with the graphene introduction and on the other hand, this narrowing
should be attributed to the Ti—-O—C bonds. In the case of TiO,—G nanocomposite, a
heterojunction forms at the interface, where there is a space-charge separation
region. Electrons have a tendency to flow from the higher to lower Fermi level to
adjust the Fermi energy levels. The calculated work function of graphene is 4.42 eV
and the conduction band position of anatase TiO, is about —4.21 eV with a band
gap of about 3.2 eV, graphene can accept the photoexcited electrons from TiO,. So,
the photoinduced electron—hole pairs are effectively separated and the probability of
electron-hole recombination is reduced.

The valence band (VB) and conduction band (CB) potentials of semiconductors
are two important factors for the effective separation of photogenerated electron—
hole pairs to generate OH radicals and superoxide anions. The VB and CB potential
edges were calculated using the following empirical formula [32, 33].

Evg = X —E°+0.5 (E,)

Ecg = Evg — E;

where Eyg and Ecg are the valence and conduction band edge potentials of a
semiconductor, respectively, X is the electronegativity value of the semiconductor,
which is the geometric mean of the electronegativities of constituent atoms, E° is the
energy of free electrons on the hydrogen scale (~4.5 eV), E, is the band gap energy
of the semiconductor.

The photocatalytic performance of the prepared catalysts was evaluated using
aqueous AQO7 dye as a model compound under UV light irradiation. It is well known
that the adsorption of dye molecules on catalyst surface is one of the key factors for
the degradation of organic pollutants [31]. Especially carbon based materials have
shown excellent adsorption capacity. Compared to TiO,, graphene loaded
composite shows higher adsorption of dye molecules. This increase in dye
adsorption on catalytic surfaces plays a significant role for achieving higher
photocatalytic activity.

Figure 6 displays UV-vis absorption spectra of the TiO,—G composite, pure TiO,
and rGO. The enhanced absorption of the TiO,—G composites compared to TiO, can
be attributed to the presence of graphene. However, the obvious redshift of
absorption edge in comparison with the pure TiO, may suggest a rearrangement of
the energy level of TiO,. This variation of the absorption property of TiO, is
expected to enhance the utilizing efficiency of solar energy in photocatalysis. The
absorption peak at 235 nm in the UV-vis spectrum of rGO correspond to m—m*
transition of the remaining sp> C=C bonds.

@ Springer



2988 F. Tavakoli et al.

-
=
J

TiO,-G

===
N~ - =)
| | 1

—
<>
1

Absorption (a.u.)
>
]

5
=)
1

0.4 — TiO

0.0

T T T T T T T T 1
200 300 400 500 600
Wavelength (nm)
Fig. 6 UV-vis absorption spectra of the TiO,—G composite, pure TiO, and rGO
Optimization of Synthesis Variables

Effect of TiO, Content

As shown in Fig. 7, when experiments were carried out without catalyst, no
degradation of AO7 was observed indicating that AO7 was not degraded when

100

X
=
=5
o=
=)
=
=
5
Eﬂ —m— 1wt Tio,
a —@— 2 wt% TiO,
A= 3 wt% TiO,
W 4 wt% TiO,
— O 10 wt% TiO,
—€— 12,5 Wt% TiO,
— T 25wt% TiO,

[—®— Without catalyst
T T T T T T T T T T 1

Time (min)

Fig. 7 Degradation curve of AO7 aqueous dye with: UV light without photocatalyst; different weight
ratio of TiO, to graphene

@ Springer



Optimization of Influential Factors on the Photocatalytic... 2989

exposed to UV light. This observation clearly attributes that degradation of AO7
depends on the role of the photocatalyst. In order to evaluate the effect of TiO,
loading, the different weight ratio of TiO, (1, 2, 3, 4, 10, 12.5 and 25wt%) were
loaded to graphene and their photocatalytic performance was also tested under
identical experimental conditions. The composite with 4wt% TiO, showed
enhanced photocatalytic degradation compared to that of pure graphene and bare
TiO, nanoparticle, whereas 12.5 and 25wt% TiO, loaded graphene photocatalyst
decreased the photocatalytic activity. As shown in Fig. 7, with increasing the weight
ratio of TiO, to graphene, the photodegradation performance of composite for AO7
was decreased, these results arise from increased the recombination rate instead of
Impressive carrier separation, decreased the specific surface area and adsorptivity of
graphene for adsorb dye molecules, thereby affecting the photodegradation and also
cause disruption in the delivery of light to the photocatalyst. It can be seen in Fig. 7
that graphene with 4wt% TiO, exhibits 84.26% AO7 degradation within 50 min but
only 61.14 and 36.03% of degradation occurred by bare TiO, and graphene,
respectively. This enhancement in degradation was achieved due to the synergic
effect in the TiO,—graphene composite. Overlap the conduction bands of TiO, and
graphene resulting in an amazing separation of charge carrier between graphene and
the TiO, interface.

Increasing adsorption and specific surface area those are related to loading
graphene, the formation of [ [-]] conjugations between dye molecules and aromatic
rings of graphene and finally, the formation of ionic interactions between dye
molecules and oxygen-containing functional groups of graphene are important
factors that play a crucial role in the degradation of dyes. Here, graphene prevented
the rapid recombination of electrons and holes because it plays the roles of
adsorbent and electron acceptor.

As shown in Fig. 8, when only AO7 dye was exposed to UV light, no degradation
of AO7 was observed. According to this observation degradation of AO7 is only due
to the presence of photocatalyst. As shown in Fig. 8, photocatalytic performance of
TiO,—G (84%) composite for photodegradation of AO7 enhanced compared to pure
TiO, (61%) and rGO (36%).

Optimization of Operational Variables with RSM Method

The aim of conducting experimental design is to optimize degradation amount. The
experimental design protocol and the corresponding results are obtained (Table 1).
The experimental results of the CCD were fitted with a second order equation. A
number of regression coefficients were considered and the fitted equation (in terms
of coded values) for prediction of kya (Y) was as follows (R? = 0.97)

R1 = +0.78 + 0.073 * A — 0.081 * B — 0.14 * A> + 0.051 * B?

where A and B are catalyst dosage (mg/L) and distance of solution from lamp (cm),
respectively. The coefficients of the regression model (Eq. 1) that seems as one
constant, two linear and two quadratics are listed in Table 1 The importation of each
coefficient, determined by p values, is also given in this table.
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Fig. 8 Photoreaction of AO7 solution under UV lamp and photocatalytic performance of rGO, TiO, and
TiO,-G

The first order of catalyst dosage and distance of solution from the lamp are taken
to be important, also. Consequently, they can act as effective parameters since
differences values of them will change degradation amount to a considerable extent.
It is essential to test the important and the adequacy of the model through analysis of
the variance. The F value or Fisher variance ratio is a statistically valid measure of
how well the factors describe the variation in the data about its mean. The greater
the F value, the more certain it is that the parameters explain adequately the
variation in the data around its mean, and the estimated factor effects are real. The
analysis of variance of the regression model demonstrates that the model is
important, as is evident from the Fisher’s F test. The goodness of fit with the
quadratic model was established by the determination coefficient (R?). In this case,
the amount of the determination coefficient (R2 = 0.97) shows that 97% of the
variability in the response could be described by the model. The optimum values of
the variables; obtained by the differentiation of the quadratic model, for achieving
maximum photo-degradation of organic dye. The predicted optimal degradation
value corresponding to these values is about 92%. To confirm the model precision
for predicting the maximum value of photo-degradation, additional experiments in
triplicates using the optimized key factors were performed. As shown in Table 1,
the experimentally determined photo-degradation amount at optimum conditions
(A: 0.27 and B: 1) was 92%, which agreed relatively well with model prediction.
The 2D contour plots are the graphical representation of the regression equation and
are plotted to recognize the interaction of the variables. The non-elliptical contour
plots show that the interaction is not important for the development of optimal
photo-degradation. The whole relationships between factors and response can be
better understood by examining the planned series of contour plots (Fig. 9)
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Fig. 9 Contour plot for photo-degradation (%)

generated from the predicted models (Eq. 1). Figure 9 represents contour plot
between the responses i.e. photo-degradation value (%) and the combined effect of
initial dye and catalyst dosage on the photo-degradation (%). The figure shows that
the amount of photo-degradation (%) enhanced in the middle amount of catalyst
dosage and also increased after decreasing from maximum amount (Table 2).

Effect of Initial Dye Concentration and Irradiation Time on Degradation Efficiency

Figure 10 shows the initial dye concentration and irradiation time effect on the
photodegradation of AO7, while rest of the parameters kept constant (10 cm
distance of the solution from UV lamp and catalyst dosage of 0.4 g L™'). As shown
in the Fig. 10 the increase in the initial concentration of AO7 from 10 to
30 mg L™, decreases the photodegradation efficiency from 94 to 65%. When the
initial concentration of the AO7 increases, the photons scattered before they can
reach the TiO,—G composite surface [34, 35]. Therefore, the absorption of photons
by the TiO,—G catalysts decreased and subsequently, the photodegradation
efficiency decreased. On the other hand, with increasing of AO7 concentration
more organic substances (AO7 and intermediates) are adsorbed on the surface of

Table 2 ANOVA of the model

for photo-degradation amount Source  Sum of squares = Mean squares  F value  p value

A-A 0.042 0.042 4521  0.0003
B-B 0.052 0.052 5598  0.0001
AB 1.11E—003 1.11E-003 1.20 0.3101
A? 0.13 0.13 137.14  0.0001
B? 0.018 0.018 1932 0.0032
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Fig. 10 Degradation curve of AO7 aqueous dye with different initial dyes: 5 mg L™'; 10 mg L™";
20 mg L™'; 30 mg L™

TiO,—G catalysts, therefore the generation of active species such as hydroxyl
radicals will be reduced [36].

According to results, irradiation time has the impressive effect on photodegra-
dation of AO7. For all initial dye concentration highest photocatalytic removal
efficiency was obtained after an irradiation time of 50 min as shown in Figs. 8, 9
and 10 the photocatalytic removal efficiency of AO7 and UV irradiation time have a
direct relationship.

Effect of Catalyst Dosage and Irradiation Time on Degradation Efficiency

As can be understood from RSM results the increase in the TiO,—G dosage from 0.2 to
0.5 g L™ improves the removal efficiency of AO7 from 70 to 96%. These
observations are the result of increasing catalytic and adsorption sites on the surface of
TiO,—G which are affected the photocatalytic activity. However, further increasing of
the TiO,—G dosage have no effect on removal efficiency of AO7. Increasing of the
catalyst dosage from 0.5 to 0.8 g L™ can slightly decrease the photodegradation of
AO7 from 96 to 64%. Why so, at high TiO,—G catalyst loading scattering effect and
turbidity of aqueous solution increases which causes a decrease in UV light
penetration to the solution [37]. So, the absorption of photons by the catalyst surface
decreased and subsequently, the photocatalytic removal efficiency of AO7 decreased.

Effect of Solution Distance from UV Lamp and Irradiation Time on Degradation
Efficiency

Figure 9 shows the effect of the solution distance from UV lamp on the
photocatalytic activity of TiO,—G nanocomposite, while two other variables kept
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Fig. 11 Photocatalytic mechanism of AO7 photodegradation with TiO,—~G composite

at their respective zero level (catalyst dosage of 0.5 g L™' and the irradiation time
of 50 min). According to results, the removal efficiency increased from 51 to 96%
with the decrease of the distance between the solution and UV lamp from 10 to
2 cm. Since, in lower distance to the lamp, the UV light irradiation produces the
photons needed for the transferring of electron from the valence band to the
conduction band of the TiO,—G catalyst. Therefore, when the UV light intensity is
low, faster recombination of electrons and holes occurs and decreases the formation
of hydroxyl radicals and because hydroxyl radicals have a direct relation with
photocatalytic removal efficiency, subsequently the photodegradation of AO7
decreased [38]. But, when more UV radiations reach to the surface of TiO,—G
catalyst, more hydroxyl radicals are produced and the photodegradation rate of AO7
dye increased [39]. The highest photocatalytic removal efficiency has direct and
indirect relationship with irradiation time and distance between UV lamp and the
solution, respectively.

Photocatalytic Mechanism

TiO,—G photocatalyst can absorb UV light to produce photogenerated electron—hole
pairs due to the appearance of impurity energy levels. Normally in pure TiO,
photocatalyst, the photogenerated electrons will be quickly recombined and only a
small fraction of photogenerated electrons and holes may participate in the
photocatalytic reaction, thus lead to the low photocatalytic activity, whereas the
photogenerated electrons can be trapped by carbon atoms on the surface and O,
molecules adsorbed on the surface of TiO,—G to form superoxide anion radicals.
This could effectively restrain the recombination of photogenerated electrons and
holes. Subsequently, the generated O, on the surface of TiO,—G photocatalysts will
further react with electrons and h™ in succession to form active OH radicals. The
produced OH radicals are the main oxidizing.
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Species responsible for the subsequent degradation of pollutants as confirmed by
the above active species trapping experiments shown in Fig. 11. Meanwhile, the
photogenerated holes may directly oxidize organic dyes or react with OH™ to form
OH radicals, which is subsequently involved in the degradation reaction.

The possible proposed photocatalytic reaction pathway mechanism of AO7
degradation over TiO,—G nanocomposite is illustrated in Fig. 11. When TiO,-G
was irradiated with UV light, electrons from the valence band (VB) of TiO, are
excited to the conduction band (CB) of TiO, and so, leaving positively charged
holes in the valence bond. Furthermore, interfacial carrier separations take place
with the aid of graphene. Since the CB work function of TiO, matches with CB
work function of graphene, electrons can be easily transferred from CB of TiO, to
graphene [40].

As a result, the oxygen sites can readily accept the electrons and undergo
reduction reaction to generate more O, radicals. Thus, the presence of graphene in
photocatalysts can produce an excess amount of reactive O, radicals due to good
electron acceptor and transporter behavior of graphene. Therefore, the ultrafast
transportation of photogenerated electrons over graphene sheet can directly reduce
O, to produce O; " radicals which lead to enhanced AO7 degradation.

Conclusion

TiO,—G nanocomposite was synthesized by using ultrasound irradiation and then it
was used for degradation of AO7 as a model pollutant. XRD, SEM, TEM, DRS, FT-
IR and EDX techniques were used for the characterization of the prepared
nanocomposite. Several operational and synthetic parameters were investigated in
degradation of AO7 by TiO,—G nanocomposite. The effect of synthesis variables
such as weight ratio of TiO, to graphene and operational key factors such as initial
dye concentration, irradiation time, catalyst dosage and solution distance from UV
lamp were studied in the photocatalytic degradation of AO7. The optimum amount
of all factors were obtained. According to our results, the maximum degradation
efficiency (94%) was achieved at the optimum operational conditions: initial AO7
concentration of 10 mg L™, catalyst dosage of 0.4 g L™, the irradiation time of
50 min and distance the solution from UV lamp of 2.5 cm.
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