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Highly efﬁcient and cheap treatment of dye by graphenedoped TiO2 microspheres
Honglian Liang, Shujun Wang, Yanhong Lu, Ping Ren, Guihua Li,
Fenghao Yang and Yu Chen

ABSTRACT
Highly efﬁcient dye wastewater treatment by photocatalytic catalysis commonly requires expensive
catalysts, long degradation time and a complicated procedure. Here, we for the ﬁrst time prepared
cheap graphene-doped titanium dioxide microspheres with a simple procedure to degrade dye with
high efﬁciency. When the catalyst concentration was 0.2 g·L1, the photocatalysis degradation extent
of methylene blue solution, methylene green solution and 1,9-dimethyl methylene blue solution
reached 96.4, 85.9 and 98.7%, respectively. The results showed that the degradation reactions
accorded with the Langmuir–Hinshelwood model, and the photocatalytic reactions belonged to a
ﬁrst-order reaction in the primary stage. Furthermore, different photocatalytic degradation
mechanisms were proposed, which have not been found in other literature. This work opened a new
route for simple preparation of cheap microspheres in photocatalytic dye wastewater treatment with
high efﬁciency.
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HIGHLIGHTS

•
•
•

Graphene-doped TiO2 microspheres were prepared for the ﬁrst time.
Degradation of three dye solutions was cheap and efﬁcient, with the composites
showing recyclability for their reuse.
Different photocatalytic degradation mechanisms for the three solutions were
proposed.
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INTRODUCTION
With the rapid development of industry, the problem of
water pollution is severe, and efﬁcient treatment of dye
wastewater has become one of the problems to be solved
urgently. In recent years, micro-nano microspheres have
been widely used in the ﬁelds of photocatalytic degradation
due to their unique photoelectric properties, controllable
size and biocompatibility (Wang et al. ; Baschir et al.
; Xiao et al. ). The template method is the most
extensive and effective method for the preparation of
micro-nano microspheres. Its advantage lies in that it can
design templates according to the size, morphology and
properties of the prepared materials, and the template can
be designed by tuning the spatial limitation and regulation
effect (Zhi et al. ; Wei et al. ; Acharya et al. ).
Among all kinds of templates, a silicon dioxide (SiO2) template was widely used in the preparation and performance
research of microsphere materials because of low cost,
good dispersibility, high stability and easy functionalization
(Pal et al. a, b; Elma et al. ; Nador et al. ;
Ette et al. ).
Nano titanium dioxide (TiO2) has become one of the
research hotspots of environmental protection and pollution
abatement due to its advantages of non-toxicity, good stability, and high photocatalytic efﬁciency (Zhang et al. ;
Shakeel et al. ; Bai et al. ). However, the disadvantages of TiO2 (such as slow transfer rate between
photoelectron and hole, high recombination rate and low
light utilization rate) limit the application and development
in photocatalytic ﬁelds. It has been discovered that doping
and modiﬁcation could effectively inhibit the agglomeration
and improve the photocatalytic activity of nano TiO2
(Zhang & Zhang ; Nguyen et al. ; Juma et al.
). Nano TiO2 powder is easy to be suspended and
agglomerated, and difﬁcult to be recovered and utilized.
Compared with nano TiO2, micro-nano TiO2 microsphere
material has good rheological property, favorable cycle performance and strong adsorption ability that can remove the
pollutants from the wastewater. Therefore, micro-nano TiO2
microsphere material shows greater advantages in the ﬁeld
of photocatalysis (Liu et al. , ; Tang et al. ;
Kim et al. ).
We prepared the graphene-doped TiO2 microspheres
and used them to degrade methylene blue solution, methylene green solution and 1,9-dimethyl methylene blue solution
with high photocatalysis degradation rates for the ﬁrst time.
Furthermore, the products of photocatalytic degradation of
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the three dye solutions were analyzed, and the possible
photocatalytic degradation mechanisms were proposed.
The degradation mechanisms of the three solutions were
never found in other literature, to the best of our knowledge.
The prepared microsphere material showed bright application prospect and research value in dye wastewater
treatment, functional materials and many other ﬁelds.

MATERIAL AND METHODS
Materials
Graphene (>99%) was purchased from Stremchemical Inc.
USA, and aminopropyl triethoxysilane (KH550, >98%)
was purchased from Shanghai Tixi Aihuacheng Industry
Co. Ltd. SiO2 template microspheres were made in the laboratory. Butyl titanate, methylene blue, methylene green,
and anhydrous ethanol (AR) were purchased from Tianjin
Damao Chemical Reagent Factory. 1,9-dimethyl methylene
blue (GR) was purchased from Beijing Huamaike Biotechnology Co. Ltd.
Synthesis of graphene-doped TiO2 microspheres
At room temperature of 25  C, 0.2 g SiO2 template microspheres and 0.1 g KH550 were dispersed in 25 mL
anhydrous ethanol and stirred magnetically for 30 min to
form mixed suspension A. Then, the mixture suspension B
composed of 1 mL butyl titanate and 5 mL anhydrous ethanol was added to the mixture suspension A with a rate of 2–3
seconds/drop. Then, the mixed suspension was reﬂuxed at
80  C for 100 min. The prepared products were washed
with water and anhydrous ethanol, dried at 50  C, and calcined at different temperatures for 2 h. Lastly, the products
were placed in 20 mL 0.3 mol·L1 NaOH solution and
reﬂuxed at 85  C for 1.5 h to obtain TiO2 microspheres. In
the same way, a certain amount of graphene was added
into solution A to prepare graphene-doped TiO2 microspheres with different graphene doping ratios.
Characterization
The surface morphology and microstructure of the graphene-doped TiO2 microspheres were characterized by
scanning electron microscopy (SEM, Quanta FEG 250,
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USA) and transmission electron microscopy (TEM) with a
Japan JEM-2100F transmission electron microscope. The
crystal structure of graphene-doped TiO2 microspheres
was characterized by X-ray diffraction (XRD) using a D8
Advance (Bruker-AXS) X-ray diffractometer with Cu Ka
radiation (λ ¼ 0.1546 nm). The UV-visible diffuse reﬂectance spectra (UV-Vis DRS) of graphene-doped TiO2
microspheres were recorded by a spectrophotometer (UV2550, Shimazu, Japan). The surface elements and ionic
valence states of the graphene-doped microspheres were
analyzed by a Japan Kratos Axis Supra X-ray photoelectron
spectrometer (XPS). The optical power density of a xenon
lamp was measured by an optical power meter (CELNP2000, China). The degradation products of the three
dyes were analyzed by two-dimensional liquid chromatography–ion trap mass spectrometry (LC-MS, Agilent 1100,
USA). A CAPCELL PAK C18 column was used to isolate
and the column temperature was 35  C. The mobile
phase was ammonium acetate (0.1% formic acid), acetonitrile and methanol (2 mmol·L1) with the ﬂow rate of
350 L·min1. The injection quantity was 10 L. The absorbances of the three dyes were analyzed using a visible
spectrophotometer (722, Shanghai Optical Instrument
Factory).

Photocatalytic activity test
Fifteen milligrams of graphene-doped TiO2 microspheres
was added to 100 mL methylene blue solution, methylene
green solution and 1,9-dimethyl methylene blue with the
concentration of 10, 12, 15 and 20 mg·L1. The samples
were magnetically stirred for 2 h in dark condition to
achieve adsorption–desorption equilibrium. Then, the
photocatalytic degradation experiments were conducted
under a xenon lamp, and the xenon lamp was placed
15 cm away from the surface of the solutions. The optical
power density of the xenon lamp was 752 MW·cm2. At
given time intervals, 3 mL aliquots were sampled and centrifuged to remove photocatalyst powders. The ﬁltrates
were analyzed using a visible spectrophotometer, and
the absorbances were recorded at the maximum absorption wavelength of 664, 589 and 647 nm, respectively.
The degradation efﬁciencies were calculated as
Equation (1).

Degradation rate (%) ¼

A0  A
× 100
A0
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A0 and A represent initial absorbance and absorbance
after degradation, respectively.

RESULTS AND DISCUSSION
Characterization results
Figure 1(a) and 1(b) show SEM and TEM images of graphene-doped TiO2 microspheres, respectively. From the
SEM images, we found that the prepared microspheres
had a regular spherical morphology with a diameter
around 1 micron and a relatively uniform particle size distribution, but no agglomeration. According to the results of
TEM, the tulle-like graphene with three-dimensional network on the surface of microspheres can be found. We
speculate that graphene hindered the agglomeration of graphene-doped TiO2 microspheres, facilitated the adsorption
and rapid decomposition of pollutants, and provided a transport channel for the rapid separation of photogenerated
electron-hole pairs in the photocatalytic degradation
process.
The prepared graphene-doped TiO2 microspheres (1.5%
graphene, calcined at 500  C) were characterized by XRD.
As shown in Figure 1(c), typical diffraction peaks are located
at 2θ ¼ 25.8, 37.8, 49.9, 55.7 and 64.5 , corresponding to the
crystal planes (101), (004), (200), (211) and (204) of anatase
TiO2. However, no characteristic diffraction peak of graphene was found because the content of graphene in the
composite microspheres was low, or the diffraction peak
of graphene around 26.0 was covered by the diffraction
peak of TiO2. The doping of graphene was later veriﬁed
using XPS analyses (Figure 2).
Figure 1(d) shows the UV-Vis DRS of TiO2 P25 and graphene-doped TiO2 microspheres. From the Figure 1(d), we
found that the graphene-doped TiO2 microsphere had a
red shift and the absorption of visible light in the visible
light band of 400–600 nm compared with P25 TiO2. The
absorption sideband was estimated to be about 440 nm by
tangent epitaxial method. The band gap energy (Eg) of the
microsphere can be calculated using the formula Eg ¼
1,240/λ. The band gap energy of TiO2 in the microspheres
is 2.8 eV, which is 0.3 eV lower than P25 TiO2. Graphene
had high conductivity and the resonance effect of sp2
hybrid carbon was enhanced under visible light excitation.
At the same time, graphene could promote the effective separation of cavity-electron pairs of TiO2 as the capture center
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Characterization results of the graphene-doped TiO2 microspheres: (a) SEM, (b) TEM, (c) XRD, (d) UV-Vis DRS.

of electrons in the photocatalytic reaction process (Yu et al.
; Kim et al. ; Pant et al. ).
Figure 2 shows the XPS spectra of graphene-doped TiO2
microspheres. As shown in Figure 2(a), the graphene-doped
TiO2 microspheres were mainly composed of Ti, O and
C. The binding energies of Ti 2p3/2 and Ti 2p1/2 of the graphene-doped TiO2 microspheres were 458.7 and 464.4 eV in
Figure 2(b), indicating that Ti element existed in the form of
Ti4þ. In Figure 2(c), the binding energies of the graphenedoped TiO2 microspheres in the C1s orbit were derived
from C═C and C-C, C-OH, C═O, O═C-OH and other functional groups in graphene. In Figure 2(d), the diffraction
peaks of the O1s orbit were C-O bond and Ti-O bond
(Nappini et al. ; Shinde et al. ; Bagus et al. ).
Determination of photocatalytic performance
The inﬂuences of doping ratio, calcination temperature,
material usage and time on the degradation rate were
explored in the photocatalytic degradation experiments.
From Figure 3(a)–3(c), we found that the graphene-doped
TiO2 microspheres (1.5% graphene, calcined at 500  C) had
a very high photocatalytic activity for the three solutions
with the concentration 10 mg·L1, and the photocatalysis
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degradation extent reached 96.4, 85.9 and 98.7%, respectively. More importantly, the time taken by the graphenedoped TiO2 microspheres to reach the degradation equilibrium for the three dyes varied greatly. Figure 3(d)–3(f)
show that the degradation rate of methylene blue and 1,9dimethyl methylene blue basically reached the maximum at
120 and 60 min, respectively. But the degradation rate of
methylene green reached the maximum at 8 min. We speculated that a possible cause is the degradation product was
adsorbed on the surface of the microspheres, blocking the
pore channel and making the catalyst inactivated. Li and colleagues synthesized polypyrrole-modiﬁed granular activated
carbon composites (PPy/granular activated carbon) and
used them to adsorb methyl tert-butyl (MTB). The adsorption
of PPy/GAC for MTB was very rapid, and adsorption equilibrium was reached in about 10 minutes. They speculated the
possible reason was that the MTB after being adsorbed
blocked the pores of the composites (Li et al. ). He and
colleagues prepared Zn-Co/AC catalysts and applied them
in an acetylene acetoxylation reaction. The Zn-Co/AC with
different Co addition ratio exhibited relatively high catalytic
activity, and the CH3COOH conversion stopped after 3 h
(He et al. ). It is also consistent with the conclusion
from the degradation results as a function of the time in
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Figure 2

|

XPS spectra of graphene-doped TiO2 microspheres.

Figure 3

|

The inﬂuence of various factors on the degradation rate: (a) doping ratio, (b) calcination temperature, (c) material usage, (d)–(f) time.

our work. Therefore, we speculated that the degradation products blocked the pore channel of the microspheres and
inactivated the catalyst, and the degradation of methylene
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green stopped at 86% after 10 min. As a matter of fact, the
data of Figure 3 can be easily explained by the fact that the
presence of the nitro group renders the molecule skeleton
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more sensitive than the NO2-free molecules. Therefore, it was
speculated that the degradation process of methylene green
was different from the other two dyes due to the inﬂuence
of the nitro functional group.

Photocatalytic kinetics
Currently, the photocatalytic reaction model used for photocatalytic reaction kinetics is the Langmuir–Hinshelwood
model (Equation (2)) (Michael et al. ; Pham et al. ;
Anas et al. ).
r¼

dc
kr Ka c
¼
¼ Kc
dt 1 þ Ka c0

The obtained data of graphene-doped TiO2 microspheres (1.5% graphene, calcined at 500  C) to degrade
the three solutions with concentrations of 10, 12, 15 and
20 mg·L1 were ﬁtted linearly. Figure 4 shows that at the
initial stages of the photocatalytic reactions (methylene
blue and 1,9-dimethyl methylene blue within 30 min,
methylene green within7 min), the linear relationships
of the obtained lines were good, and R2 values were
above 0.99 (Table 1). According to the data in Table 1,
we could make the following conclusions. (1) The photocatalytic degradation extent constant (K) of the three
dyes by graphene-doped TiO2 microspheres decreased
with the increase of the dye concentration, which was
consistent with literature reports (Michael et al. ;
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Pham et al. ; Anas et al. ). (2) In the primary reaction stage, the order was Kmethylene green > K1,9-dimethyl blue >
Kmethylene blue, indicating that the degradation extent of
methylene green was higher than the other two dyes.
However, since the degradation rate of methylene
green almost did not change after 10 minutes, the ﬁnal
degradation extent of methylene green was the lowest
among the three dyes. (3) The sequence of photochemical
reaction extent for the three dyes was rmethylene green >
r1,9-dimethyl blue > rmethylene blue, and the photochemical
reaction extents were much higher than those reported in
the literature (Pare et al. ; Cabir et al. ; Yang
et al. ).
Contrast experiment and photocatalytic stability
Comparison experiments
The photocatalytic properties of TiO2 P25, TiO2 microspheres and graphene-doped TiO2 microspheres were
compared in the comparision experiments. The experimental
results in Table 2 showed that (1) the degradation extent
sequence of different catalysts was graphene-doped TiO2
microsphere > TiO2 microsphere > P25; compared with
TiO2 P25, the degradation extent of graphene-doped TiO2
microspheres for the three solutions increased more than
30% on average; (2) the degradation extent sequence for the
three dyes was 1,9-dimethyl methylene blue (120 min) >
methylene blue (10 min) > methylene green (60 min).
Photocatalytic stability
To evaluate the photocatalytic stability of the graphenedoped TiO2 microspheres, the same photocatalytic experiments were repeated for eight times. Speciﬁcally, the
samples were ﬁltered using a ﬁlter membrane, and

The ﬁtted curves of ﬁrst-order reaction: (a) methylene blue, (b) methylene green, (c) 1,9-dimethyl methylene blue.
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r: rate of photocatalytic reaction
c: concentration of organic matter
c0: initial concentration of organic matter
kr: reaction rate constant
Ka: equilibrium adsorption constant
K: apparent rate constant.

Figure 4
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The kinetic ﬁtting data of ﬁrst-order reaction of catalyst with different concentration
1

1

1

Kinetic equation

K/min

R2

r/mol·g

10
12
15
20

y ¼ 0.01205 × 0.0003146
y ¼ 0.01145x þ 0.00514
y ¼ 0.01089x þ 0.00704
y ¼ 0.00946x  0.04365

0.01205
0.01145
0.01089
0.00946

0.9937
0.9908
0.9903
0.9974

75.3
88.2
107.2
150.6

Methylene green

10
12
15
20

y ¼ 0.3839x  0.04
y ¼ 0.2924x  0.00797
y ¼ 0.2343x  0.07171
y ¼ 0.17284x  0.17408

0.3839
0.2924
0.2343
0.17284

0.9954
0.9965
0.9965
0.9905

591.8
688.8
846.7
1103.1

1,9-dimethyl methylene blue

10
12
15
20

y ¼ 0.04663x þ 0.21726
y ¼ 0.0302x þ 0.09467
y ¼ 0.01787x þ 0.010567
y ¼ 0.0112x þ 0.00948

0.04663
0.03022
0.01787
0.0112

0.9912
0.9931
0.9901
0.9936

113.3
131.9
155.3
174.8

Dye

Concen./mg·L

Methylene blue

Table 2

|

Photocatalytic performance comparison of different catalysts

Catalyst

Methylene

Methylene

1,9-dimethyl

blue

green

methylene blue

P25

70.2%

62.1%

75.4%

TiO2 microsphere

76.3%

65.2%

85.3%

Graphene-doped
TiO2 microsphere

96.4%

85.9%

98.7%

graphene-doped TiO2 microspheres were washed by distilled water and dried after the photocatalytic experiment.
The recovery and leakage of the microspheres were 96
and 4%. Figure 5 shows the results of the recycling experiments. As observed from Figure 5, the degradation extent
of methylene green solution was reduced by just 2% after
eight repetitive cycles of photodegradation experiments.
Meanwhile, the degradation extent of methylene blue and
1,9-dimethyl methylene blue solution still remained more
than 90%, indicating that the graphene-doped TiO2 microspheres were relatively stable during the photocatalytic
reaction. In addition, the graphene-doped TiO2 composites

Figure 5

|

were micron-sized and precipitated quickly, so they could
be separated and recycled easily from the working solution.
This result demonstrated that the had excellent chemical
stability and could serve as recyclable photocatalytic
material for many practical applications.
Degradation products and mechanism speculation
The degradation products of the three dyes with the concentration of 10 mg·L1 under optimal conditions (1.5%
graphene, calcined at 500  C) were analyzed by LC-MS,
and the results are shown in Figure 6. According to the
LC-MS data in Figure 6, the photocatalytic degradation processes of three dye molecules were proposed (Figure 7). As
can be seen from Figure 6(a), in addition to the peak of
residual methylene blue (m/z ¼ 284.2), there were many
other small molecule peaks of methylene blue degradation:
2-amino-benzene sulfonic acid (m/z ¼ 173.3), benzene
sulfonic acid (m/z ¼ 158.8) and phenol (m/z ¼ 94). The
photocatalytic degradation process of 1,9-dimethyl methylene blue (Figure 7(b)) was similar to that of methylene

The recycling experiments for three solutions: (a) methylene blue, (b) methylene green, (c) 1,9-dimethyl methylene blue.
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Figure 6

|

LC-MS spectra of degradation products for three dye molecules: (a) methylene blue, (b) methylene green, (c) 1,9-dimethyl methylene blue.

Figure 7

|

Schematic diagram of photocatalytic degradation for three dye molecules: (a) methylene blue, (b) methylene green, (c) 1,9-dimethyl methylene blue.

blue. But the degradation mechanism of methylene green
(Figure 7(b)) was different from that of methylene blue and
1,9-dimethyl blue. The -NH2 group with unpaired electrons
was pulled into the part containing nitro to form 2-nitro-4amino-N,N-dimethylaniline (m/z ¼ 181), and the main intermediate products of benzene sulfonic acid (m/z ¼ 158) and
nitrobenzene (m/z ¼ 123) are obtained (Figure 6(b)).
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methylene green were different from those of methylene
blue and 1,9-dimethyl methylene blue due to the withdrawing effect of the nitro functional group. The prepared
composite microspheres showed great application prospects
in the ﬁelds of dye wastewater treatment, environmental
protection, biomedicine and so on.

NOTES
CONCLUSION
The authors declare no competing ﬁnancial interests.
We prepared graphene-doped TiO2 microspheres by sol-gel
method and used them to degrade methylene blue solution,
methylene green solution and 1,9-dimethyl methylene blue
solution for the ﬁrst time. The corresponding photocatalysis
degradation extent reached 96.4, 85.9 and 98.7% in the
optimal reaction conditions, respectively. It was found that
the degradation extent and photocatalytic mechanism of
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