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ABSTRACT

Introduction of complex chemical compounds in the wastewater treatment plants
challenged the biological process efficiency. Photocatalyst oxidation was newly introduced
to remove the trace organic contaminations. Since their surface area determined the produc-
tion of hydroxyl radicals, the pure TiO2 surface area was increased by the preparation of
TiO2–SiO2 nanocomposite using sol–gel technique. Later on, the X-ray diffraction, scanning
electron microscopy, energy diffraction spectroscopy, Fourier transform infrared spec-
troscopy, UV–vis reflective dispersion spectroscopy, and adsorption of nitrogen gas were
deployed for its characterization. Anatase phase was detected as the dominant form of
nanocomposites made in this study. Furthermore, rise of calcination temperature, increased
the nanoparticle pore size. Therefore, 600˚C was selected to gain the optimum nanoparticle
pore size (around 10 nm). Finally, the photocatalytic activities of the synthesized nanoparti-
cles were evaluated for removing Acid Blue 9 (AB9) dye. The photocatalytic performance of
the most optimized ratio TiO2–SiO2 nanocomposites was three times higher than that of
pure TiO2 and even commercial nanoparticle.

Keywords: TiO2 nanoparticles; TiO2–SiO2 nanocomposites; Sol–gel method; Photocatalysis;
Dye removal

1. Introduction

Disposal of synthetic dyes from different industries
such as textile, food, paper, printing, cosmetics,
pharmaceutical, petrochemical, agriculture, and tan-
nery into municipal and industrial wastewater treat-
ment plants has led to various severe environmental

problems [1]. Conventional biological processes face
challenge to remove those complex aromatic base
compounds [2–4]. Discharge of trace concentration of
residual dyes not only has toxic effect on aquatic life,
but also prevents light penetration and interrupts
photosynthesis process. Moreover, recent regulations
on dye disposal put pressure on these industries to
meet the allowable concentrations before disposal of
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effluents [1]. In this regard, finding effective methods
such as adsorption, oxidation, and enzymatic
decomposition is a vital and inevitable issue [5].

Because of its capability to react quickly with trace
organic contaminants in wastewater, the hydroxyl
radical produced by advance oxidation processes
(AOPs) were the most studied method for dye
removal worldwide. Because of its diverse energy
band gap, stability, and cheapness, nano-TiO2, espe-
cially the anatase phase, has widely utilized in
photocatalytic oxidation processes [1,6–10]. Direct
relation between expose surface area to light and the
photocatalytic performance demanded the application
of the powder photocatalytic in slurry reactors due to
its high surface area (up to 300 m2/g) [9,11]. However,
weak adsorption capacities of those photocatalysts
powder, recycling, and low diffusion of radiation are
their main disadvantages.

On the other hand, immobilized photoreactors
suffer from lower external mass transfer area, replace-
ment of carrier [4], and difficulties in production of
uniformed catalyst layer. For making them comfort-
ably reusable, researchers recently were looking for
cheap material as the base for the photocatalyst media
[12]. Polyurethane [4], Polycarbonate [13], Fe3O4 [8],
Ag [14], and Pt [3] were examples of bases for
SiO2/TiO2 photocatalysis in heterogeneous photoox-
idation. The electron injection of imbedded metal into
the surface of catalyst improved its efficiency [14];
however, surface modification will be required to
make the nanoparticle matrix free of aggregate [4].
Consequently, fabrication of these multilayers, sensi-
tive, and delicate catalysis are costly, and impractical
in industrial scale.

Generally, large energy band gap (3.2 eV) demands
higher frequency of light (UV rays with wave length
of 387 nm) that result to absorb only 4% of sunrays.
N-doped and metal coating titanium largely used to
modify the adsorption of greater spectrum of light by
photocatalysts [3,14–16]. Combination of TiO2 with
other semiconductors regulating the band gap energy
and particles size, minimize, or inhibit charge-carrier
recombination, enhancing the thermal and photo-
chemical stability, modifying the surface structure of
the photocatalyst by increasing its surface area and
porosity, increasing the adsorption level, and their
recyclability and reuse [7,10]. Silica (SiO2) is among
the candidate semiconductors for combining with
TiO2, since it provides notable benefits such as trans-
parency, modifying the band gap, increasing the sur-
face area, surface acidity, hydrophilicity, and pore
volume. Consequently, it increases the photocatalysis
activity, even in darkness [16]. By increasing the
surface hydrophilicity, high adsorption of wide range

of organic compounds, water, and hydroxyl molecules
will be expected [2,7,13,15,17,18]. Finally, addition of
silica could inhibit the charge carrier surface recom-
bination, especially in small size particles [19].

The main objective of this work was to investigate
feasibility of producing TiO2–SiO2 nanoparticles using
sol–gel method and tried to modify the method
for reaching the maximum anatase phase of TiO2

nanoparticles and nanocomposites. Then, the synthe-
sized samples were examined for their ability to
mineralize a complex compound, Acid Blue 9 (AB9)
dye, and optimized the production condition
accordingly.

2. Material and method

2.1. Synthesis of nanocatalysts

In this research, TiO2–SiO2 nanocomposites were
prepared from organic–metallic precursors of titanium
tetra isopropoxide (TTIP) and tetra ethyl orthosilicate
(TEOS) and their photocatalytic activity was studied
in dye removal of C.I. Acid Blue 9, as the model
pollutant. Utilization of nitric or oxalic acid instead of
hydrochloric acid triggered the formation of anatase
phase [12,20]. Distilled water and nitric acid with the
ratio of 0.2:150 were mixed, then TEOS was added,
and the acidic solution was agitated in a volumetric
flask for 1 h at room temperature. In another volumet-
ric flask, isopropanol and ethanol were mixed with
the ratio of 1:4 and then TTIP was gradually added
and agitated for few minutes which later added to
acidic solution. The produced solution was refluxed
and the obtained sol was purified and washed with
distilled water and ethanol. The remained deposit was
dried and calcinated at 400, 500, 600, 700, and 800℃,
as those high temperatures require for production of
mesostructure [21]. It must be mentioned that, all the
materials used in this project had analytical grade and
were provided by Merc Co., Germany.

2.2. Measurement of photocatalytic activity

In a 100 ml quartz volumetric flask, 0.1 g of the
synthesized photocatalyst was added to 10 mL/L AB9
solution and was exposed to the ultrasonic bath for
15 min for producing a homogenous suspension.
Then, this suspension was agitated for 30 min in dark-
ness at room temperature. For reaching the adsorption
balance 0.4 mL/min of constant stream of the oxygen
gas flowed into the reactor. Finally, after reaching
adsorption equilibrium of reactant and suspended
catalyst, the solution was exposed to UV light (30 W,
λ = 254 nm, Phillips, Netherland).
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The removal of AB9 dye was fitted to the pseudo-
first-order kinetic model. Hence, the kinetics of the
photocatalyst could be described by the following
equation:

C ¼ C0e
�kt t1=2 ¼ ln 2

k

� �
(1)

where C indicates the AB9 concentration in different
time; C0 is the initial concentration; k is the pseudo-
first-order kinetic constant; t is the reaction time; and
t1/2 is the half-life (min).

2.3. Analytical details

2.3.1. Measurements of the properties of the synthesized
nanoparticles

The surface morphology of the TiO2 photocatalytic
material was examined by scanning electron micro-
scopy (SEM, Philips XL-30, FEI Company, Hillsboro,
Oregon, USA). The crystallographic structure of the
synthetized nanoparticles was characterized by X-ray
Diffraction (XRD, Philips xport 1480, Jaarbeurs, Utrecht,
Netherlands). The physicochemical surface properties
of the nanoparticles were examined using Fourier
transform infrared spectroscopy (FT-IR) (Bruker Tensor
27, Munich, Germany). The optical properties of the
nanoparticles were measured using UV–vis reflective
dispersion spectroscopy (AvaSpec 2048TEC fiber-optic
spectrometer, Avantes Company, Beijing China). The
physisorption of nitrogen gas (Belsorp min II) was used
to evaluate the textural parameter, porosity, and the
specific surface of nanoparticles.

2.3.2. Measurements of residual concentration of AB9
dye

The progress of photocatalytic degradation of AB9
dye in solution was firstly monitored by absorbance
measurements (absorption peaks previously deter-
mined) using a spectrophotometer UV–vis (Ultrospec
2000 UV–visible spectrophotometer, Pharmacia
Biotech, Stockholm, Sweden). The UV–vis absorption
spectrum of AB9 dye solution was characterized by a
peak located in the ultraviolet region. The maximum
absorption of the samples had been made at the wave-
length of 553 nm in an optical quartz cell (10-mm
transmitted path length). Therefore, this absorption
peak was chosen to evaluate the residual AB9 dye
concentration. A calibration curve (absorbance vs.
concentration) was used to calculate the residual AB9
dye concentration.

In order to remove the interrupting effect of dye
adsorption on the surface of photocatalyst, for obtain-
ing each data, samples were drawn in the 10 mg/L
AB9 solution for 30 min in total darkness; therefore,
the removal of dye was just because of photocatalytic
reaction.

3. Result and discussion

3.1. Characterization of the photocatalysts

The surface morphology of nanoparticles could
determine the efficiency of catalysis. Very fine spheri-
cal particle in anatase phase in comparison with large,
ragged, and needle shape particle in rutile phase pro-
vided higher surface area [20]. According to the SEM
images, the particles were spherical with the same
topography and pore size. In the first glance, pure
TiO2 nanoparticles obviously had more uniformed
and regular morphology compared to TiO2–SiO2

nanocomposites. Abundance of macro-crack, and
pores in the nanocomposite (Fig. 1(b)) in comparison
with the pure nano-TiO2 (Fig. 1(a)) enabled more
active site for substrate adsorption [11]. In Fig. 1(b)

Fig. 1. SEM image of (A) pure nano-TiO2 and (B) 60%
TiO2–SiO2 nanocomposite.
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the aggregate composed of silica particle was formed
rather more homogeneous than TiO2 particle. Small
size nano-TiO2 was formed on the surface of aggre-
gated silica [21]. In water however, both samples were
agglomerated and form massive particles with coarser
grain size. Although it reduced the effective surface
area, separation of suspended nanoparticle facilitate
significantly. It has been reported that agglomerated
particle of SiO2/TiO2 with the diameter of 200–300 nm
could be completely separated by means of decanta-
tion in a period of 150 min. Yet, the recovered catalyst
activity decrease dramatically (less than half by four
times of recovery) because of the aggregate absorption
of some organic intermediates [22].

By means of XRD (Fig. 2), pattern and grain size of
the pure TiO2 nanoparticles as well as different ratio
of mixture TiO2–SiO2 nanocomposites were calculated
according to the Debye–Scherer equation (Eq. (2)) [23].

D ¼ kj=b cos h (2)

where D is the mean particle diameter in nm; κ is a
constant; λ is X-ray wavelength; and β is width-full
width at half maximum in radian; and θ is the angle
in which peak was observed. The XRD analysis
showed the presence of crystalline TiO2 nanoparticles
embedded inside amorphous silica particles [21]. It
seems that the presence of SiO2 in nanocomposite
structure led to particle size reduction. Small size
poly-cluster nanoparticles supply enough active site
with larger surface area. After the certain limit, the
holes and electron become so close to the surface [24].
Therefore, the recombination process rate surpassed
the interfacial charge-carrier transfer rate. The results
obtained from XRD patterns also revealed that

increase in TiO2/SiO2 ratio led to thermal stability of
the crystallographic structure of TiO2–SiO2 nanocom-
posite, due to the amorphous structure of SiO2 [25].

The ratio of anatase vs. rutile phase was estimated
by Spurr-Meyers equations (Eqs. (3) and (4)):

XA %ð Þ ¼ 100= 1þ 1:265IR=IAð Þ (3)

XR %ð Þ ¼ 100= 1þ 0:8IA=IRð Þ (4)

where IA is anatase phase intensity at 2θ = 25.25˚ [19]
and IR is intensity of rutile peak at 2θ = 27.42˚, XR and
XA are terms of weight percentage of anatase and
rutile in the sample, respectively. As it illustrated in
Fig. 2, rutile peak at 2θ = 27.42˚ was faintly detectable
in comparison with anatase phase. In fact all samples
were made up of anatase phase crystalline forms,
which was in accordance with previous study by
Pinho and Mosquera [21] and Zhang et al. [19].

The result of the ratio of anatase per rutile phase
and titanium per silica ratio in different calcination
temperature were showed in Table 1. Previous studies
stated that the pore volume was decrease by increas-
ing the ratio of pure nano-TiO2, as its non-porous
structure was incorporated with silica gel network
[21]. It was also reported that the presence of 5–40%
of SiO2 in nanocomposite significantly reduced the
formation of rutile phase, and stabilized the porous
structure [2,15]. Presence of anatase phase in the
samples made in this study, provided higher density
of hydroxyl radical production sites [11,16]. The
photocatalyst performance of anatase phase could be
fourfold than rutile phase [9].

Table 1 also presents the effect of calcination tem-
perature and TiO2/SiO2 ratio on the grain sizes, as
those factors are among the most important factor to
determine the size of nanoparticles [26]. The calcina-
tion temperature of 600˚C generated the optimum size
(9.6 nm) of nanocatalysts, which was so closed to the
size reported in other studies [7]. Presence of silica in
special condition in our study caused the formation of
anatase phase even in 800˚C. In other researches, the
formation of anatase phase was observed at the tem-
perature higher than 550˚C [9], or even in ambient
temperature [12]. Our results showed the formation of
100% anatase phase for TiO2–SiO2 nanocomposite
crystallise was observed (all the sharp peaks were
related to the anatase phase) in all temperatures used
in this experiment. Like the results of Mahesh et al.
[4], the SiO2 was in amorphous and TiO2 was in ana-
tase phase. While the anatase phase in other studies
was observed at the temperature of 950˚C [2] and
500˚C [16].

Fig. 2. XRD pattern of the pure TiO2 nanoparticles and
TiO2–SiO2 nanocomposites.
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Calcination temperature escalation may also
resulted in the increase in particle size [2]. The particle
size increased from 7.2 to 16.4 nm when the calcina-
tion temperature rose from 500 to 800˚C. The average
size of the pure TiO2 anatase crystallites was esti-
mated to approximately 6.7–11.3 nm. By comparison,
the average size of the TiO2–SiO2 anatase crystallites
was estimated to approximately 7.2 nm for a
TiO2/SiO2 ratio of 40%.

For the element analysis of the synthesized
nanocatalysts, EDS technique was applied in this
work. The results obtained from EDS analysis
indicated that Ti and Si were well combined with
ratios between 58.42% (Ti) and 41.38% (Si) in atomic
scale of TiO2–SiO2 nanoparticles [2], which was in
good agreement with the two values (40 and 60%)
used in the synthesis step.

The FT-IR spectrum of the pure TiO2 nanoparticles
and TiO2–SiO2 nanocomposite were demonstrated in
Fig. 3. Two close peak on Fig. 3(b) in 2θ of 967 and
1,091 cm−1 was due to the long chain of high-molecular
weight siloxanes that indicate the production of high
molecular weight silica polymer by effective sol–gel
method. Another reason of the peak on 967 cm−1 could
be connected to the vibration of Ti–O–Si [21]. The
observed peaks of both sample spectra in 2θ = 642 and
3,422 cm−1 were representative of the tensile res-
onations of the Ti–O–Ti [15,27] and –OH bonds. The
later, attributed to hydroxyl group of water molecules
[13]. Moreover, the peak present in 2θ = 1,633 cm−1 was
for the bending resonations of the O–H bond of the
surface water molecules because of the great
hydrophilicity of the SiO2. Accordingly, the nanocom-
posite adsorption capability increase for varied hydro-
philic and hydrophobic compounds. Also in the FT-IR
spectrum of TiO2–SiO2 nanocomposites, the observed
peak in 2θ = 1,091 cm−1, was related to the asymmetric
resonation of the Si–O–Si nanocomposite (Fig. 4), which
is close to previous study with a peak at 1,077 cm−1

[12]. Besides, tensile resonations of the asymmetric
Ti–O–Si was the most important peak which was

located in 2θ = 957 cm−1, and confirmed the formation
of Ti–O–Si bond, which was a little bit different with
the study of Fateh et al. [13] and Mahesh et al. [4]
(1,095 and 925 cm−1 for Si–O–Si and Ti–O–Si, respec-
tively). This observation proved the interaction
between silica and titanium groups that may produce
by the reaction of residual silanol and the titanium-
bonded isopropyl groups [27]. By the other words, the
broad adsorption peak of Si–OH at around 960 cm−1

illustrated high surface hydroxyl groups (hydrophilic

Table 1
Grain size and phase structure of the synthesized nanoparticles

Material Calcination temperature (˚C) Anatase phase percentage (%) Grain size (nm)

Pure TiO2 400 100 11.3
60% TiO2–SiO2 400 100 7.2
60% TiO2–SiO2 500 100 8.1
60% TiO2–SiO2 600 100 9.6
60% TiO2–SiO2 700 100 11.9
60% TiO2–SiO2 800 100 16.4

Fig. 3. FT-IR spectrum of: (a) pure TiO2 nanoparticles, and
(b) 60% TiO2–SiO2 nanocomposites.
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surface), which increase the potency of hydroxyl
radical production [15].

To determine the amount of band gap energy,
Kubelka-Munk equation was used (Eq. (5)):

F Rð Þ ¼ 1�Rð Þ2=2R ¼ k=s (5)

where F(R) is Kubelka-Munk function; R is reflection;
and k and s are absorption and dispersion coefficients
of Kubelka-Munk, respectively. As shown in Fig. 4,
amount of band gap energy was derived by plotting
(F(R)hv)2 vs. the photon energy (hv). The calculated
band gap energy for pure TiO2 nanoparticles was
3.1 eV, which equals to the reported anatase phase
band gap [17,28]. By raising the SiO2 content from 20 to
40 mol%, the band gap energy of nanocomposite
increased from 3.33 to 3.35 eV due to the decrease in
particle size. By decreasing the particle size in compar-
ison with the pure TiO2, the adsorption of the visible-
light spectrum was decreased; yet, it held forth to have
stronger photocatalysis activity [2,15,17]. Expectedly,
by increasing in calcination temperature, the band gap
energy must be decreased, as the particle size
increased. Fig. 5 represents absorption–desorption
isotherms of nitrogen on surface of nanocatalysts. The
absorption isotherm of both TiO2–SiO2 and pure TiO2

nanoparticles corresponded to isotherms type (IV) of
the IUPAC classification indicated the presence of
mesoporous materials. Therefore, the adsorption went
along by multilayer adsorption and capillary condensa-
tion. Capillary condensation caused the steep increase
in adsorption for the nanocomposite [29]. The main
difference in nanocomposite and pure TiO2 was about
adsorption–desorption hysteresis. Pure TiO2 exhibited
type H1 hysteresis loops which related to the
nanoparticles rapidly agglomerate or consist of highly

uniform spherical particles [21]. On the other hand, H3
hysteresis loops could be connected to plate-like
nanocomposite particles [29]. It also seems that the
nanoparticle was more heterogeneous due to disper-
sion of nano-TiO2 inside silica matrix. The Brunauer–
Emmett–Teller (BET) method used for calculation of
specific surface area for pure TiO2 and TiO2–SiO2

nanocomposites which were 45.26 and 105.51 m2 g−1,
respectively. Study of Hou et al. [15] showed larger dif-
ference, since the specific surface area were 31.8, 171
and 240 m2/g for 0, 5 and 30% of SiO2 in N-dipped
TiO2 [15]. Fig. 6 illustrates pores destitution (BJH) of

Fig. 4. Determination of band gap energy of the nanocata-
lysts synthesized through the UV–vis DRS technique. 0
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catalysts surface. The maximum distribution for pure
TiO2 nanoparticles and 60% TiO2–SiO2 nanocomposites
were 2.8 and 1.3 nm, respectively, implying the pore
size reduction with an increase in SiO2 content, leading
to increase the specific surface area of the catalyst.
However, the increase in SiO2 content from 40 to 50%
decreased the pore size which was in accordance with
the other study [12].

3.2. Decolorization efficiency of the synthetic photocatalyst

In this work, the effect of various molar ratios of TiO2

to SiO2, and calcination temperature on catalyst perfor-
mance reaction was investigated. Ethyl-4-[4-[ethyl-3-
sulfophenyl methyl] amino] phenyl (C37H34N2Na2O9S3)
with commercial name of Acid Blue 9, wildly used in
food and cosmetic industries as a colorant. Because of
recalcitrant nature of this highly complex compound in
biological process, and easy detection by spectropho-
tometry method, it was chosen by couple of researchers
as an organic contaminant for AOPs [30]. Therefore, in
our set of experiments, the removal of AB9 dye was used
as an indicator of each different synthetic catalyst perfor-
mance. Figs. 7 and 8 demonstrated the removal effi-
ciency of photochemical reaction in different irradiation
time. According to Fig. 7, synthetic nanocomposites with
molar ratio of TiO2/SiO2 = 60/40 was chosen as the opti-
mum ratio of those compounds, since further increase or
decrease in the ratio had adverse effect on the removal
rate of Acid Blue 9 dye. Moreover, the complete mineral-
ization of AB9 dye (more than 99.9% 0f removal) during
photooxidation reaction was occurred in less than
24 min of UV radiation (half-life of 2.4 min). For the

same immobilized photocatalyst, the total mineralization
of Acid Black 1 dye was reported, but in 80 min [4].

The performance of commercial photocatalyst P25
(Degussa company) and common pure TiO2

nanoparticles for removal of AB9 dye compared by
our synthetic photocatalysts in the exactly same opera-
tion condition, in order to understand the relative
efficiency of the SiO2–TiO2 nanocomposite. The results
showed that the rate of reaction on the 60% ratio of
TiO2–SiO2 nanocomposites was 3.3 times faster than
commercial photocatalyst P25. The same result was
reported for the removal of methylene blue, in which
the 10% ratio of TiO2–SiO2 increase the removal effi-
ciency from 43 to 66% in comparison with pure TiO2

[13]. Higher catalysis activity was greatly depended
on surface area leading to decline the band gap value,
and increase in production of hydroxyl content [6];
therefore, lower grain size of our nanocomposite in
comparison to ordinary nano-TiO2 brought almost
eightfold of removal rate. Changing the isoelectric
point of TiO2 may also increase the electrostatic
interaction of the compound and nanocomposite sur-
face, result in increase in degradation [18]. This
interaction mainly occurred between surface of cata-
lyst and two NHþ

4 of the Acid Blue 9. By optimizing
the ratio of material in nanocomposite, in the next
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stage, the effect of calcination temperature on photo-
catalytic oxidation performance was studied. By look-
ing into Fig. 8, the highest photocatalytic oxidation of
AB9 dye was observed for 60% mol of TiO2–SiO2

nanocomposites prepared at 600˚C with the half-life of
only 2.1 min. Very fine nanoparticles may result in fast
recombination free electron and h+ due to their abun-
dance near surface. Therefore, 10 nm was extracted as
the optimum size of pure crystalline nano-TiO2 size
with the highest photocatalytic activity [19]. Same as
that statement, the best performance of nanoparticle
was reported at around 9.8 nm, which was produced
at 600˚C of calcination temperature. However, the
study of Arai et al. [18] predicted the optimum 300˚C
for the calcination temperature for reaching the best
photocatalysis activity [18]. Our result stated that the
nanoparticle derived at 500˚C also showed high
removal rate by the half-life of 2.25 min, even though
the nanoparticle size of was around 8.1 nm. Decrease
the calcination temperature to around 400˚C cause
dramatic decrease in efficiency of photocatalysis reac-
tion. Complete removal of AB9 dye was expected after
around 20 min using TiO2–SiO2 nanocomposites.

4. Conclusion

It was known that 60% TiO2–SiO2nanocomposites
calcinated at 600˚C, indicated maximum photocatalytic
activity for the AB9 dye removal. Study of crystalline
structure of the synthesized nanocatalysts revealed
that an increase in SiO2–TiO2 ratio results in thermal
stability of anatase phase and grain size decrease in
nanocomposites. FT-IR spectrum of the TiO2–SiO2

nanocomposites also confirmed the formation of
Ti–O–Si bond. In addition, this increased ratio of SiO2

to TiO2 resulted in the increase in band gap energy
followed by the increased oxidation–reduction poten-
tial of the photocatalytic. The results of BET and BJH
analyses also illustrated that this increased ratio of
SiO2 to TiO2 was due to the increase in specific surface
area (leading to enhance photocatalytic activity) and
decrease in the catalysts surface pore size. The opti-
mum photocatalyst made in this study was capable of
removing of AB9 dye, three times faster than available
commercial nanocatalysts with the half-life of 2 min
for a complex recalcitrant AB9.
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[20] M. Andersson, L. Österlund, S. Ljungström, A.
Palmqvist, Preparation of nanosize anatase and rutile
TiO2 by hydrothermal treatment of microemulsions
and their activity for photocatalytic wet oxidation of
phenol, J. Phys. Chem. B 106 (2002) 10674–10679.

[21] L. Pinho, M.J. Mosquera, Photocatalytic activity of
TiO2–SiO2 nanocomposites applied to buildings: Influ-
ence of particle size and loading, Appl. Catal., B:
Environ. 134–135 (2013) 205–221.

[22] G. Li, R. Bai, X. Zhao, Coating of TiO2 thin films on
the surface of SiO2 microspheres: Toward industrial
photocatalysis, Ind. Eng. Chem. Res. 47 (2008)
8228–8232.

[23] A. Patterson, The Scherrer formula for X-ray particle
size determination, Phys. Rev. 56 (1939) 978.

[24] N.M. Carneiro, W.C. Nunes, R.P. Borges, M. Godinho,
L.E. Fernandez-Outon, W.A. Macedo, I.O. Mazali, NiO
nanoparticles dispersed in mesoporous silica glass, J.
Phys. Chem. C 114 (2010) 18773–18778.

[25] X. Li, J. He, Synthesis of raspberry-like SiO2–TiO2

nanoparticles toward antireflective and self-cleaning
coatings, ACS Appl. Mater. Interfaces 5 (2013)
5282–5290.

[26] J. Liqiang, S. Xiaojun, X. Baifu, W. Baiqi, C. Weimin,
F. Honggang, The preparation and characterization
of La doped TiO2 nanoparticles and their photocat-
alytic activity, J. Solid State Chem. 177 (2004)
3375–3382.

[27] S. Islam, R.A. Rahman, Z. Othaman, S. Riaz, M. Saeed,
S. Naseem, Preparation and characterization of crack-
free sol–gel based SiO2–TiO2 hybrid nanoparticle film,
J. Sol–Gel Sci. Technol. 68 (2013) 162–168.

[28] M.R. Hoffmann, S.T. Martin, W. Choi, D.W.
Bahnemann, Environmental applications of semicon-
ductor photocatalysis, Chem. Rev. 95 (1995) 69–96.

[29] M. Kruk, M. Jaroniec, Gas adsorption characterization
of ordered organic−inorganic nanocomposite materi-
als, Chem. Mater. 13 (2001) 3169–3183.

[30] A.R. Khataee, V. Vatanpour, A.R. Amani Ghadim,
Decolorization of C.I. Acid Blue 9 solution by UV/
Nano-TiO2, Fenton, Fenton-like, electro-Fenton and
electrocoagulation processes: A comparative study, J.
Hazard. Mater. 161 (2009) 1225–1233.

H. Ijadpanah-Saravi et al. / Desalination and Water Treatment 57 (2016) 14647–14655 14655


	Abstract
	1. Introduction
	2. Material and method
	2.1. Synthesis of nanocatalysts
	2.2. Measurement of photocatalytic activity
	2.3. Analytical details
	2.3.1. Measurements of the properties of the synthesized nanoparticles
	2.3.2. Measurements of residual concentration of AB9 dye


	3. Result and discussion
	3.1. Characterization of the photocatalysts
	3.2. Decolorization efficiency of the synthetic photocatalyst

	4. Conclusion
	References



