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ABSTRACT

In this study, SiO2–TiO2 mixed oxides with different physicochemical properties and
various activities were prepared by sol–gel method under acid-catalyzed and base-catalyzed
conditions. X-ray diffraction (XRD), scanning electron microscope, and energy dispersive
X-ray spectroscopy (EDX) analysis methods were used for the characterization of prepared
samples. The photocatalytic activity was evaluated vs. the decolorization of methyl orange
(MO) under black-light radiation. The influence of synthesis method on the physicochemical
properties such as crystalline structure, crystal size, morphology, and photocatalytic activity
of samples was investigated. The XRD patterns showed that the sample prepared by sol–gel
method under acid-catalyzed conditions has pure anatase phase, whereas the sample
prepared by sol–gel method under base-catalyzed conditions has anatase-rutile mixed
phase. SiO2–TiO2 mixed oxides prepared under acid-catalyzed conditions showed higher
photoactivity in comparison with SiO2–TiO2 mixed oxides prepared under base-catalyzed
conditions for the sake of reducing the crystallite size and agglomerations. The figures-
of-merit based on electric energy consumption (electrical energy per order (EEO)) were eval-
uated in the photodecolorization of MO in the presence of prepared samples. The results
showed that less energy is consumed during the decolorization of MO in the presence of
SiO2–TiO2 mixed oxides prepared by sol–gel method under acid-catalyzed conditions.

Keywords: SiO2–TiO2 mixed oxides; Acid-catalyzed conditions; Physicochemical properties;
Photocatalytic activity

1. Introduction

Heterogeneous photocatalytic degradation of water
pollutants is one of the most promising techniques for
waste management, particularly for degradation of
organic pollutants [1]. Among the metal-oxide semi-
conductors suitable for photocatalytic degradation of
environmental contaminants, titanium dioxide is the
most widely applied catalyst, because of its fascinating
physicochemical properties, high photoactivity, photo-
corrosion stability, nontoxic, and low cost [2]. The

available surface area of TiO2 can be enhanced by the
addition of silica [3]. Therefore, adsorption of pollu-
tant molecules on the surface of SiO2 is increased, so
the photoactivity of TiO2 is improved [4]. Also, the
addition of silica enhances the content of surface-
adsorbed water and hydroxyl groups affects the pho-
tocatalytic activity of SiO2–TiO2 mixed oxides [5,6].
Ingale and his co-workers demonstrated that SiO2–
TiO2 nano-composite aerogel has great potential to use
as photocatalyst for oxidation of trinitrotoluene (TNT)
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[3]. Properties of SiO2–TiO2 mixed oxides can be
strongly influenced by the preparation method [7].
Silica–titania mixed oxides have been synthesized via
different methods such as chemical vapor deposition
(CVD), sol–gel, hydrothermal, micro emulsion [8–10],
microwave, and ultrasonic micro emulsion. Among
these techniques, the sol–gel method is the most
popular method, due to the purity of oxides obtained,
low price, better control over stoichiometric composi-
tion, better homogeneity, and the lower synthesis
temperatures [11–13].

Although there are a variety of reports on synthesis
of SiO2–TiO2 mixed oxides, however, a comparative
research to emphasize the effect of the various prepa-
ration methods on the physicochemical properties and
activity of SiO2–TiO2 mixed oxides has not been yet
reported. Herein, we report the synthesis of SiO2–TiO2

mixed oxides by sol–gel method under acid-catalyzed
and base-catalyzed conditions. The purpose of this
work is to investigate the relationship between physic-
ochemical properties, photoactivity, and preparation
method. Also, electrical energy consumption and treat-
ment cost are calculated during MO decolorization
because the most important parameter in selecting a
waste treatment technology is economics.

2. Materials and methods

2.1. Materials

Tetraethyl orthosilicate (TEOS), Titanium n-butox-
ide (TBOT), isopropanol, ethanol, sodium hydroxide,
and nitric acid were prepared from Merck chemical
company and used without further purification.
Methyl orange (MO) was used as a model pollutant to
measure the photocatalytic activity of synthesized
samples.

2.2. Sample preparation

2.2.1. Preparation of SiO2–TiO2 mixed oxides by
sol–gel method under acid-catalyzed conditions

SiO2–TiO2 mixed oxides with various SiO2 contents
were prepared, and the photocatalytic performance
was evaluated to select the optimum SiO2 content. Ini-
tially, TBOT was slowly dissolved in absolute ethanol.
Then, distilled H2O was added drop by drop into a
flask containing TBOT/EtOH mixture under reflux
and magnetic stirring. The molar ratio of TBOT/
EtOH/H2O was 1:1:65. The yellowish transparent tita-
nia sol was yielded after continuously stirring for 3 h.
TEOS was dissolved in ethanol, after which a few
drops of nitric acid were added to TEOS as catalyst.

The pH of mixed solution was adjusted to about 3.
The molar ratio of TEOS/EtOH was 1:2. Afterward,
the mixture was kept in a water bath maintained at
70˚C for 2 h. This mixture was added drop wise to the
titania sol and stirred for 1 h at reflux temperature.
This solution was placed in a Teflon-lined stainless
steel autoclave, in which it was heated at 150˚C for
24 h, and then calcined at 500˚C for 2 h with a heating
rate of 10˚C/min in air atmosphere. In order to detect
the optimum content of SiO2, several samples were
prepared by changing the SiO2 content from 0 to
20 mol%. The best photocatalyst procured in these
conditions was designated as TSHNO3

.

2.2.2. Preparation of SiO2–TiO2 mixed oxides by
sol–gel method under base-catalyzed conditions

After detection of the optimum content of SiO2,
SiO2–TiO2 mixed oxides were synthesized with the
same optimum content of SiO2 by sol–gel method
under base-catalyzed conditions as follows.

A mixture of distilled H2O and isopropanol was
added drop by drop into a flask containing TBOT and
isopropanol. The mixture was aged for 3 h under con-
tinuous stirring at room temperature. The molar ratio
of TBOT/iso-PrOH/H2O was 1:29:19. TEOS was dis-
solved in isopropanol, after which a few drops of
nitric acid were added to TEOS as catalyst. Afterward,
the mixture was kept in a water bath maintained at
70˚C for 2 h. TEOS and TBOT precursors were then
mixed and stirred for 15 min. The pH value was
adjusted by adding sodium hydroxide to about 9. The
mixture was aged for 3 h under continuous stirring at
room temperature. After standing at room tempera-
ture for 24 h, SiO2–TiO2 mixed oxides were obtained
by calcining the obtained xerogel at 450˚C for 3 h and
grinding. The catalyst procured by this method was
designated as TSNaOH.

2.3. Characterization of SiO2–TiO2 mixed oxides

The crystal phase composition and the crystallite
size of TSHNO3

and TSNaOH were recorded using X-ray
diffraction (XRD) (Siemens/D5000) with Cu Kα radia-
tion (0.15478 nm) in the 2θ scan range of 10˚–70˚. The
average crystallite size (D in nm) was calculated by
Scherrer’s equation [14]:

D ¼ kk
b cos h

(1)

where k is a constant equal to 0.89, λ, the X-ray wave-
length equal to 0.154056 nm, β, the full width at half
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maximum intensity (FWHM) and θ, the half diffrac-
tion angle. The phase content of a sample can be cal-
culated from the integrated intensities of anatase (IA)
and rutile (IR) peaks using the following formula [15]:

Rutile phase% ¼ 100

1 þ 0:8 IA
IR

(2)

The texture and morphology of the prepared samples
were measured by scanning electron microscope
(SEM) (Philips XL-30ESM). The chemical composition
of the prepared catalyst was analyzed by an energy
dispersive X-ray spectroscopy (EDX) system.

2.4. Photocatalytic decolorization procedures

Photocatalytic decolorization of dye was conducted
in a batch quartz reactor. All photocatalytic experi-
ments were applied at ambient temperature and atmo-
spheric pressure. Artificial illumination was provided
by black light 36 W (UV-A) with a wavelength peak at
365 nm, which positioned above to the reactor. In each
run, 400 mg L−1 SiO2–TiO2 mixed oxides and 20 mg
L−1 MO were fed into the quartz tube reactor and
placed in the dark condition for 30 min with continu-
ous stirring for adsorption–desorption equilibrium
and then exposed to black-light illumination. Every
3 min as interval time, a sample was withdrawn and
centrifuged to remove catalyst particles, and the
concentration of dye was detected by UV–vis Perkin-
Elmer 550 SE spectrophotometer at wavelengths of
465 nm.

3. Results and discussion

3.1. Characterization of prepared samples

Fig. 1 shows XRD patterns of TSHNO3 and TSNaOH.
The crystallite size of samples is calculated using the
Scherrer’s equation based on the full peak width at
half maximum intensity (FWHM) of anatase (1 0 1)
and rutile (1 1 0) phases. From Fig. 1(a), pure anatase
phase was observed for TSHNO3

. The average size of
crystallites for TSHNO3 determined from the XRD
pattern based on the Scherrer’s formula was 8 nm.
However, the XRD results of TSNaOH showed a phase
distribution of 65:35 (percentage) anatase: rutile, with
crystallite size of 22 nm for anatase and 18 nm for
rutile (Fig. 1(b)). TSHNO3

shows less crystallite size sug-
gesting higher surface area available for catalysis. The
rate at which hydrolysis and condensation reactions
take place is important factors influencing the proper-

ties of the final product. Under acid-catalyzed condi-
tions, the hydrolysis is favored, the condensation
reactions are limiting. So, acid catalyzed gels are poly-
meric type with smaller particle size and high-surface
area [16]. Under basic conditions, the hydrolysis and
particle nucleation processes are rate determining and
the condensation processes are dominant [17]. So, the
molecules of precursors are aggregated to larger, and
denser particles than at low pH. Therefore, base cat-
alyzed gels are colloidal type and have bigger particle
size with relatively less specific surface area. No SiO2

crystal phase was observed in samples. This shows
that SiO2 existed as an amorphous phase in the
SiO2–TiO2 mixed oxides [18].

Fig. 2(a) shows SEM micrograph of TSHNO3 . This
image shows particles with good homogeneity, spheri-
cal morphology, and slight agglomeration. The SEM
image of TSNaOH is shown in Fig. 2(b). This image
shows a dense structure with uniform particles which
are coherent together. The structure of the metal oxide
prepared via sol–gel method depends on the hydroly-
sis and condensation reactions which can be con-
trolled by the solution’s pH [19]. Under acid-catalyzed
conditions, the hydrolysis kinetic is favored instead of
the condensation. Under base-catalyzed conditions,

Fig. 1. XRD patterns of (a) TSHNO3
and (b) TSNaOH.
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condensation is faster than hydrolysis, resulting in a
highly condensed species that may agglomerate into
fine particles [20]. Agglomeration of TSNaOH is higher
than that of TSHNO3

. Since less particle agglomeration
occurred for TSHNO3

, the large surface area conveys
high adsorption abilities of this catalyst.

Fig. 3 shows the EDX spectrum of TSHNO3 . TiO2

peaks can be seen at 0.5 and 4.5 keV which confirms
the presence of titanium dioxide. SiO2 peaks can be
observed at 2.0 keV to confirm the presence of SiO2.

3.2. Photocatalytic activity

The Langmuir–Hinshelwood (L–H) model has often
been applied for the photodegradation kinetics of

Fig. 2. SEM images of (a) TSHNO3
and (b) TSNaOH.

Fig. 3. EDX pattern of TSHNO3
.

Fig. 4. Influence of SiO2 content on the photocatalytic
activity of SiO2–TiO2 mixed oxides prepared by sol–gel
method under acid-catalyzed conditions: (a) Pure TiO2, (b)
2 mol% SiO2–TiO2, (c) 5 mol% SiO2–TiO2, (d) 10 mol%
SiO2–TiO2, (e) 15 mol% SiO2–TiO2, and (f) 20 mol%
SiO2–TiO2.
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organic pollutants [21]. This model can cover properties
of the compound on the photocatalyst surface as [22]:

�d MO½ �
dt

¼ kL�H kads MO½ �
1 þ kads MO½ � (3)

where kL�H is the reaction rate constant (mg L−1 min−1),
kads is the adsorption coefficient of pollutant on the
photocatalyst (mg−1 L), and [MO] is the concentration
of MO (mg L−1). For low concentrations of MO (i.e. kads
[MO] << 1), the L–H equation changes into a pseudo-
first-order kinetics law as the following equation:

�d MO½ �
dt

¼ kobs MO½ � (4)

where kobs = kL�H kads is the pseudo-first-order rate
constant. With integrating Eq. (4), we obtain:

ln
MO½ �0
MO½ � ¼ kobs t (5)

where MO½ �0 is the initial concentration of MO (mg L−1).
The semi-logarithmic graph of the concentration of MO
in the presence of prepared samples vs. irradiation time
yield straight lines, which confirms the pseudo-first-
order kinetics. The pseudo-first-order reaction rate con-
stant (kobs) is chosen as the basic kinetic parameter to
compare the photocatalytic activity of synthesized photo-
catalysts. The results of degradation of MO using
SiO2–TiO2 mixed oxides with various SiO2 contents pre-
pared by the sol–gel method under acidic conditions are
illustrated in Fig. 4. It could be observed that photocat-
alytic activity is increased with increasing content of
SiO2. When the content of SiO2 enhances to 15 mol%, the
photocatalytic activity of SiO2–TiO2 significantly
increases. The acidity of the binary oxide is increased by
adding SiO2 in TiO2. The increase in acidity has been
explained via the model proposed by Guan [23]. Accord-
ing to this model, doped SiO2 cation enters the lattice of
TiO2, and retains its original coordination number. The
doped cation is still bonded to the same number of oxy-
gen atoms despite coordination variations in the oxygen
atoms, and so, a charge imbalance can be produced.
However, the charge imbalance must be satisfied. There-
fore, Lewis sites are formed because of the positive
charge in the SiO2–TiO2. The surface with improved
acidity adsorbs more OH radicals which led to enhance
the photocatalytic activity and complete decolorization
of MO. For too large contents of SiO2, the surface active
sites can be covered by inactive SiO2 [24,25]. So, the

photocatalytic activity of 20 mol% SiO2–TiO2 is
decreased. Therefore, 15 mol% was selected as the opti-
mum percentage of SiO2 in SiO2–TiO2 mixed oxides and
TSNaOH was prepared with the same percentage of SiO2.

The synthesis route of SiO2–TiO2 was assigned as
an important parameter which can influence the effi-
ciency of photocatalyst. From Fig. 5, the photocatalytic
activity of TSHNO3 is higher than that of TSNaOH. Differ-
ent parameters such as crystalline phase, crystalline
size, and morphology of samples can affect the pho-
toactivity of photocatalysts [26]. According to the XRD
results, TSNaOH is a combination of anatase (65%) and
rutile (35%) phases. Whereas TSHNO3

has pure anatase
phase. It is known that anatase phase shows high activ-
ity in photocatalytic applications in comparison with
rutile phase [27]. Particle size is an important parame-
ter affecting photocatalytic activity since it directly
impacts the specific surface area of a catalyst. When
particle size is small, the number of active surface sites
enhances as well as the surface charge carrier transfer
rate in photocatalysis [28,29]. TSHNO3

with small particle
size can show high-photocatalytic activity. Particle
agglomeration of TSHNO3

is less than that of TSNaOH. It
can provide higher surface area for this sample. Large
specific surface area can allow more pollutants to be
absorbed onto the surface of catalyst [30]. Therefore,
TSHNO3 is a photocatalyst with better activity.

3.3. Spectral changes of MO during photodecolorization

Fig. 6 displays changes in the UV–vis absorption
spectra of MO solution during the photocatalytic
decolorization. The decrease in the absorption peak of
MO at λ = 465 nm implies a rapid decolorization of
pollutant [31]. Furthermore, this reduction is meaning-
ful with respect to –N=N– bond of MO, as the most
active site for oxidative attack [32]. The effect is
related to a catalytic influence because no alteration in
absorption was observed in the absence of SiO2–TiO2,
even for large irradiation times. In the presence of

Fig. 5. Photocatalytic decolorization of MO in the presence
of TSHNO3

and TSNaOH.
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TSHNO3
, around 60% of decolorization was observed

after 15 min illumination with black light (36 W) and
the complete decolorization of the pollutant was
reached at 20 min illumination. Before 15 min of irra-
diation, a slight decolorization was observed; this indi-
cated that decolorization of the dye solution was
mainly attributed to the adsorption of TSHNO3

[33].
After 15 min of reaction, the decolorization rate was
distinct because of the dye sensitization of the catalyst,
which resulted from the adsorption of MO on TSHNO3

[32]. Thus, the decolorization of MO by photocatalytic
decolorization under black-light irradiation was accel-
erated thereafter. However, in the presence of TSNaOH,
complete decolorization of MO was observed after
32 min irradiation with black light.

3.4. Electrical energy efficiency

The evaluation of the treatment costs is one of the
aspects that require more consideration. There are a

number of important parameters in selecting a waste
treatment process, including economics, economy of
scale, regulations, effluent quality goals, operation
(maintenance control, safety), and robustness (flexibil-
ity to change/upsets) [34]. Among these parameters,
economics is often paramount. Since photocatalytic
degradation process is electric energy intensive pro-
cess, and electric energy can represent a major fraction
of the operating costs, simple figures-of-merit based
on electric energy consumption can be very helpful
and informative [35]. The suitable figure-of-merit in
the low pollutant concentration is the electrical energy
per order (EE0). EE0 (kWh/m3/order) can be calculated
from the following equations:

EE0 ¼ Pel � t� 1; 000

V � 60 � log C0

C

� � (6)

where P is the input power (kW) to the AOP system, t
is the illumination time (min), V is the volume of
water (L) in the reactor, C0 and C are the initial and
final MO concentrations, respectively [36]. This equa-
tion for a pseudo-first-order reaction in a batch reactor
can be written as follow:

EE0 ¼ Pel � 38:4

V � kobs
(7)

where kobs is the pseudo-first-order reaction rate con-
stant (min−1).

The EEO amount for TSHNO3
(22.374 kWh/m3/order)

is less than that of TSNaOH (35.081 kWh/m3/order). It
is helpful to relate the values of electrical energy found
in this work to the operation costs. By considering
0.036 US $ per kW per h as the cost of electricity in
Iran, the contribution to operation costs of MO decol-
orization from electrical energy will be 0.805 and 1.262
US $ per m3, for TSHNO3

, and TSNaOH, respectively.
Thus, TSHNO3

is more economical than TSNaOH, due to
decrease in energy required.

4. Conclusions

SiO2–TiO2 mixed oxides with different physico-
chemical properties and various photocatalytic
activities were prepared via sol–gel method under acid-
catalyzed and base-catalyzed conditions. The crystal
structure, morphology, and photocatalytic activity were
strongly influenced by preparation method. Results of
photocatalytic activity indicated that SiO2–TiO2 mixed
oxides prepared under acid-catalyzed conditions were
more efficient than SiO2–TiO2 mixed oxides synthesized

Fig. 6. Absorbance spectra of MO during the course of
reaction catalyzed by (a) TSHNO3

and (b) TSNaOH.
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under base-catalyzed conditions in the decolorization
of MO from aqueous solution. Based on this research
work, preparation method correlates with crystallinity,
phase structure, morphology, and photocatalytic
activity. The electrical energy consumption per order of
magnitude for photodecolorization of MO was lower in
the presence of TSHNO3

than that of TSNaOH. As technical
advantages, this research provides an approach for
highly efficient route to prepare highly active
photocatalyst.
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