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ABSTRACT

The aim of the study is to show how the pore size of mesoporous SiO, host structures can affect the
physical and photocatalytic properties of the impregnated host structure with TiO, nanoparticles.
The first phase of the investigation involved preparing mesoporous silica structures at two different
hydrothermal temperatures (70°C and 130°C) which resulted in achieving different pore sizes in each
sample. The synthesized samples were then impregnated with TiO, nanoparticles (rutile and ana-
tase) and finally heat treated at two different temperatures (400°C and 800°C). The prepared materi-
als were characterized by X-ray diffraction, small-angle X-ray scattering, N, adsorption—desorption
isotherm measurements, transmission electron microscopy and UV-Vis spectroscopy. After calci-
nation of impregnated samples at a low temperature (400°C), the sample with higher surface area
(365 m*/g) showed a photoactivity half as big as the sample with lower surface area (329 m?/g). This
phenomenon is due to the effect of pore size on localization of TiO, nanoparticles (rutile and anatase)
inside the pores and consequently on photocatalytic properties. In fact, since large rutile crystals can
enter the channels of samples with large pores, coexistence of rutile and anatase crystals can lead to
more photocatalytic efficiency. All of the samples indicated higher photoactivity with increased cal-
cination temperature from 400°C to 800°C due to an increasing degree of crystallinity. Interestingly,
the sample with larger pores retained a higher surface area and pore volume compared with the
sample having smaller channels at elevated temperatures (800°C) owing to the existence of open and
accessible pores.
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1. Introduction

Over the last few years, using titanium oxide due to its
photocatalytic properties for degradation of organic pol-
lutants and dyes has attracted the attention of researchers
[1,2]. Photoactivity of TiO, crystals can be affected by sev-
eral parameters including surface area, phase combination,

* Corresponding author.

crystallinity and additives [3-7]. Testino et al. [8] reported that
particle morphology and surface chemistry are two important
factors as well. As photoactivity can be enhanced by increas-
ing the surface area of TiO, particles, many researches have
done this to achieve TiO, with small particle sizes. However,
the separation of nanopowder TiO, can be considered as a
difficult industrial process from liquid or gas. Thus, some sci-
entists have tried to synthesize mesoporous TiO, in order to
gain high surface area and large particles simultaneously [9].
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Nevertheless, the preparation of mesoporous TiO, due to a
high reaction rate of Ti-precursors and low thermal stabil-
ity of TiO, particles is not an easy and economical solution
[10,11]. As a result, some researchers have focused on anchor-
ing TiO, nanoparticles on various materials, such as zeolites,
silicas and carbon materials [5,12-15].

Since the discovery of the mesostructured silica family
[16], the incorporation of TiO, nanoparticles with mesostruc-
tured silica has attracted the focus of scientists because of
their large surface area and pore volume. This has resulted
in many investigations regarding the effects of synthesis
parameters on the photocatalytic efficiency of mesoporous
SiO,-TiO, [5,6,17,18].As reported, titania—silica mixed oxide
not only enhances the activity and surface acidity of TiO,[19]
but also improves the thermal stability of anatase phase [20].
Reitz et al. [9] have shown that anatase-to-rutile transforma-
tion does not occur below 800°C [9]. This makes titania—silica
(TiO,/Si0,) binary mixed oxide an appropriate alternative for
industrial usage. Many researchers reported that the forma-
tion of Ti—O-Si bonds improve the photoactivity of the com-
posite due to an increase in Bronsted acidity on the surface
of material [21,22]. Mazinani et al. [5] stated that the surface
area and degree of crystallinity are two effective factors on
the photocatalytic efficiency of mesoporous TiO,-S5iO, when
TiO, exists as an anatase phase in the composite. Su et al. [23]
reported that mesocellular foams (MCF) as a host structure
improves the photoactivity compared with SBA-15 due to the
large pores of MCF.

It has been observed that the coexistence of rutile and
anatase crystals beside each other improves photocatalytic
properties [7,18]. Su et al. [23] showed that a titania film
of anatase-rutile has a higher photoreactivity compared
with pure anatase. Recently, Wang et al. [24] have reported
that the rutile to anatase ratio is an important parameter as
well. Regarding the mesoporous TiO,-SiO, composite, TiO,
nanoparticles should be incorporated into the channels of
the silica host structure. Due to the different crystal sizes of
rutile and anatase, it is expected that the pore size of ordered
mesoporous SiO, shows an important role in the dispersion
of TiO, particles into the mesoporous channels and conse-
quently in photoactivity.

In this study, we first prepared ordered mesostructure
SiO, with different pore sizes by changing the hydrothermal
temperature. The rutile and anatase phases were then intro-
duced to the prepared samples, which were then heat treated
at different temperatures. Finally the synthesized samples
were evaluated in terms of structural and photocatalytic
properties.

2. Material and methods
2.1. Chemicals

Pluronic ~ P-123  (HO(CH,CH,0),(CH,CH(CH,)O),,
(CH,CH,0),,H) (MW = 5800) and Titanium isopropox-
ide (TTIP) were obtained from Sigma-Aldrich (Germany).
Tetraethyl orthosilicate (TEOS) and HCI (37% concentration)
were purchased from Merck (Germany). Methylene blue (MB)
(>97%) was bought from Sigma-Aldrich and P25 titanium
dioxide (anatase 80%, rutile 20%, surface area 50 m*g and
particle size 27 nm) was purchased from Degussa (Germany).

2.2. Synthesis method
2.2.1. Support

In a typical synthesis procedure, 4 g of P123 was dis-
solved in a solution of water (30 g) and 2 M HCl (120 g), and
the mixture was stirred for 5 h at 40°C. Following this, 9 g
of TEOS was introduced to the solution while stirring. After
stirring the solution for 24 h, the mixture was transferred to
a Teflon-lined autoclave and heat treated at 70°C and 130°C
for 48 h. The prepared materials were filtered, washed and
dried. The resulting powders were then calcined at 540°C to
remove organic parts. The resulting materials are designated
Sx, where x is the hydrothermal temperature.

2.2.2. Post-modification

The post-modification of prepared mesoporous SiO, host
structure was based on the sol-gel procedure [18,25]. At first,
TTIP (weight ratio of SiO,/TiO, = 2) was added to 1 M HNO,
solution (30 mL) with continuous stirring for 2.5 h at 70°C.
Then, the mixture was diluted with 50 mL of water and the
pH of the solution was then adjusted to 3 with 1 M NaOH.
At pH 3, there is an electrostatic interaction between the pos-
itively charged TiO, particles and the negatively charged SiO,
host material. Afterwards, the prepared mesoporous SiO,
was added to the mixture and it was stirred for 2 h at 70°C.
The resulting materials were filtered, washed, dried and heat
treated at 400°C and 800°C for 3 h. The obtained samples are
designated as Sx-y, where x and y are the hydrothermal and
calcination temperatures, respectively.

2.3. Characterization

Small-angle X-ray scattering (SAXS) measurements were
obtained on a Kratky compact small-angle system using Ko
radiation at 40 kV and 20 mA, which was equipped with
a position-sensitive detector containing 1,024 channels of
width 53 mm. The X-ray diffraction (XRD) patterns were
measured with a Bruker powder X-ray diffractometer using
a Cu radiation source having a wavelength of 1.54 A rang-
ing from 20° to 80° with a scan speed of 0.04°/s at 40 kV and
40 mA. The surface area of the samples was measured using
nitrogen absorption-desorption (BET)-Autosorb-1 from
Quantachrome Instruments (US). Prior to the surface area
measurements, all samples were degassed at 250°C for 6 h.
Transmission electron microscopy (TEM) was carried out
using a Philips Tecnai 20 microscope operated at 200 kV.

2.4. Photocatalytic activity measurement

The photoactivity of the resulting materials was mea-
sured by degrading the MB dye in an aqueous solution under
UV light irradiation (mercury lamp 125 W). All experiments
were carried out with a catalyst concentration of 0.3 g/L TiO,
in 40 mg/L MB. The mixture was first stirred for 30 min in a
dark place to achieve the adsorption-desorption equilibrium.
The concentration spectrum of the mixture was determined
using a UV-Vis spectrometer (in 625 nm wavelength) after
centrifuging. The photocatalytic decomposition rate was
determined using the following equation [26].
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Photocatalytic decomposition rate = COC_ < (1)

0

where Cis the initial concentration of the MB solution and
C is the final concentration after illumination. The decolo-
nization efficiency (%) can be calculated according to the
equation:

Efficiency (%) = C(’C_C

0

%100 @)

3. Results and discussion

Fig. 1(A) shows the XRD pattern of the samples prepared
by the introduction of TiO, nanoparticles to S70 at different
calcination temperatures. As it can be seen, a mixture of the
anatase and rutile phase can be achieved simultaneously in
all of the samples. It has been reported that the interaction of
adjacent rutile and anatase crystals has a positive effect on
photocatalytic efficiency [7].
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The differences between the rutile and anatase crystals
are related to their structure. Regarding anatase structure, the
TiO, octahedra share faces while edge sharing of octahedra
occur in rutile structures [27]. At low synthesis temperatures
under acidic conditions, the surface of titania gets proton-
ated and a stable sol is prepared while at higher synthesis
temperatures (around 70°C) the nucleus of the rutile crystals
take form. At higher pH values, the remaining species of Ti
convert into the anatase phase [6,28,29].

Increasing the calcination temperature from 400°C to
800°C appears to create narrower and stronger diffraction
peaks, which is a sign of the formation of higher crystallite
sizes and degree of crystallinity. The same results can be seen
in Fig. 1(B) for samples S130-400 and S130-800. The crystal-
lite size of the prepared samples was calculated using the
Scherrer equation [30] from (101) anatase peak or (110) rutile
peak which is presented in Table 1. It can be seen that the
resulting rutile crystals are larger than the anatase crystals,
indicating that large rutile particles can collapse the entrance
of the small pores.

A: Anatase
R: Rutile
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Fig. 1. WAXRD patterns of the samples (A): a, S70-400, b, S70-800 and (B): a, S130-400, b, S130-800.

Table 1

Textural and photocatalytic properties of samples
SampleID 4, t Sper v, D, Crystallite size (nm)f Ks Xh

(nm)* (nm)° (m?*/g) (em?/g)? (nm)* Anatase Rutile (%)

570-400 11.84 6.14 365 0.52 6.2 4.7 7.4 11.7 0.44
S130-400  13.89 2.89 329 0.9 12.6 49 7.1 242 0.43
S70-800 10.73 4.03 198 0.33 5.6 6.3 10.1 42.5 0.46
S130-800  13.07 2.07 289 0.79 9.9 6.8 9.7 58.1 0.48
S70 11.66 7.06 552 0.67 6.2 - - - -
5130 13.2 2.3 391 1.06 10 - - - -

“The unit cell dimension calculated as (2d,,/3"?).
"Wall thickness estimated as (aU—Dp).

‘Surface area calculated by BET method.

“Total pore volume.

¢Average pore diameter calculated from the adsorption branch by BJH method.

‘Crystallite size according to Scherrer equation.
sPhotocatalytic efficiency.
"Weight fraction of rutile phase.
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The weight fraction of the rutile in the samples was cal-
culated according to Spurr and Myers method [31] (Table 1):

-1
X, =1- {1 + 1.265;’] 3)

a

where X is the weight fraction of rutile in the sample, and
I /I is the ratio of the intensity of the strongest rutile reflec-
tion to the intensity of the strongest anatase reflection. As can
be seen in Table 1, the weight fraction of rutile in all of the
samples remains almost constant which can be due to the
existence of the Ti—-O-Si bonds [5,6,32]. These bonds can hin-
der phase transformation from anatase to rutile at elevated
temperatures.

SAXS patterns of S70 and S130 can be seen in Fig. 2(A).
Both of the samples (570 and 5130) exhibit three well-resolved
diffraction peaks which can be assigned to a two-dimensional
hexagonal structure [33]. It is worth mentioning that the
appearance of these peaks at low angles is related to the
degree of the ordering of pore channels which stems from
the electron density difference between the pores and walls.
The unit cell parameter of the hexagonal cell, which can be
used to calculate the pore-to-pore distance, can be estimated
from the spacing of the (100) planes. The achieved results for
these samples have been summarized in Table 1. The (110)
reflection is stronger for the sample hydrothermal at 130°C
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(5130) which could reveal thinner walls [34]. The wall thick-
ness values of the samples are presented in Table 1. Fig. 2(B)
shows the SAXS patterns of the samples S70 and S130 after
impregnation of TiO, and a decline in peak intensity can be
measured. This suggests that TiO, particles are deposited
inside the pores and on the surface of mesoporous SiO, struc-
ture [35].

The N, adsorption-desorption isotherms of the prepared
samples are shown in Figs. 3(A) and (B).

The related data (surface area Sy, pore volume V and
pore size D)) are also presented in Table 1. According to the
IUPAC classification, all of the samples are of type IV with a
H1 hysteresis loop, which represent a mesoporous structure
with one-dimensional cylindrical pores [36].

In Figs. 3(A) and (B), some clear differences can be
observed between the N, sorption results of S70 and S130.
Sample S70 shows hysteresis loops at intervals of lower rel-
ative pressures (0.4 < P/P; < 0.7) compared with 5130 (0.7<
P/P, < 0.8) due to a decrease in the size of pore diameter at
lower hydrothermal temperatures [37]. Furthermore, the
pore volume of S130 is slightly greater than that of S70.
On the other hand, S130 has a much lower specific surface
area than S70 (Table 1). These differences can be attributed
to the hydrophilic nature of poly(ethylene oxide) blocks of
the copolymer (P123) at different temperatures [37]. As has
been shown in Table 1, both S70-400 and S130-400 show a

Fig. 2. Small-angle X-ray scattering for samples before (A) and after (B) impregnation and calcination at 800°C.
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Fig. 3. N, sorption isotherms of samples: (A) S70 and S70-y, and (B) S130 and S130-y.
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reduction in surface area and pore volume compared with
S70 and S130, respectively. Although the shape of isotherms
of these impregnated samples (S70-400 and S130-400) kept
the features of the isotherms exhibited by the unloaded sup-
port, small changes in the position and shape can be seen.
These small changes, which are due to the introduction of
TiO, nanoparticles, cause a decrease in surface area and pore
volume of samples.

As concluded in Figs. 4(A) and (B), the surface area and
pore volume of S70-400 decreased around 34% and 22%,
respectively, as compared with the unloaded host structure
(570). The mentioned parameters declined just 16% and 15%
for sample S130-400. This dramatic reduction in surface area
and pore volume for sample S70-400 compared with S130-400
can be attributed to the pore plugging of small pores of S70
by large rutile particles. Taking into account the opposite
surface charge of TiO, and mesoporous SiO,, it is expected
that TiO, particles deposited on the surface and inside of the
pores of the mesoporous structure [18] which have been con-
firmed by TEM images in Fig. 5. The TEM image shows the
hexagonal shape of the pores where the TiO, nanoparticles
are in the channels and on the pore walls of host structure.
EDX analysis of point 1 in Fig. 5(A) also shows a significantly
high concentration of Ti.

Small pores of the material can be collapsed simply by
large rutile particles which have been shown schematically in
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Fig. 6. Thus, larger pores can enhance the chances of entering
both rutile and anatase particles inside the channels.

In Figs. 4(A) and (B), it is clear that the surface area and
pore volume reduction for sample S130-800 are much lower
than 570-800. Although S70 has a superior surface area than
5130, S70-800 shows a significant lower surface area than
S130-800. Increasing the calcination temperature from 400°C
to 800°C shows a significant effect on the surface area and
pore volume of the samples. In fact, a higher calcination tem-
perature causes a growth of TiO, particles and a shrinkage of
the mesoporous SiO, structure simultaneously. Consequently,
some of the pores are closed and this phenomenon is quite
likely to happen in small pores.

TiO, particles show photocatalytic properties when they
are exposed to UV light and they can decompose organic
dyes and pollutants like MB into H,O. The photocatalytic
activity of TiO, can be related to the creation of photogene-
rated charge carriers (hole and electron) which occurs upon
the absorption of UV light. The generated holes in the valence
band diffuse to the TiO, surface and react with adsorbed
water molecules, forming hydroxyl radicals. The photo-
generated holes and the hydroxyl radicals oxidize nearby
organic dyes and pollutants on the TiO, surface. Meanwhile,
electrons in the conduction band typically participate in the
reduction processes, which usually reacts with molecular
oxygen in the air resulting in the formation of superoxide
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Fig. 4. Surface area reduction percentage (A) and pore volume reduction percentage (B) of impregnated samples relative to unloaded
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Fig. 5. TEM image of sample S130-400 (A) and EDX spectra of point 1 (B).
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radical anions [38]. The photocatalytic efficiency of TiO, will
depend upon several factors including particle size, specific
surface area, porosity, crystalline phase (anatase or rutile)
and crystallinity [5,6,32,39]. In addition, it is known that the
coexistence of rutile and anatase leads to an increased photo-
catalytic activity [7].

The photocatalytic degradation of MB solution under UV
light irradiation has been used to evaluate the photocatalytic
efficiency of the prepared mesostructured TiO,-SiO, samples
and the results have been presented in Fig. 7. Pure commer-
cial TiO, nanoparticles (P25, BET = 50 m*/g, Degussa Co.)
were tested to compare their photoactivity value in the same
system and with the same amount of TiO,. In MB degrada-
tion tests, surface adsorption and photodegradation of the
samples are the parameters responsible for the decrease in
the concentration of MB [40], so the samples had to be stirred
in a dark place for 30 min and were then exposed to UV light
in order to estimate photoactivity of the samples precisely.

According to the achieved results in Fig. 7 and Eq. 2, the
photodegradation efficiency of the prepared samples between
30 and 105 min are also shown in Table 1. It can be seen that the
samples S70-400 and S130-400 decreased the concentration of
MB by 11.7% and 24.2%, respectively and these estimated val-
ues are lower than the degradation of commercial TiO, (P25)
with 28.3%. Low photocatalytic efficiency of these samples

A

. Rutile

161

compared with P25 can be related to the low degree of crystal-
linity of these samples because of a low calcination tempera-
ture [5]. Regarding the photoactivity of S70-400 and S130-400,
two effective parameters including SiO, mesostructure pore
size and surface area should be considered. As large pores
of host structures are much more accessible, TiO, particles
can be impregnated into them easily. In addition, these large
pores cannot be plugged with ease. According to the achieved
results in Table 1, it is clear that unlike S130, the pore size of
S70 is smaller than rutile crystals, so only anatase particles
can enter into its channels (Fig. 6). On the other hand, as pho-
todegradation of dyes is a surface reaction, a higher surface
area can prepare more photoactive places and it can increase
photodegradation efficiency. Therefore, although surface area
of S70-400 is higher than S130-400, it shows photoactivity half
as big as S130-400 because of the accessible pores of S130-400.
When the calcination temperature rises from 400°C to 800°C,
TiO, nanoparticles grow and the SiO, mesostructure shrinks,
which results in additional plugging and leads to a reduction
in surface area, total pore volume and consequently photo-
activity. On the other hand, a higher calcination temperature
can cause a significant improvement in the degree of crystal-
linity of TiO, which results in a dramatic increase in photo-
activity. Therefore, the photocatalytic degradation of S70-800
and S5130-800 has jumped dramatically by 42.5% and 57%,
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Fig. 6. Schematic illustration of the interaction of rutile and anatase crystals with samples S70 (A) and S130 (B).
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respectively. Interestingly, although S70 shows a higher sur-
face area than S130, the surface area and photodegradation
efficiency of S130-800 present a superior value compared with
S70-800 owing to bigger and more available channels of S130.

4. Conclusions

In this study, mesoporous SiO, with two different pore
sizes were synthesized. TiO, nanoparticles including rutile
and anatase were then introduced to mesoporous SiO, host
structures. The results showed that pore size of mesoporous
SiO, has a significant effect on physical properties and the
photoactivity of prepared SiO,-TiO, materials. In fact, the
chances of impregnation of both rutile and anatase phases
into larger pores are much more feasible, and consequently
it has a positive effect on photocatalytic properties on syn-
thesized samples. In addition, samples with larger chan-
nels retained surface area at high calcination temperatures
because bigger pores are more likely to stay open and acces-
sible at elevated temperatures.
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