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Abstract: The paper presents a modification of titanium dioxide with fumed silica. The SiO2/TiO:
photocatalysts were obtained by the sol-gel method and then were calcined under an argon
atmosphere. Various SiOz weights (2-17.2 wt.%) were used in the materials’ preparation stage. The
obtained samples were characterized using advanced analytical methods, such as FT-IR/DRS
infrared spectroscopy, X-ray diffraction, SEM scanning electron microscopy, and UV-Vis/DRS
spectroscopy. The BET specific surface area and zeta potential of samples were also measured. Based
on the obtained results, it was observed that the modification of titanium dioxide with SiO2
effectively inhibited the increase in crystallite size of anatase and brookite during calcination and
the decrease in specific surface area values. Moreover, the presence of SiO: in the nanomaterials
contributed to the increase in the size of specific surface area and the change in band gap energy
values. The photocatalytic activity was determined based on the decomposition of methylene blue
under UV irradiation. Thermal modification in an inert gas atmosphere significantly increased the
dye removal rate. It should be noted that all the obtained SiO2/TiO2 photocatalysts showed higher
activity compared to the starting TiOz. It was also found that the photocatalytic activity increased
along with the increase in SiO2 content in the sample (up to 14.3 wt% of SiOz). The highest activity
was recorded for SiO2(11.1%)/TiO2_400 and SiO2(14.3%)/TiO2_400 samples.

Keywords: photocatalysis; titanium dioxide; fumed silica; methylene blue decomposition

1. Introduction

Advanced oxidation processes are promising methods for removing pollutants from
the environment. One is heterogeneous photocatalysis, which can purify water and air [1-
4]. Due to its properties, titanium dioxide is one of the most commonly used
semiconductors in the photocatalytic oxidation of organic compounds. It is characterized
by a relatively low price, non-toxicity, high photoactivity, and chemical stability [5]. At
the same time, intensive research is being conducted worldwide to increase the efficiency
of photocatalytic processes. The studies aim to improve the physicochemical properties
of titanium dioxide affecting photocatalytic activity.

There are many methods used to obtain TiOz, such as hydrothermal, solvothermal,
sol-gel, or precipitation [6], but the sol-gel method is effective for controlling the size and
morphology of the synthesized particles while obtaining homogeneous materials [7-11].
During the sol-gel process, factors such as the initial composition of the reaction mixture,
i.e., the molar ratio of water to the metal precursor, type of solvent, type and concentration
of catalyst, temperature, and the pH of the solution affect the rate of hydrolysis and
polycondensation [12]. In addition, calcination also significantly influences the physical
and chemical properties of the final product [13]. For example, Ciesielczyk et al. [14]
proved that calcination causes significant changes in the porous structure parameters. In
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particular, there was a significant reduction in the surface area and pore volume for the
calcined samples.

Photocatalysts with enhanced activity can be obtained by modifying titanium
dioxide using various compounds, e.g.,, metals or their oxides and non-metals [15].
Recently, the silica modification of titanium dioxide is becoming more popular. It has been
proven that the addition of SiO: increases the surface of the photocatalyst, increasing the
adsorption of pollutants [16]. The enhanced adsorption of contaminants on the silica
surface, in turn, improves the photocatalytic activity of mixed SiO>-TiO: oxides compared
to pure TiO2[17,18]. Jimmy et al. [19] and Yu et al. [20] found that the addition of SiO:
causes the inhibition of TiO: crystallization. Moreover, adding SiO: increases the amount
of water and hydroxyl groups adsorbed on the surface, improving the hydrophilic and
photocatalytic properties [21-23].

Several methods of preparation of TiOz with silica are presented in the literature. The
most commonly used silica precursors are tetraethoxysilane (TEOS), tetramethoxysilane
(TMOS), and silica gel [24,25]. The sol-gel method for the synthesis of TiO2/5i0: was used
by Fatimah [24]. Titanium(IV) isopropoxide (TTIP) was used as a TiO:z precursor, while
tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS) were used as silica precursors.
The molar ratio of titanium dioxide to silicon was 4:9. The obtained nanomaterials were
then calcined at 500 °C for 4 h. The photocatalytic activity of new nanomaterials was
determined based on the decomposition of methylene blue. It was found that using
tetraethoxysilane as a silica precursor results in obtaining material with a larger specific
surface area and pore volume, which in turn increases photocatalytic efficiency. Qourzal
et al. [25] obtained a TiO2-SiO: photocatalyst by hydrolyzing TTIP in silica gel. The
material was calcined at 400 °C for 2 h in the air atmosphere. It was noted that the presence
of silica suppresses the anatase to rutile phase transformation. Based on the
decomposition of (-naphthol under UV light, they found that the prepared material
showed 2.7, 4, and 7.8 times higher photocatalytic activity than commercial TiO2 P25, TiO:
PC50, and TiO: “Aldrich” photocatalysts, respectively. Enhances photocatalytic activity
has been attributed to the high adsorption capacity of the photocatalyst and a large
specific surface area. Nandanwar et al. [26] obtained composites by the sol-gel method,
using titanium(IV) isopropoxide as TiO: precursor, tetraethoxysilane (TEOS) as silica
precursor, ethanol as solvent, and hydrochloric acid as a promoter of the hydrolysis
reaction. In addition, polyethylene glycol (PEG) and the non-ionic Triton X-100 surfactant
were used during the preparation phase. The photocatalytic activity was measured by
methylene blue degradation. In the case of the Triton X-100 sample, after only a few
minutes of exposure to the UV light, approx. 50% of methylene blue was degraded. These
results confirm that TiO2/S5iO: with the addition of Triton X-100 shows a higher
degradation efficiency than TiO2/SiO2 with polyethylene glycol.

This work proposes a new method of titanium dioxide nanomaterial modification
with fumed silica. SiO2/TiO2 nanomaterials were prepared using the sol-gel method. An
essential element of the preparation was introducing the heating stage of the obtained
nanomaterials in the argon atmosphere. This represents a kind of novelty concerning the
preparation methods because, in the methods described in the literature for obtaining this
type of materials, the calcination process was carried out mainly in an air atmosphere. The
photocatalytic activity of gained samples was determined based on the methylene blue
decomposition under UV irradiation. The effect of specific physicochemical properties on
photocatalytic activity was also investigated. To the best of our knowledge, this is the first
paper in which fumed silica with average primary particle size of 7-14 nm was used as a
silica precursor. According to the manufacturer, the used silica characterizes a relatively
large specific surface area (>200 m?/g). The novelty of the presented study was also the
determination of the calcination effect on the photocatalytic and physicochemical
properties of TiO2 nanomaterials modified with fumed silica obtained in an inert gas
atmosphere.



Catalysts 2022, 12,1372

3 of 20

2. Results and Discussion
2.1. Characterization of the Photocatalysts

The surface character of the prepared TiO:2 samples was analysed by FT-IR/DRS
spectroscopy. In Figure 1A,B, the FT-IR/DR spectra of starting TiO, silica-modified TiO:
and samples calcined in an argon atmosphere are shown. All spectra presented
characteristic bands for TiOz-based nanomaterials. Analysing the obtained spectra, the
bands in the range of 3730-2500 cm™ attributed to the stretching mode of O-H group were
confirmed [27]. As can be seen from Figure 1A,B, the intensity of the mentioned peaks
increased with the increasing amount of silica used for modification. It was related to the
presence of Si-OH groups and adsorbed water formed by silica deposition on titanium
particles [28]. After the calcination process (see Figure 1B), a decrease in the intensity of
this band was observed compared to the unheated materials due to the change in the
content of hydroxyl groups on the semiconductor surface [29]. The narrow band located
at 1610 cm™ is characteristic of the vibrations of molecular water bending mode [30]. Band
located at 3710 cm™' corresponds to the OH groups surface-bonded to titanium [31,32]. At
930 cm™, an intense band assigned to the O-Ti—O stretching modes was observed, and for
photocatalysts modified with silica, the band in question was slightly shifted, which
indicates the presence of interaction between titanium and silicon [33]. After silica
modification, a new band located at 1160 cm™ attributed to the asymmetrical stretching of
Si—O-Si bonds was noticed [34]. It can be noted that the intensity of the upper-mentioned
peak increased with the increase in silica amount used for TiO2 modification. The peak
noticed at 1780 cm™ was ascribed to the C=O stretching vibration.
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Figure 1. FT-IR/DR spectra of starting TiO: and silica-modified TiO: prior (A) and after heat
treatment (B).
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In Figure 2A,B, the XRD diffraction patterns of the starting TiO, silica-modified TiO2
and samples calcined in an argon atmosphere are shown. The phase composition and
average crystallite sizes of the studied samples are compared in Table 1. It should be noted
that the presented results refer to the crystalline phase. Based on the analysis of obtained
data, the presence of reflections characteristic of anatase and brookite was found. The
characteristic reflections (101), (004), (200), (105), (204), (116), and (215), corresponding to
the anatase phase, were recorded at 20 =25.6, 38.6, 48.8, 55.2, 63.6, 70.1, and 76.3°, respec-
tively (JCPDS 04-002-8296 PDF4+ card). Two reflections (111), (121) characteristic of the
brookite phase were recorded at 20 = 25.6 and 30.3° (JCPDS 04-007-0758 PDF4+ card). The
reflection from brookite located at 20 = 25.6° overlapped with the reflection characteristic
of anatase. Therefore, the size of brookite crystallites was calculated based on the reflec-
tance located at 20 = 30.3°. The presence of the brookite phase was due to the use of hy-
drochloric acid as a catalyst for the hydrolysis reaction of titanium(IV) isopropoxide [35].
It can be noted that calcination at 400 °C did not contribute to the phase transition of ana-
tase to rutile, and this is a typical phenomenon because the phase transition of anatase to
rutile occurs at temperatures above 600 °C [36]. It is also worth noting that the reflections
narrowed and sharpened after calcination. This was attributed to eliminating defects at
grain boundaries during heating at higher temperatures [37]. According to the data in
Table 1, the anatase to brookite ratio remained similar, i.e., 59:41, only when the amount
of silica precursor introduced was 11.1wt.% the anatase content started to increase. This
can be explained by the fact that the amorphous phase was not included in the presented
results. As it is known, silica used for modification was amorphous. Therefore, the ob-
served increase in the anatase phase with increasing SiO: content may be overestimated
by up to 20-30%. After the calcination process, a decrease in brookite content was ob-
served, which was related to the greater crystallization of anatase than brookite. Only
when the amount of silica precursor introduced was 11.1wt.% the brookite content start
increasing, which was related to the crystallization process progress. It should also be
noted that the calcination process had a significant effect on the increase in average ana-
tase and brookite crystallite size. The average crystallite sizes of anatase for non-calcined
materials were 4-5 nm and 8-16 nm for the calcined samples. In contrast, the crystallite
sizes of brookite ranged from 2 to 6 nm for non-calcined photocatalysts and 7-9 nm for
calcined photocatalysts. This indicates an increase in the crystallinity of samples after cal-
cination. However, comparing the crystallite size of SiO2/TiO2 materials after heating with
starting TiO2_400 sample, it can be observed that the crystallite size of anatase and brook-
ite was smaller for silica-modified photocatalysts than for the sample without SiOz addi-
tion. For example, the size of anatase crystallites for starting TiO2_400 was 14 nm, while
for the 5i02(17.2%)/TiO2_400 sample, it was only 8 nm. According to Xu et al. [38] and Lu
et al. [39], silica can effectively prevent the growth of TiO: crystallites during the calcina-
tion process.
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Figure 2. XRD patterns of starting TiO:z and silica-modified TiO2 prior (A) and after heat treatment
(B).

Table 1. XRD phase composition, average crystallites size, specific surface area and pore volume
distribution of starting TiO:z and silica-modified photocatalysts.

Phase C iti Mean Crystallite Si
ase Composition ean Crystallite Size Vi Vi Vineso

Sample Code [%] [nm] Sser [m?/g]
k Anatase Brookite Anatase Brookite ; [em?/gl [em?/g] [em?/gl

starting TiO2 57 43 5+0.2 2+0.2 193 0.109 0.079 0.030
5102(2%)TiO: 58 42 5+0.2 2+0.2 234 0.159 0.090 0.069
5i02(4%)/TiO2 59 41 5+0.2 4+02 221 0.148 0.090 0.058
Si02(7.7%)/TiO2 59 41 5+0.2 4+0.2 218 0.171 0.085 0.171
Si02(11.1%)/TiO2 81 19 5+0.2 5+0.2 208 0.265 0.080 0.185
5i02(14.3%)/TiO:2 77 23 5+0.2 6+0.2 207 0.285 0.080 0.205
5i02(17.2%)/TiO:2 81 19 4+02 6+0.2 228 0.366 0.088 0.278
starting TiO2_400 63 37 14+04 9+04 54 0.101 0.020 0.081
Si02(2%)/Ti02_400 66 34 16+0.4 7+ 0.4 89 0.177 0.031 0.146
Si02(4%)/Ti02_400 68 32 11+0.4 7+04 98 0.160 0.036 0.124
Si02(7.7%)/TiO2_400 66 34 11+04 7+04 104 0.189 0.039 0.150
Si02(11.1%)/TiO2_400 67 33 10+04 7+x04 121 0.259 0.043 0.216
5i02(14.3%)/TiO2_400 72 28 9+04 8+x04 135 0.313 0.051 0.262
S102(17.2%)/Ti02_400 72 28 8+04 8+04 146 0.371 0.056 0.315

The adsorption-desorption Nz isotherms of starting TiOzand the 5iO2/TiO: materials
are shown in Figures 3 and 4. It can be noted that the samples presented three kinds of
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isotherm types. Most of the photocatalysts (starting TiO2, SiO,(2, 4%)/TiO,, starting
TiO2_400, Si0,(2-7.7%)/TiO,_400) displayed a typical type IV isotherm with an H3 hyste-
resis loop, which is characteristic of mesoporous materials, according to the IUPAC clas-
sification [40]. The H3-type hysteresis loop does not show any adsorption limit in the high
relative pressure range and is characteristic of slotted pores [41,42]. The sample (starting
TiO2) showed a type I isotherm characteristic of microporous materials. On the other
hand, SiO2(2%)/TiO, and Si0,(4%)/TiO; isotherms in the initial p/p0 range were defined
as type l isotherm, and in the intermediate and higher pressure range as type Il isotherm.
The isotherms of starting TiO,_400, SiO2(2%)/TiO,_400, SiO2(4%)/TiO,_400 and
Si0,(7.7%)/TiO,_400 samples demonstrated an asymmetric and triangular type H2 of the
hysteresis loop, what was attributed to blockage of pores/percolation in a narrow range
of pore necks [40,43]. For starting TiOz, the hysteresis loop did not occur.
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Figure 3. Adsorption—desorption isotherms of: (A) starting TiOz, Si02(2%)/TiO2 and SiO2(4%)/TiOx,
(B) starting TiO2, SiO2(7.7%)/TiO2, Si02(11.1%)/TiOs, Si02(14.3%)/TiO2 and SiO2(17.2%)/TiOx2.
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Figure 4. Adsorption—desorption isotherms of: (A) starting TiO2_400, SiO2(2%)/TiO2_400 and
S5i02(4%)/TiO2_400, (B) starting TiO2_400, SiO2(7.7%)/TiO2_400,  SiO2(11.1%)/TiO2_400,
Si02(14.3%)/Ti02_400 and SiO2(17.2%)/TiO2_400.

Table 1 shows the specific surface area value and the pore size distribution for all the
obtained materials. The specific surface area of the starting TiO2 was 193 m?/g. The values
presented in Table 1 show that the photocatalysts modified with silica were characterized
by a higher specific surface area (up to 234 m?/g) in comparison to the materials obtained
the same way but without the addition of SiO2. The average size of anatase crystallites has
not changed. Therefore, the use of silica in the titanium dioxide modification process con-
tributed to the increase in the specific surface area of the photocatalysts. The specific sur-
face area of the silica used for modification was >200 m?/g [44]. Bao et al. [45] also observed
an increase in the surface area for the materials modified with silica. In this case, the spe-
cific surface area changed from 15.4 m?/g for pure TiO: to 127.7 m?/g for silica-modified
TiOz. Table 1 noted that, as the SiO: content increased, the total pore volume also in-
creased. This is a normal phenomenon associated with an increase in the size of a specific
surface area. For example, the pore volume for the starting TiO2 was 0.109 cm?3/g, and for
5102(17.2%)/TiO2 was 0.366 cm?/g. It can be concluded that the S5iO: modification had a
significant effect on the increase in Sser and the total pore volume. After the heat treatment,
the specific surface area of the reference photocatalysts decreased from 193 m?/g for the
starting TiOz2 sample to 54 m?/g for the sample calcined at 400 °C (starting TiO2_400). Thus,
the correlation between calcination and the decrease in the size of the specific surface area
is possible to observe. Calcining titanium dioxide causes the sintering and agglomeration
of TiO: particles, which then results in a decrease in the size of the specific surface area
[46]. It should also be noted that the specific surface area did not decrease in the range of
materials after calcination. This is related to the relatively large specific surface area of
silica and the fact that the addition of silica inhibits the growth of crystallites. The specific
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surface area of photocatalysts changed from 54 m?/g for the starting TiO2_400 to 146 m?/g
for the SiO2(17.2%)/TiO2_400 sample.

Scanning electron microscope analysis in the SE (secondary electron) mode was con-
ducted to determine the morphology of obtained photocatalysts and the approximate size
of agglomerates/aggregates that form SiO»/TiO: particles. Figure 5A-C shows example
SEM images for the starting TiO2 and the 5i02(14.3%)/TiO2_400 sample. The SEM images
shown in Figs. 5A and 5B indicate that the particles of starting TiO: form large aggregates
consisting of finely agglomerated particles and larger clusters at the periphery, forming a
matrix of large aggregates. An irregular and indeterminate shape characterized the indi-
vidual particles. It is also worth noting that the TiO2 particles were embedded in unreacted
TTIP matrix. After the modification process using SiO2 and calcination in an argon atmos-
phere, the grains had a more regular spherical shape. An increase in the size of photocata-
lyst aggregates was also observed after modification (350-500 nm) compared to the start-
ing TiO2 (150-350 nm). This results from the tendency of silica particles to form larger
structures [47]. In addition, silica can effectively prevent the growth of TiO: crystallites
after calcination, and it is well known that the tendency of particle agglomeration/aggre-
gation is especially observed for small particles [38,39]. Both the starting TiO: and
5102(14.3%)/TiO2_400 particles tended to form large aggregates. However, it can be noted
that the aggregation ability of the photocatalyst particles increased due to the modification
of titanium dioxide with silica.

Figure 5. SEM images taken for (A,B) starting TiO2 captured at different magnifications and (C)
5i02(14.3%)/TiO2_400.

In Figure 6A,B, the UV-Vis/DR spectra of starting TiO, silica-modified TiO2 and sam-
ples calcined in an argon atmosphere are shown. The SiO2/TiOz materials exhibited typical
absorption of radiation in the UV area due to the intrinsic absorption of TiO: [48]. For the
starting TiO2_400 sample, an absorption peak was observed at 305 nm, which was related
to the transition of an electron from the valence band (O 2p) to the conduction band (Ti
3d) [49]. Compared with the reference sample, all silica-modified materials showed a shift
in the absorption edge toward lower wavelengths (blue shift). The values of the band gap
energy of SiOz/TiO:z photocatalysts were higher than the starting TiO2 because of the blue
shift that occurred due to modification. According to the literature [45], the increase in the
value of band gap energy can be attributed to the quantum effect. This increase in the
value of band gap energy causes a decrease in the energy valence band and an increase in
the edge of the conductivity band, which may lead to the slowdown of the electron-hole
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pair recombination process. In turn, the slowing the electron-hole pair recombination pro-
cess contributes to the increase in photocatalytic activity.
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Figure 6. UV-Vis/DR spectra of starting TiOz and silica-modified TiO2 prior (A) and after heat treat-
ment (B).

According to the data presented in Table 2, silica modification did not change the
surface character of the tested materials. After the modification, the surface of the
SiO»/TiO2 photocatalysts remained positively charged, as did the surface of the reference
sample without any SiO2 content. Silicon-derived bands were observed on the FT-IR spec-
tra of the studied samples. Ferreiry-Neto et al. [50] showed that modification of TiO2 with
silica causes a decrease in the zeta potential. Therefore, the TiO:2 photocatalysts modified
with silica showed lower zeta potential values than the starting TiOz. It is also important
to note the decrease in zeta potential for SiO2/TiO:z photocatalysts after heating compared
to non-calcined materials. Moreover, as the pH increased, the zeta potential value for these
samples decreased. The higher the pH, the lower the zeta potential value of tested mate-
rials. The 5i02(17.2%)/TiO2_400 sample showed the lowest zeta potential (+14.6 mV). Our
observations agree with those of Nowacka et al. [51], who found that the zeta potential
decreases with increasing pH value, confirming that the zeta potential value strongly de-

pends on pH.

Table 2. The band gap energy and zeta potential values of starting TiO2 and silica-modified titania

photocatalysts.
Sample Code Eg [eV] pH Zeta Potential d [mV]
starting TiO2 3.05+0.01 3.1 +38.9
5i02(2%)/TiOz2 3.09 +0.01 2.8 +35.8

5102(4%)/TiO:2 3.10+0.01 3.2 +35.7
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Si02(7.7%)/TiO2 3.12+0.01 32 +32.8
SiO2(11.1%)/TiOz 3.22+0.01 33 +33.6
Si02(14.3%)/TiO2 3.22+0.01 34 +31.0
Si02(17.2%)/TiO2 3.23+0.01 34 +31.0
starting TiO2_400 2.98 +0.01 41 +39.0

Si02(2%)/TiO2_400 3.07£0.01 40 +33.2
Si02(4%)/TiO2_400 3.11+0.01 42 +30.2
Si02(7.7%)/TiO2_400 3.15+0.01 43 +19.5
Si02(11.1%)/TiO2_400 3.23+0.01 44 +19.7
Si02(14.3%)/TiO2_400 3.22+0.01 44 +17.9
Si02(17.2%)/TiO2_400 3.24+0.01 45 +14.6

2.2. Photocatalytic Activity Test

The photocatalytic activity of the starting TiO2 and the new silica-modified TiO: pho-
tocatalysts were assessed based on the methylene blue degradation under the influence
of UV radiation. The photolysis of dye solution (without the addition of a photocatalyst,
see Figure 7) was also investigated. The experiment showed that the MB decomposition
due to the photolysis process was negligible (ca 0.5%). The distribution of methylene blue
in the presence of starting TiOz and TiO: modified with silica before and after heat treat-
ment is shown in Figure 8A,B. In addition, the results of the dye decomposition rate after
5 h of UV (138 W/m?2 UV in the range of 280400 nm and 167 W/m?2 VIS in the range of
300-2800 nm) irradiation were compared, as shown in Figure 9A,B. It should be noted
that all SiO2/TiO:2 photocatalysts showed higher activity compared to the photocatalyst
without the addition of 5iO:. Undoubtedly, the amount of silica used for modification
played an important role in the photoactivity of the tested samples. It was observed that
the decomposition degree increased with an increase in the SiO2 content in the sample (up
to 14.3 wt.% of SiOz). 5i02(11.1%)/TiO2 and Si0O2(14.3%)/TiO2 samples demonstrated the
highest activity, for which the methylene blue degradation degree was 40.99 and 42.73%,
respectively. In comparison, the MB decomposition degree for the starting TiO: was
7.19%. The silica modification contributed to an increase in specific surface area and pore
volume, as well as a change in the band gap energy value. All SiO>-modified samples
showed a higher specific surface area and pore volume than the starting TiOz. For exam-
ple, the specific surface area and pore volume of starting TiO2 sample were 193 m?/g and
0.109 cm?/g, respectively, and those of the SiO2(11.1%)/TiO2 sample were 208 m?/g and
0.265 cm?/g. In addition, the use of silica in the titanium dioxide modification process con-
tributed to the inhibition of Sser decrease in the range of materials after calcination. For
example, the size of specific surface area for starting TiO._400 sample was 54 m?/g, while
that for SiO2(11.1%)/TiO2_400 and SiO2(14.3%)/TiO2_400 was 121 m?/g and 135 m?/g, re-
spectively. It is well known that the specific surface area has an important role in increas-
ing photocatalytic activity [52]. The high surface area provides a number of active centers
that can adsorb a large number of pollutant molecules [53]. In the case of post-calcination
materials, a relationship between the increase in specific surface area and the increase in
the applied silica weighting was also noted. The higher the amount of silica in the material
composition, the higher the specific surface area. For example, the size of the specific sur-
face area for the sample SiO2(2%)/TiO2_400 was 89 m?g, and for the sample
Si02(17.2%)/TiO2_400, it was already 146 m?/g. This was related to the fact that silica in-
hibits the growth of crystallites. Another parameter influencing the improvement of the
photocatalytic activity was the change in the band gap energy. The band gap energy for
the Si02(11.1%)/TiOz and SiO2(14.3%)/TiOz2 (3.22 eV) samples was higher than for the start-
ing TiOz2 (3.05 eV). Moreover, a relationship between the increase in activity and the value
of band gap energy was observed. The higher the value of band gap energy, the higher
the activity. The highest activity was observed in photocatalysts, whose Eg value was 3.22
eV and 3.23 eV. Bao et al. [45] and Periyat et al. [54] suggested that the increase in band
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gap energy value slows down the electron-hole pair recombination process. This is since
an increase in the band gap energy reduces the energy valence band and increases the
edge of the conductivity band. The phase composition was also an important parameter
determining the activity. It is important to note that the photocatalysts that showed the
highest activity comprised 66-72% anatase and 28-34% brookite. Similar results were also
obtained by Allen et al. [55], who studied the effect of the brookite phase on the photoac-
tivity of TiO2. They showed that photocatalysts mixtures of anatase and brookite show
high photocatalytic activity. A photocatalyst obtained by calcination at 400 °C and con-
taining 69% anatase and 31% brookite in its composition removed about 97% of methyl
orange after 180 min of irradiation. This was explained by the fact that the conductivity
band of the TiO2 brookite phase is shifted more cathodically by 0.14 eV than that of ana-
tase. This displacement facilitates interfacial electron transfer to molecular oxygen. It
should be noted that photocatalysts after calcination showed higher activity compared to
non-calcined materials. The higher activity for the samples after calcination was attributed
to the larger crystallite size of anatase. The recorded increase in anatase crystallite size
indicates the transformation of the amorphous phase present in non-calcined materials.
Zhang et al. [56] determined that the photocatalytic activity is the highest when the ana-
tase crystallite size is around 10 nm, which concord with our observations. In our case,
the photocatalysts with a crystallite size up to 10 nm showed the highest activity.

1 E ——
0.8 1
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@]
0.4 1
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0 T T T T
0 1 2 3 4 5
Time [h]

Figure 7. Methylene blue photolysis curve during 5 h of UV light irradiation.
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Figure 8. Methylene blue decomposition under UV irradiation of starting TiO:2 and silica-modified
TiOz prior (A) and after calcination at 400 °C (B).
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and silica-modified TiO: prior (A) and after calcination at 400 °C (B).

In order to better understand the photocatalytic degradation of methylene blue, the
apparent reaction rate constants were determined. The degradation of methylene blue for
the starting TiO: 400 followed the zero-order model. However, for SiO2(4%)/TiO,
SiO2(7.7%)/TiOz,  Si02(17.2%)/TiO2,  SiO2(4%)/TiO2_400,  SiO2(7.7%)/TiO2_400 and
Si02(11.1%)/TiO2_400, the dye degradation followed a pseudo-first-order model. For all
other samples, the degradation followed a pseudo-second-order model. The linear trans-
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formations of zero order, pseudo-first order, and pseudo-second order are shown in Fig-
ure 10A—C. It can be seen that, after 3 h of radiation, the points on the graphs started to
deviate slightly from the typical linear curve. The observed reduction in reaction rate was
due to the formation of intermediates during the dye decomposition. According to the
data presented in Table 3, the highest ki values of methylene blue decomposition were
obtained for the heat-treated photocatalysts. Similar to the pseudo-first-order model,
higher k2 values were recorded for the materials after calcination. It should be noted that
the highest rate constant (0.052 L/(min-mg) was observed for SiO2(14.3%)/TiO2_400, and
this value is 17.3 times higher than for starting TiOx.
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Figure 10. The zero-order plot (A), the pseudo-first-order (B), and the pseudo-second-order plot (C)
of methylene blue decomposition.
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Table 3. The fitting parameters, zero, pseudo-first, and pseudo-second reaction rate constants for
methylene blue decomposition (after 5 h of UV radiation).

ko

k1 k2

Sample Code (mg/(L-min)) R? Sample Code (1/min) R? Sample Code (L/(min-mg)) R?
starting TiO2_400 0.583 0.99 Si02(4%)/TiO2 0.042 0.99 starting TiO: 0.003 0.99
Si02(17.2%)/TiOz 0.068 0.99 Si02(2%)/TiO2 0.003 0.99
Si02(7.7%)/TiOz 0.075 0.99  SiO2(2%)/TiO2_400 0.011 0.99

S5i02(4%)/Ti02_400  0.176  0.99  SiO2(11.1%)/TiO2 0.012 0.99

SiO2(7.7%)/TiO2_400  0.225 0.99  SiO2(14.3%)/TiOz 0.012 0.99

SiO2(11.1%)/TiO2_400 0294 0.98 SiOx(17.2%)/TiO>_400  0.046  0.99
Si02(14.3%)/TiO2_400  0.052  0.98

MB
degradation

2.3. Photocatalytic Mechanism

The proposed mechanism for methylene blue (MB) degradation in the presence of
Si0O2/TiO2 is shown in Figure 11. When the photocatalyst absorbs a photon with an energy
equal or greater than the band gap energy, the activation occurs, which means an electron
ejection from the valence band and its transfer to the conduction band with the generation
of an electron gap. The active hydroxyl radicals are generated. As an active oxidizing
agent, the hydroxyl radicals attack the MB presents at the surface of TiO2 and decompose
it into harmless species, such as carbon dioxide and water. However, it is well known that
the high recombination of photogenerated e~-h* pairs makes it difficult for the effective
photodegradation of pollutants. According to the literature [57,58], connection between
TiOz and SiO: (in our case, confirmed by the DRIFT analysis suggesting the presence of
Ti-O-5i band) enhances charge carriers’ separation (e~ and h*) and facilitates the transfer
between each other. Thus, the suppression of the electron-hole recombination is limited,
causing the enhancement in photoactivity.

e e e e e e e el )

Ml = o e

h hh hhh | ——

T
7 =01 MB
degradation
O
H:O/OH- MB

Figure 11. Schematic of the photocatalysis mechanism on SiO2/TiO: surface (based on [57]).
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3. Materials and Methods
3.1. Materials and Reagents

The SiO2/TiO:z photocatalysts were obtained with the sol-gel method using titani-
um(IV) isopropoxide TTIP (>97%, Sigma-Aldrich Co., Saint Louis, MO, USA) as a precur-
sor of TiOz, fumed silica (299.8%, Seer > 200 m?/g, average particle size 7-14 nm,
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PlasmaChem GmbH, Germany) as a silica precursor, isopropyl alcohol (pure p.a, Firma
Chempur®, Piekary Slaskie, Poland) as a solvent and hydrochloric acid (35-38% pure,
Firma Chempur®, Piekary Slaskie, Poland) as a promoter of the hydrolysis reaction. Meth-
ylene blue (purity > 82%, Firma Chempur®, Piekary Slaskie, Poland) was used as an or-
ganic dye compound in photocatalytic tests.

3.2. Preparation of SiO2/TiO:z Photocatalysts

The sol-gel method was used to obtain SiO:/TiO2 photocatalysts. Titanium(IV) iso-
propoxide and fumed silica were chosen as TiO: and SiO: precursors, respectively. At
first, 5 mL of titanium precursor was dropwise added to 15 mL of isopropyl alcohol. Then,
2,4,7.7,11.1,14.3, or 17.2 wt.% of silica precursor was added. Next, the pH of the obtained
solution was adjusted to 2 with hydrochloric acid. Then, the hydrolysis process was
started by slowly adding 100 mL of water: isopropyl alcohol mixture (25:75 v/v). In the
end, the solution was placed in a magnetic stirrer for 1 h and then left for the ageing pro-
cess taking 24 h. The obtained gel was dried in a muffle furnace at 100 °C for 24 h. Finally,
the received material was calcined at 400 °C in a tube furnace under an argon atmosphere
(60 mL/min, purity: 5.0, Messer Polska Sp. z 0.0., Chorzéw, Poland). The obtained photo-
catalysts were determined as follows: SiO2(x%)/TiO2_400, where x is the weight percent-
age of SiOz in the sample and 400 is the heating temperature. The reference sample, la-
belled as a starting TiO2, was also received using the same method but without silica.

3.3. Characterization Methods

Diffuse reflectance DRIFT spectra were recorded using FT-IR-4200 spectrometer
(JASCO International Co. Ltd., Tokyo, Japan) equipped with a DiffuselR accessory (PIKE
Technologies, Cottonwood Dr, Fitchburg, WI, USA) and were examined in the range of
4000—400 cm™. The crystalline structure of received photocatalysts was identified utilizing
XRD analysis (Malvern PANalytical B.V., Almelo, The Netherlands), using Cu Ka radia-
tion (A = 0.154056 nm). The XRD diffractograms were collected in the range of 20-80° on
20 scale. The PDF-4+ 2014 International Centre for Diffraction Data database (04-0028296
PDF4+ card for anatase and 04-007-0758 PDF4+ card for brookite) was used for the speci-
fication of the phase composition. The mean crystallite sizes of the nanomaterials were
calculated using the Rietveld method. The surface area (Sser) and pore volume of the
tested photocatalysts were calculated from the nitrogen adsorption—desorption measure-
ments at 77 K carried out in QUADRASORB evoTM Gas Sorption analyzer (Anton Paar
GmbH, Graz, Austria). All samples were degassed at 100 °C for 16 h under a high vacuum
before measurements to preclean the surface of the tested samples. The total pore volume
(Viota) was calculated from the adsorbed nitrogen after the pore condensation was com-
pleted at a relative pressure p/po=0.99. The volume of micropores (Vmicro) was determined
using the Dubinin-Radushkevich equation. The volume of mesopores (Vmeso) was deter-
mined as the difference between Viotal and Vmicro. The surface nature of the studied materi-
als was determined from scanning electron microscopy SEM images. The SU8020 Ultra-
High Resolution Field Emission microscope (Hitachi Ltd., Tokyo, Japan) was used for the
measurements. The UV-Vis/DR diffuse reflection spectra of the prepared samples were
recorded in the range of 200-800 nm using a V-650 UV-Vis spectrophotometer (JASCO
International Co., Tokyo, Japan) equipped with an PIV-756 integrating sphere accessory
for studying DR spectra. Spectralon (Spectralon® Diffuse Reflectance Material, Labsphere,
USA) was used as the standard sample. The values of the band gap energy (Eg) of the
studied photocatalysts were calculated with the Kubelk-Munk Equation (1) [59]:

F(R) = (1 -R)?/2R M

where
F(R) —radiation absorption coefficient;
R—reflectance.
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From the above equation, the radiation absorption coefficient was determined. Next,
the dependence of energy corresponding to each wavelength was plotted against the
square of the inverse of the energy product and the absorption coefficient (F(R)-E)"2. Fi-
nally, a tangent was drawn where the fit is closest to the energy change curve. After trans-
forming the equation of the plotted line, the value of band gap energy was obtained.
ZetaSizer NanoSeries ZS (Malvern Panalytical Ltd., Malvern, UK) was used to determine
the zeta potential values. The zero-order reaction rate constant can be described as (Equa-
tion (2)) [60]:

Co— Ce= kot (2)

The pseudo-first reaction rate constant was determined using the Langmuir-Hin-
shelwood kinetics model, as shown in Equation (3) [61]:

In(Co/Ct) = kKt = kit ©))
While the pseudo-second reaction rate constant can be described as (Equation (4))
[62]:
1/Ct—=1/Co = kot 4)
where:

Co—initial concentration of the methylene blue in solution [mg/L];
Ci—concentration of the methylene blue at time t [mg/L];
ko—zero-order reaction rate constant [mg/(L-min)];
ki—pseudo-first reaction rate constant [1/min];
ke—pseudo-second reaction rate constant [L/(min-mg)];

t—time of irradiation [min];

K—adsorption coefficient of the reactant [L/mg].

3.4. Photocatalytic Activity Test

The photocatalytic activity of the obtained SiO2/TiO2 materials was determined using
a methylene blue (MB) solution (10 mg/L) as a model water pollutant. During the experi-
ment, a glass beaker containing 0.2 g/L of the tested photocatalyst and 0.5 L of MB solution
was placed under an artificial UV-VIS light source comprised of six lamps with the power
of 20 W each (Philips) with the radiation intensity of about 138 W/m2 UV (for the range of
280-400 nm) and 167 W/m? VIS (for the range of 300-2800 nm). The emission spectrum of
the lamp used is shown in Figure 12. Prior to irradiation, the suspension was stirred in the
dark for 1 h to establish the adsorption-desorption equilibrium. After that, the lamps were
switched on, and the suspension was irradiated for 5 h while maintaining vigorous stir-
ring. A sample (10 mL) of the suspension was collected every 1 h and then centrifuged to
separate the photocatalyst from the MB solution to determine the MB degradation. The
methylene blue absorbance was measured by the V-630 UV-Vis spectrometer (Jasco Inter-
national Co., Tokyo, Japan). The degradation degree of methylene blue was described
with C/Co formula, where C: stands for the dye absorbance at a given time point and Co
for the dye absorbance after adsorption.
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Figure 12. Emission spectrum of the UV-VIS lamp (6 x 20 W, Philips), 138 W/m? UV for 280-400 nm
and 167 W/m?2 VIS for 300-2800 nm.

4. Conclusions

In conclusion, SiO2/TiOz2 nanomaterials were prepared by a sol-gel method combined
with a calcination process at 400 °C in an inert gas atmosphere. In this paper, fumed silica
was used as a silica precursor for the first time. The presence of SiO:z on the TiO: surface
was confirmed by FT-IR/DRS infrared spectroscopy. The relationships between the effects
of different properties on the photocatalytic activity of the obtained materials were deter-
mined. It was found that the modification with SiO: increased the specific surface area
and total pore volume. In addition, the presence of a modifier contributed to a change in
the value of band gap energy and effectively inhibited the growth of crystallites during
thermal modification. The photoactivity of the obtained samples was investigated by the
degradation of methylene blue under UV irradiation. In general, it was found that the
applied modification of titanium dioxide using SiOz, both without and with the calcina-
tion phase, contributed to the increase in photocatalytic activity. All the obtained photo-
catalysts showed higher activity (up to 75.81%) than the starting TiOz, which removed
only 7.19% of methylene blue. Moreover, the photocatalytic activity increased with in-
creasing SiO2 content in the sample. Samples containing 11.1 and 14.3 wt.% SiO2 showed
the highest removal of methylene blue.
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