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Abstract In order to obtain aerogel-based photocatalytic
materials with higher adsorptivity and photocatalytic
activity, SiO,—W,TiO, composite aerogels were synthe-
sized by the method of combining freeze drying with sol-
vothermal crystallization under the guidance of bacterial
cellulose using BC-SiO, composite gel as skeleton. The
influences of W/Ti mol ratio, solvothermal process para-
meters on the microstructure and properties of the
Si0,-W,TiO, composite aerogels were investigated. The
results indicate that the obtained composite aerogels have
higher specific surface area with 2907-377 m*g ™' and pore
volume with 0.46-0.66cm®g~'. The adsorption/photo-
catalysis test indicates that the obtained aerogels showed
prominent adsorption/photocatalytic activity, and the
adsorption/photocatalytic degradation rate for Rhodamine B
in aqueous solution could attain to 95 % within 120 min,
which is obviously better than that of P25. With the increase
of solvothermal crystallization time, the adsorption/photo-
catalysis tends to increase and the SiO,—W, TiO, composite
aerogel sample exhibited better removing efficiency for
Rhodamine B. Doping of 2-3% W is favorable for
improving the adsorption/photocatalytic properties of the
Si0,—W,TiO, composite aerogels.
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Graphical abstract The SiO,—W,TiO, composite aero-
gels were synthesized by the method of combining freeze
drying with solvothermal crystallization under the guidance
of bacterial cellulose (BC). The presence and hydrolysis of
BC as a template and inducer during the solvothermal
process played an important role in enhancing the porous
network structure of the composite aerogels and inducing
the deposition/crystallization of W, TiO, nanoparticles. The
Si0,—-W,TiO, composite aerogels exhibited higher
adsorptivity and photocatalytic activity simultaneously.
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1 Introduction

As is well known, titania has excellent ultraviolet (UV)
photocatalytic properties, and its photocatalytic efficiency
can be improved further by adjusting its specific surface
area, crystallinity and band gap energy [1-5]. It is reported
that the recombination time of photo-generated electron-
hole of TiO, can be extended by doping other metal ions or
combining with other oxide semiconductor so as to further
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improve its photocatalytic efficiency or photocatalysis in the
visible light region [6—10]. Because the conduction band of
WO; is lower than that of TiO,, the coupling of them is
beneficial to the electron transition to the conduction band
of TiO,, which causes the improvement of the quantum
efficiency and photocatalytic performance in the visible
light region [11-14]. In our previous research [15], the
hydrothermal synthesis of WO3—TiO, particles was inves-
tigated, and the results indicated that the sample with 2 mol
%W O;-TiO, exhibited best photocatalytic properties.

Apart from photocatalysis, adsorption is another power-
ful strategy for environmental purification. Silica arogels are
unique mesoporous materials with higher specific surface
area, large pore volume and excellent adsorption ability, and
thus can be widely used in the adsorption of harmful pol-
lutants in the air and water [16—-18]. As is reported, pre-
paration of TiO,—SiO, composite aerogels is favorable for
achieving higher removing efficiency for harmful pollutants
in the environment due to the synergistic promotion effect
of adsorption and photocatalysis. In the last few years,
TiO,—-Si0, composite aerogel materials have attracted much
attention because they have broad application prospects in
the field of environmental purification [19-21]. The usual
method of preparing TiO,—SiO, composite aerogel is mix-
ing TiO; sol or TiO, powders directly with SiO, sol to get
composite sol-gel and then using different drying method to
obtain the composite aerogel products [22-24]. However, it
is difficult to obtain the composite aerogel with higher TiO,
content and crystallinity by conventional sol-gel and sur-
face modification/ambient pressure drying method [25]. Zu
et al. [26] synthesized TiO,—SiO, composite aerogels by
chemical liquid deposition and supercritical drying method,
in which the SiO, wet gel was immersed in the partially
hydrolyzed titania alkoxides sol for a period of time to
deposit TiO, nanoparticles in the network of SiO, gel.
Nevertheless, additional heat treatment was still required to
further improve the crystallinity of TiO,, and the super-
critical drying method is not ideal for production on a large
scale owing to the long preparation period, low yield and
high-cost.

Recently, bacterial cellulose (BC) has been attracting
great interest in synthesizing mesoporous aerogel-based
materials as template. BC is different from traditional seg-
mented copolymer, it is a kind of special biological polymer
gel with three-dimensional network structure formed by
microfiber [27-29]. Sai et al. [30] prepared flexible and
crack-free BC— SiO, composite aerogels by sol-gel and
freeze drying method, and it was found that the obtained
BC-SiO, composite aerogels showed excellent robustness
and flexibility due to the synergic effects of the BC matrix
and SiO, gel skeleton. It was also reported that lightweight
porous magnetic aerogels could be prepared by using the
freeze-dried BC nanofibril aerogels as template for the

growth of cobalt ferrite nanoparticles [31]. Thus, it can be
expected that using a combined network structure of SiO,
gel with functional template BC as the skeleton of TiO,
deposition and combining with solvothermal crystallization
may be more favorable for obtaining composite aerogels
with higher pore volume and higher TiO, content and
crystallinity. However, synthesis of photocatalyst-SiO,
composite aerogel by the method of combining freeze
drying with solvothermal crystallization under the guidance
of BC has not been reported yet.

Therefore, in this study, Si0O,—W,TiO, composite aero-
gels have been prepared by freeze drying method using
BC-SiO, composite gel as precursor via soaking of
WO;3-TiO, solution and solvothermal crystallization. The
effects of the W/Ti molar ratio and solvothermal crystal-
lization process on the microstructure and properties of the
composite aerogels were investigated. The mechanism of
forming photocatalyst—SiO, composite aerogels with higher
pore volume and crystallinity through solvothermal crys-
tallization followed by freeze drying method was discussed.
The synthesis method in this work is of great reference
value for preparing other kinds of photocatalyst—SiO,
composite aerogels, and the as-prepared SiO,—W,TiO,
composite aerogels will have a broad application prospect in
the field of wastewater treatment and air purification.

2 Experimental
2.1 Preparation of BC-SiO, composite gel

First, the BC (ShangHai YiFang Rural Technology Hold-
ings Co. Ltd) was heated in a concentrated 2M KOH
solution and was washed repeatedly with deionized water so
as to remove sugar. Then, it was made into paste with a
juicer.

The water glass was diluted with deionized water (the
volume ratio of water glass/deionized water = 1:6), and
then was ion exchanged with 732 cation exchange resin to
obtain silica acid with pH = 2-3. BC was mixed with silica
acid with the volume ratio of BC/silica acid = 1:10. After
vigorous stirring for 10min, gelation of BC/silica acid
mixture occurred and the BC-SiO, composite gel was
obtained after aged for 2 h.

2.2 Preparation of SiO,—W,TiO, composite aerogels

First, The WO3-TiO, precursor solution was prepared with
the molar ratio of W/Ti = 1-5% by adding a certain amount
of 0.5 mol/L. HyWO, solution into the 3 mol/L TiCl, solu-
tion and stirring for 30 min. Then, the above obtained
BC-SiO, composite gels were divided into small pieces
with about 1cm® and were immersed in equal volume
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Fig. 1 The flow chart of preparing SiO,—W,TiO, composite aerogels

WO5-TiO, solution for 24 h to obtain SiO,—W,TiO, com-
posite gels. After transferring the composite gels with 100
ml ethanol into a 200 ml Teflon-lined autoclave, the sol-
vothermal crystallization was carried out at 100 or 180 °C
for 3-51h. Finally, the obtained white SiO,—W,TiO,
composite gels were freeze dried for 20h to obtain
Si0,—-W,TiO, composite aerogels. Figure 1

2.3 Characterization

The surface groups of the obtained SiO,—W,TiO, compo-
site aerogels were analyzed by FT-IR/NIR Spectrometer
(Spectrum two, PerkinElmer, US). The phase and structure
of composite aerogels were characterized by X-ray dif-
fractometer (XRD-7000, SHMADZU, Japan) using Cu
anode target, tube voltage 40kV, tube current 45 mA,
scanning range 15-80°. The thermal evolution process of
bacterial cellulose and composite aerogels was studied by
the differential thermal analyzer (DTA, WCR-2D, Beijing
Optical Instrument Factory). A field emission scanning
electron microscopy (FESEM, JEOL JSM-7800F, Japan)
and transmission electron microscope (TEM, JEOL JEM-
2100UHK, Japan) were used to observe the surface mor-
phology and microstructure of the composite aerogels. The
pore structure of composite aerogels was characterized by
N, adsorption—desorption specific surface area analyzer
(SSA-4200, BJbuilder, China). The specific surface area of
the sample was calculated from N, physisorption
Brunauer-Emmet-Teller (BET) equation, and the pore
volume and pore size distribution of the samples were
obtained by Barrett—Joyner—Halenda (BJH) model in the
desorption stage. The Ultraviolet—Visible (UV-Vis)
absorption spectra was measured by UV-VIS Spectro-
photometer (Lambda35, PerkinElmer, US).

The organic dyes Rhodamine B (RhB) was used for
evaluating the adsorption/photocatalysis capability of the
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Fig. 2 FTIR spectra a and XRD patterns b of SiO,-2mol%W,TiO,
composite aerogels with different solvothermal crystallization time at
100 °C

Si0,—-W,TiO, composite aerogels. First, 0.1 g composite
aerogel samples were added into a 250 ml beaker with
100ml 1 x 107> M RhB solution together. During the
adsorption experiment, the RhB solution was stirred in dark
environment. At regular intervals, the upper clear super-
natant liquid was measured using UV-Vis spectro-
photometer (UV751 GD) at wavelength 554 nm. After 60
min of adsorption, the photocatalytic capability was deter-
mined by the optical absorbance of the solution after high
pressure mercury lamp (the output power was 125 W, K >
400 nm) irradiation for different time, with the distance
between reactor and light source being about 64 cm.

3 Results and discussion

Figure 2a shows the IR spectra of BC and the synthesized
Si0,-2mol% W ,TiO, composite aerogels with solvothermal
crystallization at 100 °C for different time. It is evident that
apart from the Si-O-Si group (absorption peak at about
1101 cm ™), hydrophilicity of the composite aerogels can

be verified by the absorption peaks at 3419 and 1625 cm ™',
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which corresponds to the stretching of -OH and deformation
of H-O-H groups, respectively. Additionally, there is no
significant change in the infrared spectra with the increase
of solvothermal time. However, by comparison with the
BC, there is no peak at 2910cm ™" corresponding to -CH-
groups in the spectra of composite aerogels, which indicates
that the BC chains decomposed during the solvothermal
crystallization.

Figure 2b shows the X-ray diffraction (XRD) patterns of
the synthesized SiO,—2mol%W,TiO, composite aerogels
with different solvothermal crystallization time at 100 °C.
All the XRD patterns have diffraction peaks at 25.3°, 37.8°
and 48.0°, which correspond to (101), (001) and (200) of
anatase TiO, crystal phase (standard spectrum PDF No. 21-
1272), respectively. It is obvious that the composite aero-
gels after freeze drying with solvothermal crystallization at
100 °C exhibited obvious anatase TiO, crystal phase, but its
crystallinity is not high. With the extension of the sol-
vothermal crystallization time, the crystallinity of anatase
TiO, crystal increased gradually, but the composite aerogels
prepared by solvothermal deposition for 51h at 100 °C
exhibited still a lower crystallinity.

In order to further improve the crystallinity of anatase
TiO; in Si0,—W,TiO, composite aerogels, the temperature
of solvothermal crystallization was increased to 180 °C. The
XRD patterns of the synthesized SiO,—W,TiO, composite
aerogels by solvothermal crystallization for 3h at 180 °C
with different W/Ti molar ratio is shown in Fig. 3. It can be
seen that all of the synthesized SiO,—W,TiO, composite
aerogels with solvothermal crystallization for 3 h at 180 °C
exhibit higher crystallinity. The diffraction peaks corre-
sponding to (101), (001) and (200) of anatase TiO, crystal
phase have a slight shift, which suggests that the incor-
poration of a small amount of W causes the lattice structure
of anatase TiO, slightly changed. However, due to the
extremely low content of WO3, the diffraction peak of WO5
crystal phase is not reflected in the XRD spectra.

The DTA curves of BC and the synthesized SiO,—2mol%
W,TiO, composite aerogels with solvothermal crystal-
lization for 3 h at 180 °C are shown in Fig. 4. It is obvious
that the exothermic peak at 313 °C in the DTA curve of the
BC is due to the decomposition of BC. However, the DTA
curve of the composite aerogel using BC as template has a
similar exothermic peak about 254 °C with the composite
aerogel without BC as template, indicating that there is no
BC in the composite aerogels because of hydrolysis of BC
to glucose group in the network during solvothermal crys-
tallization. The exothermic peak at 254 °C corresponds to
the decomposition of the glucose group. It is suggested that
the hydrolysis of BC during the solvothermal crystallization
is not only favorable for achieving higher pore volume of
composite aerogel, but also beneficial to the deposition and
growth of W, TiO, particles. That is the main reason that
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Fig. 3 XRD patterns of the SiO,—W,TiO, composite aerogels with
solvothermal crystallization for 3 h at 180 °C and different W/Ti molar
ratio
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Fig. 4 DTA curves of BC and the synthesized SiO,—2mol%W,TiO,
composite aerogels with solvothermal crystallization for 3 h at 180 °C
with and without using BC as template

Si0,—-W,TiO, composite aerogels with higher pore volume
and TiO, crystals content could be obtained by the sub-
sequent freeze drying method.

Figure 5 shows the SEM images of the SiO,—W,TiO,
composite aerogels synthesized with different solvothermal
condition and W/Ti molar ratio. It can be seen that the
synthesized composite aerogels contains 20-30 nm sphe-
rical clusters and pores less than 10 nm between them. The
extension of the solvothermal crystallization time resulted
in the tendency of the particles growing up (Fig. 5a-b). On
the other hand, the W/Ti molar ratio has no significant effect
on the size of the composite aerogel particles (Fig. Sc—d).

Figure 6 shows the TEM images of pure SiO, aerogels
without W, TiO, deposition and the synthesized SiO,—2mol%
W,TiO, composite aerogels with solvothermal crystal-
lization for 3 h at 180 °C. The sample pure SiO, aerogel in
Fig. 6a, b was prepared by solvothermal treatment of the
precursor BC—SiO, composite gel under the same pH
conditions with the SiO,~W,TiO, composite aerogels
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Fig. 5 SEM images of the
Si0,-W,TiO, composite
aerogels synthesized with
different solvothermal
parameters and W/Ti molar
ratio: a Si0,—2mol%W,TiO,,
100 °C, 3 h; b SiO,—2mol%
W, TiO,, 100 °C, 27 h; ¢
Si0,—-1mol% W, TiO,, 180 °C,
3 h; d SiO,-5mol%W,TiO,,
180°C, 3h

followed by freeze drying. It can be found that the pure
SiO, aerogel after freeze drying consists of SiO, nano-
particles about 10 nm and lots of pores about 20 nm con-
sistent with the width of BC due to its complete hydrolysis
during the solvothermal process. As shown in Fig. 6c, d, the
Si0,—2mol% W, TiO, composite aerogel consists of bigger
particles and smaller pores than the pure SiO, aerogel. It is
reasonable that after the SiO,—BC precursor gel soaked with
the mixed solution of H,WO,/TiCl, underwent the process
of solvothermal crystallization, the W, TiO, nanoparticles
were deposited in the network structure of the gel, which
caused a certain degree of decrease of the pore size in the
aerogels. In the high-resolution transmission electron
microscopy image of the composite aerogel, the character-
istic crystal lattice spacing of 0.35 nm is observed, corre-
sponding to the (101) plane of anatase TiO,, which means
that the anatase TiO, crystals is embedded in the porous
network of the composite aerogels.

Figure 7 shows the schematic diagram of the formation
mechanism of the SiO,—W,TiO, composite aerogels with
solvothermal crystallization and freeze drying method.
When the precursor BC-SiO, gel soaked with the mixed
H,WO,/TiCl,; solution underwent the process of sol-
vothermal crystallization, firstly large number of polar
groups (—OH) on the surface of BC would attract the
W,TiO, nanoparticles to deposit. With the advance of sol-
vothermal reaction, the W, TiO, nanoparticles continuously
deposited, accompanied with crystallization and growing
up. In the meantime, the BC was rapidly hydrolyzed under
the condition of strong acid, high temperature and pressure,

@ Springer

forming cellotetrose, cellotriose, cellobiose, and the final
product of D-(+)-glucose (see Eq. 1). The space left by
hydrolysis of BC is beneficial to the increase of pore
volume of the composite aerogels, at the same time, the
polysaccharide produced by hydrolysis of BC promoted
further the deposition of W,TiO, particles. Therefore, in
this study, the presence of BC in the composite gel and the
hydrolysis of BC during the solvothermal process played a
role in adjusting and improving the porous network struc-
ture and crystallization of the composite aerogels. It is
because of the role of the BC which was used as an
expanding agent and induced the deposition and crystal-
lization of particles during the solvothermal crystallization
process that the SiO,—W,TiO, composite aerogels prepared
by freeze drying exhibit higher TiO, content and porous
structure with high pore volume. So the as-prepared com-
posite aerogels are expected to exhibit higher adsorption
and photocatalytic degradation efficiency for organic
pollutants.

H, O H, O H,O
(C6H100s), = (CH100s)4 = (CeH100s); = (1)
H,0
CioH» Oy, # CeH1206

Figure 8a shows the N, adsorption—desorption isotherms
of the synthesized SiO,—W,TiO, composite aerogels. All
the curves of the composite aerogels with different W/Ti
molar ratio accord with the characteristics of IV type in
IUPAC classification with obvious hysteresis loop, which
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Fig. 6 TEM images of the
composite aerogels: a, b SiO,
aerogel without W, TiO,
deposition; ¢, d Si0,—2mol%
W,TiO, composite aerogels
with solvothermal crystallization
for 3h at 180 °C (inset is the
HRTEM image of the composite
aerogel)

Fig. 7 Schematic diagram of the o :
formation mechanism of the
Si0,-W,TiO, composite
aerogels with solvothermal
crystallization and freeze drying
method

SiO: particle

BC-SiO, gel

indicate that the prepared Si0,—W,TiO, composite aerogels
have typical characteristics of mesoporous materials. The
pore size distribution profiles of the composite aerogels are
shown in Fig. 8b. It can be seen that the pore size is mostly
in the range of 3—7 nm for the composite aerogels. With the
increase of W/Ti molar ratio, the pore size of the composite
aerogels decreased gradually. The BET analysis results and
crystal phase of the SiO,—W,TiO, composite aerogels are
shown in Table 1. It can be found that the specific surface
area of the composite aerogels is in the range of 297 -377
m?/g, and the pore volume decreases with the increase of
W/Ti mol%, indicating that the incorporation of W will

“===. bacterial cellulose

Immersing in
H,WO,TiCl,
solution

—)

deposition of
(WO,), TiO,

hydrolyzation
of bacterial cellulose

freeze drying

affect the pore structure of the composite aerogels to a
certain extent. In our previous work [32], the as-prepared
composite aerogels using different cellulose as templates
was compared. It was found that the BC-derived composite
aerogel has higher pore volume and pore size than that of
without template. Moreover, the composite aerogel with BC
as template has the biggest pore size, much bigger than that
of the aerogel synthesized with nano-cellulose as template.
During the gelatinization, BC will form a cross chain
structure with SiO, gel, and the complete network structure
containing BC chains may still be retained partly after
solvothermal crystallization process, which is favorable for
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forming porous structure. Therefore, it is concluded that BC
is an ideal template for synthesizing porous composite
aerogel materials.

The UV-Vis absorption spectra and (Ahv) “—hv rela-
tionship of the composite aerogels with different W/Ti
molar ratio are shown in Fig. 9. As is shown in Fig. 9b, the
band gap of the prepared composite aerogels is between
2.82-2.88 ¢V, which is lower than 3.2eV of P25. This
result indicates that incorporation of W can reduce the band
gap of the composite aerogel, which is favorable for its
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Fig. 8 N, adsorption-desorption isotherm a and pore size distribution
b of the SiO,—W,TiO, composite aerogels with solvothermal crys-
tallization for 3 h at 180 °C and different W/Ti molar ratio

achieving excellent photocatalytic performance under visi-
ble light irradiation with lower energy apart from the the
UV irradiation with higher energy.

Figure 10a shows the adsorption/photocatalytic perfor-
mance for RhB of the synthesized SiO,—2mol%W,TiO,
composite aerogels with solvothermal crystallization at
100 °C for different time. It can be seen that the adsorption/
visible light photocatalytic activity of the composite aero-
gels was significantly improved with the extension of the
solvothermal time. The reason is that with the extension of
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Fig. 9 UV-Vis absorption spectra a and (Ahv)">~hv relationship

derived from the absorption spectra b of the SiO,—~W,TiO, composite
aerogels with solvothermal crystallization for 3 h at 180 °C and dif-
ferent W/Ti molar ratio

Table 1 The BET analysis results and crystal phase of the obtained SiO,—W,TiO, composite aerogels with solvothermal crystallization for 3 h at

180 °C and different W/Ti molar ratio

W/Ti Solvothermal temperature and Specific surface Pore diameter Pore volume Crystal phase
mol% time (°C/h) area (mZ/g) (nm) (cmS/g)

1 180/3 377 7.00 0.660 Anatase TiO,
2 180/3 297 7.02 0.522 Anatase TiO,
3 180/3 301 6.80 0.515 Anatase TiO,
4 180/3 359 5.14 0.460 Anatase TiO,
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Fig. 10 The adsorption/photocatalytic degradation curves for RhB of
the SiO,—W,TiO, composite aerogels synthesized under different
conditions a solvothermal crystallization at 100 °C for different time
with W/Ti mol% = 2%; b solvothermal crystallization at 180 °C for
3 h with different W/Ti mol%

solvothermal time, the BC hydrolysis proceeds more com-
pletely with leaving larger amount of pores, which provided
the composite aerogels with better adsorption. In addition,
with the increase of the solvothermal time, the deposition
amount and crystallinity of W,TiO, nanoparticles were
increased, enhancing the adsorption/visible light photo-
catalytic ability of the composite aerogels for RhB. Com-
pared with P25 powder, the adsorption/photocatalytic
performance of the composite aerogels was all higher than
that of P25 except the sample with solvothermal 3 h, which
indicates that the synergy of adsorption and photocatalysis
of the composite aerogels is favorable for improving the
removal efficiency of organic pollutants in wastewater.
The adsorption/photocatalytic degradation curves for RhB
of the SiO,—W,TiO, composite aerogels by solvothermal

crystallization for 3 h at 180 °C with different W/Ti molar ratio
are shown in Fig. 10b. It can be seen that all of the prepared
composite aerogels have good adsorption performance for
RhB, and the adsorption rate of the composite aerogel with 1%
W/Ti mol% reached 54.4% in 60 min. With the increase of W/
Ti mol%, the adsorption capacity tended to decrease owing to
the decrease of the pore volume as is shown in Table 1. It is
obvious that the adsorption capacity of the composite aerogels
was higher than that of the P25 powder (32.1% in 60 min) due
to the high specific surface area and pore volume. In addition,
the composite aerogels with 1 and 2% W/Ti mol% exhibit best
adsorption/photocatalytic properties, with the total adsorption/
photocatalytic degradation efficiency for RhB attaining to
96.8% with 120 min.

4 Conclusion

The SiO,—W,TiO, composite aerogels were synthesized by
solution immersion, solvothermal crystallization and freeze-
drying method using SiO,—BC gel as precursor skeleton.
The prepared composite aerogels have higher specific sur-
face area with 297-377m”g ' and pore volume with
0.46-0.66 cm®g ', and the main crystalline phase is the i
anatase TiO, with higher crystallinity. The presence and
hydrolysis of BC as a template and inducer during the
solvothermal process played an important role in enhancing
the porous network structure of the composite aerogels and
inducing the deposition/crystallization of W, TiO,
nanoparticles.

The adsorption/visible photocatalytic degradation effi-
ciency for the organic dye (RhB) of the composite aerogels
was significantly higher than that of pure P25 powder.
Doping of 2-3% W and increasing the solvothermal crys-
tallization time are favorable for improving the adsorption/
photocatalytic performance of the composite aerogels.
Therefore, the SiO,—W,TiO, composite aerogels in this
study had a broad prospect to be used as a high efficient
photocatalyst in the field of wastewater treatment and air
purification.
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