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a  b  s  t  r  a  c  t

Toluene  is a  typical  volatile  organic  compound  (VOC),  which  is  harmful  to human.  The  novel  mesoporous
TiO2 composite  fibers  with  optimal  SiO2 content  were  fabricated  via  electrospinning  the  relevant  gel  pre-
cursor, and  were  characterized  by XRD,  SEM,  TEM,  TG–DTA,  UV–vis,  and  BET  surface  analysis,  respectively.
Through  photocatalytic  degradation  of  gaseous  toluene  with  these  nanostructured  fibrous  catalysts,  it has
vailable online 17 September 2013

eywords:
oluene
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egradation mechanism

shown  that  10%  silica  doped  TiO2 nanofibers  displayed  the  highest  degradation  rate among  a  lot  of  titania
fibers with  different  silica  content,  and  whose  reaction  rate  is  two-fold  enhancement  than  Degussa  P25.
What  is  more,  it is  easy  to fix  and  recycle  nanofibrous  catalysts.  Furthermore,  the  degradation  pathway
of cleaning  toluene  has  been  verified  based  on  GC–MS  detection.

Crown Copyright ©  2013 Published by Elsevier B.V. All rights reserved.
. Introduction

Nowadays, it is very urgent to clean toxic toluene, one most typ-
cal volatile organic compound (VOC), from indoor air, due to a good

any of people are suffering from them released from construction
rojects, interior decorations, daily necessities, and so on [1–3].

Up to date, various approaches have been used to clean toluene
uccessfully, such as absorption, biofiltration, condensation and
atalytic processes. However, they are usually restricted in actual
pplication because of their high cost of equipment and opera-
ions, secondary pollution and complex pretreatment processes,
tc. [4–8]. The photocatalytic oxidation (PCO) process attracts
uge attentions due to its superior advantages of cost-effective,

nvironmentally friendly and higher efficiency in cleaning VOCs
nder ultraviolet or near-UV light source. What is more, it can
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ankai University, Tianjin 300071, PR China. Tel.: +86 22 23502756;

ax: +86 22 23502756.
∗∗ Corresponding author at: Department of Chemistry, Tianjin University, Tianjin
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920-5861/$ – see front matter. Crown Copyright ©  2013 Published by Elsevier B.V. All ri
ttp://dx.doi.org/10.1016/j.cattod.2013.08.018
be realized that VOCs could be turned into CO2 and H2O under
ambient conditions without other harmful byproducts [9].

Titanium oxide (TiO2) is the most famous n-type semicon-
ductor PCO catalysts, which has been used for photocatalytic
degradation of many organic pollutants, because of their remark-
able advantages, such as inexpensive, biological and chemical
inertness, structural stability [10,11]. However, while using pure
anatase TiO2 for cleaning toluene or other organic pollutants, the
lower degradation efficiency and necessary long irradiation period
greatly limit its practical applications [12–14]. Moreover, several
methods have been developed to increase its photocatalytic activ-
ity, such as metal, transition metal or non-metal deposition, or
coupling with a narrow band gap semiconductor [15–17]. Wang
and coworkers have prepared C-doped hollow mesoporous TiO2
microspheres, which exhibited higher photocatalytic activity for
removing toluene [18]. Ge’s group found that the total conversion
ratio of benzaldehyde and benzoic acid could exceed 80% when
using Ag element doped V2O5/TiO2 as catalyst [19]. However, all the
above catalysts all face the difficulties about how to fix or recycle
used catalysts.

Recently, one-dimensional nanostructured fibers can found to

be prepared through electrospinning their relevant gel precursors,
which aroused people’s widespread interests due to their flexibility
cloths, low cost and high yield. Therefore, electrospun fibers have
been widely used to clean pollutants in air or water environment

ghts reserved.

dx.doi.org/10.1016/j.cattod.2013.08.018
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2013.08.018&domain=pdf
mailto:sihuizhan@nankai.edu.cn
mailto:sihuizhan@gmail.com
mailto:liyi@tju.edu.cn
dx.doi.org/10.1016/j.cattod.2013.08.018


is Tod

[
o
b
c

d
t
p
g
S
u
s
t
g
a
(
m
i

2

2

t
(
S
I
a
s
a
1
1
o
f
3
u

f
f
s
t
w
C
s
a
t
p
f
o
m
S

2

u
T
(
fi
2
(
t
T
r

S. Zhan et al. / Catalys

20–23]. While using electrospun nanofibrous catalysts to remove
rganic pollutants, several practical drawbacks of nanoparticles can
e overcome, because it is very easy to fix and recycle these fibrous
atalysts.

In this paper, mesoporous TiO2 nanostructured fibers with
ifferent SiO2 doped ratio has been firstly prepared using elec-
rospinning technology combined with sol–gel methods. Their
hotocatalytic performances were verified through degradating
aseous toluene under UV light, showing that 10% is the optimal
iO2 doped ratio. Moreover, many process parameters affecting
ltima degradation efficiency have also been determined, such as
intered temperature, ambient humidity, irradiation time and ini-
ial concentration of toluene. And the degradation mechanism of
aseous toluene has been proposed through detecting intermedi-
te products using gas chromatography and mass spectrometry
GC–MS). On the other side, it is easy to fix and recover the long

esoporous SiO2 doped TiO2 fibers while cleaning toluene, which
s favor of extensive application in the near future.

. Experimental

.1. Sample preparation

Hydrochloric acid (37.5 wt%), tetraethoxysilane (TEOS),
itanium n-butyloxide (Ti(OC4H9

n)4, TBOT), Pluronic P123
Sigma–Aldrich) and ethanol (>99.7%) were obtained from
inopharm Chemical Reagent Co., Ltd. without further purification.
n a typical procedure, 0.37 mmol  P123 was dissolved in 5.0 mL
bsolute ethanol, and 10.0 mmol  Ti(OC4H9

n)4 was  added with
trongly stirring. Different amounts of TEOS were added into the
bove solution, according to the Si/Ti molar ratio of 1:100, 5:100,
0:100, 15:100, and 20:100, which were marked as 1%, 5%, 10%,
5% and 20%, separately. After being dissolved completely, 0.5 mL
f concentrated HCl was  added to adjust pH value of the solution
or avoiding hydrolysis of alkoxide. After being strongly stirred for
0 min  at room temperature, the solution was then aged at 50 ◦C,
ntil to get a transparent spinnable precursor sol.

While the spinnable precursor sol came into being, it was  trans-
erred into a plastic syringer, which was pressurized with a micro
eed pump (Cole-Parmer 74900-05, USA). A piece of self-made
tainless steel board was put under the bottom to collect the elec-
rosun gel fibers at room temperature, and a metallic hollow needle
as connected to a high-voltage supply (DW-P503-4ACCD, Tianjin,
hina). The applied voltage was 15 kV, the distance between the
pinneret and the collector was 15 cm,  and gel fibers were left in
ir for 6 h to allow these gel fibers to hydrolyze completely, then
he xerogel fibers were obtained. In order to remove organics com-
letely, the obtained xerogel fibers were first sintered at 130 ◦C
or 8 h, then increased to a target temperature at a heating rate
f 1 ◦C min−1. After being cooled to room temperature naturally,
esoporous SiO2 doped TiO2 nanostructured fibers with different

i/Ti molar ratio were obtained successfully.

.2. Characterization

The structure and morphology of nanofibers were observed
sing a high-resolution transmission electron microscopy (HRTEM,
ecnai G2F20) and field-emission scanning electron microscopy
FESEM, HITACHI S-4800). The X-ray diffraction (XRD) patterns of
bers were recorded via an X-ray diffractometer (Rigaku D/Max
200PC) with a graphite monochrometer and Cu K� radiation

� = 0.15418 nm)  in the range of 20–80◦ at room temperature, with
he voltage and electric current being fixed at 28 kV and 20 mA.
he Fourier transform infrared (FTIR) spectroscopy spectra were
ecorded on a Nicolet 5DX-FTIR spectrometer using KBr pellet
ay 225 (2014) 10– 17 11

method in the range of 400–4000 cm−1. Thermal gravimetric anal-
ysis (TGA) was  employed under an air flow of 20 mL min−1 and
heating rate of 20 ◦C min−1 using a thermal analyzer (NETZSCH
TG 209). The specific surface area, total pore volume, and average
pore size were calculated using the surface area and pore-size ana-
lyzer (Quantachrome Autosorb iQ-MP, USA) at 77 K with samples
degassed under vacuum at 273 K prior to each test. X-ray photo-
electron spectroscopy (XPS) spectra were collected on a Kratos Axis
Ultra DLD multi-technique X-ray photoelectron spectrometer (UK)
using a monochromatic Al K� X-ray source (hv = 1486.6 eV). All XPS
spectra were recorded using an aperture slot of 300 × 700 microns,
survey spectra were recorded with a pass energy of 160 eV, and
high resolution spectra with a pass energy of 40 eV.

2.3. Photocatalytic test

The photocatalytic activities of the mesoporous SiO2 doped TiO2
fibers with different SiO2 molar content were investigated by clean-
ing gaseous toluene under UV irradiation. The gaseous toluene was
placed in dark for 2 h without any light before photo-oxidation to
achieve gas-solid adsorption equilibrium on the surface of fibrous
catalysts. Then, the toluene in bottle was irradiated by a 300 W
high pressure mercury lamp (� = 365 nm,  Yaming, Shanghai, China)
while being stirred by a special magneton. The reacted gaseous
samples were withdrawn at regular time intervals from 5 to 30 min
by a 50 �L gastight pressure-locked precision analytical syringe
(Gaoge, Shanghai, China) and measured with a gas chromatograph
(Agilent 6890, USA) equipped with a flame ionization detector
and an HP-5MS capillary column (0.25 mm i.d. × 30 m). A blank
experiment without any catalyst under same conditions was  also
conducted as a comparison.

The degradation rate of gaseous toluene can be calculated by the
following equation, where Ct is the concentration of toluene after
several regular intervals of time (t), Ct=0 is the initial concentration
of toluene.

Degradation rate � (%) = Ct=0 − Ct

Ct=0
× 100%

For the purpose of investigation the intermediates on the surface
of fibers, the used fibrous catalyst was  recycled and dispersed in
methanol (Fisher, HPLC grade), and was  sonicated for 15 min, which
was  centrifuged for 15 min  at 3000 rpm (Multifuge X1, Thermo Cor-
poration, USA) and the upper solution was concentrated by rotary
evaporation. The concentrated samples after methanol extraction
were then tested through a gas chromatography and mass spec-
trometry (GC–MS, Aglient 6890, USA), in which HP-5MS capillary
column was used with mass-to-charge of 45–260, and MS  iden-
tification was based on the NIST 05 library with a fit higher than
90%.

3. Results and discussion

3.1. The microstructure of SiO2 doped TiO2 fibers

According to the TG curve of TiO2 xerogel fibers (Fig. 1a), there
are three weight loss steps and no further organics will be removed
above 400 ◦C. And the total weight loss can reach 45.6%, which indi-
cated that the organic component has been entirely decomposed.
There was an obvious endothermic peak around 311 ◦C, indicating
most of the organic components being decomposed. Based on
the TG result, 400 ◦C was  chosen as the optimum temperature to
eliminate organic materials. The XRD patterns (Fig. 1b) revealed

that anatase TiO2 nanocrystals came into being after calcination
at 300 ◦C. With calcination temperature reached 800 ◦C, the peaks
became higher and higher, the intensity of anatase TiO2 increased
greatly, which is consistent with the results of FTIR, and much
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Fig. 1. (a) TG and DTA curve of 10% SiO2 doped xerogel fibers and (b) X

igger particle sizes can be found. In addition, there are little rutile
hase TiO2 came into being after the composite fibers were cal-
ined at 800 ◦C. Because of lower concentration of doped SiO2 and
morphous phase, the SiO2 cannot be found in these XRD patterns.

The SEM images of the 10% SiO2 doped TiO2 nanostructured
bers are shown in Fig. 2a and b. After calcinations, it could be seen

hat the surface of xerogel fibers was much smoother and cleaner
Fig. 2a). After these xerogel fibers were calcined at different tem-
erature in air, the SiO2 doped TiO2 fibers formed and their surface

ig. 2. SEM images of (a) xerogel fibers, (b) 10% SiO2 doped TiO2 fibers sintered at 400 ◦C, 
atterns of the nanostructured fibers at different sintered temperature.

changed rougher and rougher, and many obvious defects can be
found. And the diameters of SiO2 doped TiO2 fibers decreased from
30–300 nm to 20–200 nm,  which is due to removal of the whole
organics after calcination (Fig. 2b). The average diameter before and
after calcinations is 100 nm and 80 nm,  respectively. In addition, the
average size nanofibers can be obtained through optimizing the

electrospun process parameters, such as applied voltage, viscosity
of gel precursor, ambient temperature, humidity, and so on [24–26].
As the smaller diameter of electrospun nanofibers, its active surface

and (c, d) HRTEM images of the 10% SiO2 doped TiO2 fibers calcined at 400 ◦C in air.
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ectrum of 10% SiO2 doped TiO2 nanofibers.
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Fig. 3. (a) FTIR curves and (b) XPS sp

rea became larger and larger, which is favor to improve degrada-
ion efficiency for cleaning toluene [27].

To further study the microstructure of fibers, the HRTEM images
f 10% SiO2 doped TiO2 nanofibers was done (Fig. 2c and d). After
alcination at 400 ◦C, anatase TiO2 nanoparticles came into being
ith the average particle size of about 5 nm. Moreover, there

re a good many of 3–4 nm worm-like pores in the fibers, these
esoporous channels will obviously increase fibrous catalyst’s sur-

ace and their photocatalytic results [28,29]. By the way, these
orm-like mesopores are beneficial for the connection of toluene
olecules on the fibers’ active points, increasing the toluene’s

leaning efficiency, which has been verified in the following exper-
ments.

The FTIR spectra of composite nanofibrous catalysts also verifi-
ated the above results (Fig. 3a). It can be found that there was a
trong adsorption peak around 3400 cm−1, which can be assigned
o the hydroxyls from water, P123, Si–OH and Ti–OH. The weak

eak at 1720 cm−1 also indicated the presence of water. While
bsorptions around 530 cm−1 appeared, it can be attributed to the
i–O vibrations of TiO2. When being calcinated at 400 ◦C, the peaks

Fig. 5. (a) N2 adsorption–desorption isotherm and (b) pore diameter d
Fig. 4. UV–vis diffuse reflectance spectra of 10% SiO2 doped TiO2 and pure TiO2.

istribution of calcined fibers at different sintered temperatures.
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Table  1
The surface area, pore volume and pore diameters of fibers at different sintered
temperature.

Temperature (◦C) Surface area
(m2/g)

Pore volume
(cm3/g)

Pore diameter
(nm)

200 4.410 0.002 2.453
300  369.330 0.204 1.943
400  262.532 0.155 2.187
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Table 2
The fiber’s surface area, pore volume and pore diameter with different doped ratio.

Doped ratio of silica Surface area
(m2/g)

Pore volume
(cm3/g)

Pore diameter
(nm)

0% 100.133 0.189 3.821
1%  115.882 0.196 5.638
5%  194.693 0.248 4.905

10%  265.998 0.338 3.836
15%  272.798 0.236 3.420
500  232.021 0.209 3.425

600  184.839 0.191 3.836

rom 1520 to 1432 cm−1 almost disappeared, revealing the com-
lete removal of P123, which is in accordance with those TG curves.

It was found that there were obvious characteristic peaks of sil-
ca, titanium and oxygen elements based on the XPS results of 10%
iO2 doped TiO2 fibers (Fig. 3b). From the spectrum, Ti-2p peak
as located at 459.80 eV and the Si-2p peak was mainly located

t 103.10 eV. The trace silica content has strongly coupled with
itanium cell lattice based on following HRTEM results, which can
ecrease the light excitation level and decrease the difficulty to
lean toluene.

In addition, UV–vis measurements have been done as shown
n Fig. 4. It can be concluded that the 10% SiO2 doped TiO2 fibers
ave a broader absorption area, which show better degradation
fficiency than pure TiO2 fibrous catalysts without any silica. These
V–vis absorption data is consistent with photocatalytic results of
leaning toluene.

The N2 adsorption–desorption isotherms of nanostructured
bers sintered at different heating temperatures were shown in
ig. 5, and the detailed data of pore size distribution, pore volume
nd surface area at different temperatures were listed in Table 1.
fter being sintered at 200 ◦C, the pore volume and surface area are
ery small and adsorption–desorption isotherm is almost close as
ype II, showing that the pore was still occupied with P123 molec-
lar. At 300 ◦C, the adsorption capacity reached maximum and
he catalyst adsorption isotherms has been converted into type IV
urve, which also contains the H1 type hysteresis loop [30,31]. And

he surface area of fibrous catalyst sintered at 400 ◦C, 500 ◦C and
00 ◦C is 263, 232 and 185 m2/g respectively, which may  greatly be
ttributed to the removal of P123 skeleton. Accordingly, the pore
iameter and pore volume of the above fibers are 2.187, 3.425 and

Fig. 6. (a) N2 adsorption desorption isotherm and (b) pore diameter distrib
20%  254.092 0.242 3.422

3.836 nm,  and 0.155, 0.209, 0.191 cm3/g, these increasing trend is
due to the full decomposition of P123, which is same with the TG
and FTIR results.

As shown in Fig. 6, the adsorption–desorption curves of TiO2
fibrous catalysts with different SiO2 doped ratio are all type IV
adsorption–desorption isotherms, which further demonstrate the
presence of mesopores in these fibers [32]. The H1 type hystere-
sis loop indicated that the pore sizes were more uniform and the
curves changed slightly in accordance with different SiO2 doped
ratios. With the increasing content of SiO2 doped mole ratio, pore
diameters became smaller and smaller.

It can be observed (Table 2) that the pore size distribution of
pure TiO2 fibers (without SiO2) is from 3 nm to 7 nm,  which is
much broader compared to other fibers of different doped ratios.
With the increasing doped content of SiO2, pore diameter distri-
bution became much narrower and uniform according to Fig. 6b.
The surface area with the SiO2 doped ratio at 1%, 5%, 10%, 15%, 20%
was  100, 116, 195, 166, 273, 254 m2/g and the corresponding pore
diameter is 5.6, 4.9, 3.8, 3.4, 3.4 nm,  which are obviously affected
by the increasing SiO2 content. Based on Table 2, the pore vol-
ume  reached a highest value while SiO2 doped ratio is 10%, which
is 2863.18 ft2/g of surface area and 0.338 cm3/g of pore volume,
respectively, which is favorable for more toluene molecules to con-
tact with active points, further facilitating the interaction between
hydroxyl radicals and toluene, and the degradation efficiency could
be improved highly [33]. Although when the doped ratio is 15%,

its surface area reached biggest, the fibrous catalysts’ pore volume
(272.798 m2/g) and diameter (3.420 cm3/g) is smaller than that one
with 10% silica doped ratio.

ution of TiO2 fibers with different SiO2 doped ratio calcined at 400 ◦C.
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to identify the intermediates generated during the photocatalytic
reaction and find its reaction mechanism [41].

The GC–MS test has been used to detect the adsorbed inter-
mediates on the surface of fibrous composite catalysts. The

Table 3
The intermediates on the reacted catalysts.

Peak RT Area% Species

1 6.097 0.50 Acetic acid, butyl ester
2  6.558 0.44 Acetic acid
3 8.514 0.56 Oxime-, methoxy-phenyl-
4  9.667 1.41 Benzaldehyde
5  9.842 0.61 1-Amino-2,6-dimethylpiperidine
6  10.532 0.13 Butanoic acid, hexyl ester
7  11.370 0.41 Benzyl Alcohol
8 11.531 0.87 Benzaldehyde, 2-hydroxy-
Fig. 7. The degradation efficiency of toluene by TiO2 fi

Based on all the test results, 10% SiO2 doped TiO2 nanostructured
brous catalyst calcined at 400 ◦C in air would have the highest
ffect while cleaning toluene in the following experiment, which
as also been verified in the following photocatalytic experiment.

.2. Photocatalytic activity

The effects of humidity and initial concentration of toluene on
hotocatalytic activity with 10% SiO2 doped TiO2 fibers are also
ested. In our experiment, the initial toluene concentration was
xed as 7 mg/L, the humidity was 1.6 g/m3 according to the pre-

iminary experiments and former reports, a series of tests were
one to remove toluene using TiO2 fibrous catalysts with different
iO2 doped ratio. As shown in Fig. 7a, the degradation efficiency of
oluene was only 45.1% without any catalyst. However, the removal
fficiency could reach 83.5%, 85.1%, 90.6%, 86.9% and 85.7%, with
he doped ratio of SiO2 is 1%, 5%, 10%, 15% and 20%, respectively.
n comparison with pure TiO2 fibers and Degussa P25, the removal
fficiency was only 69.6% and 70.5%, which were also lower than
iO2 fibers with different SiO2 doped ratio. The 10% SiO2 doped
atio has the highest degradation rate compared with all other cat-
lysts or other SiO2 doped ratio, which is mostly attributed to the
ower light excited level through the couple effect between TiO2
nd optimal doped ratio SiO2 [34].

Based on the experimental and characterization results, com-
ined with a lot of published papers about SiO2 doped TiO2, the
easons for high degradation rate are the following:

In SiO2 doped TiO2 composites, the Si–O–Ti bond came into
eing, the surface area of composite fibers became larger and larger
ith the increase of doped silica ratio, as shown in Table 2. The

arger surface area can result in more photocatalytic active points,
hich can increase its degradation rate.

On the other hand, according to XPS and FTIR results, the Ti–O–Si
ond came into being and result in a lot of chemical defects on

he surface of SiO2 doped TiO2 fibers, which can also increase the
egradation rate. However, too high silica ratio will accelerate the
ecombination of electron and hole, which will decrease its degra-
ation rate, such as the 15% silica doped TiO2 [35,36].
ith different doped SiO2 (a) and different dosage (b).

The removal efficiency was also influenced by the different dose
of catalysts (Fig. 7b). In this article, several different dose of 10% SiO2
doped TiO2 fibers (0.30 g/L, 0.40 g/L, 0.50 g/L, 0.60 g/L) were put into
the reaction equipment to clean gaseous toluene while fixing other
process parameters. It can be found that 0.5 g/L dose fibers showed
the most excellent reduction rate. The cleaning rate of 0.6 g/L fibers
was  lower than 0.50 g/L, which may  be due to the excessive fibrous
catalyst would hider the light irradiation and reduce the practical
active site [37–40].

3.3. Degradation mechanism of clean toluene

Every PCO reaction process of cleaning typical toluene has the
corresponding intermediates, and most of them can maybe be toxic
for human health. In the process of photocatalytic reaction, the gen-
erated intermediates were all strongly adsorbed on the surface of
TiO2 fibrous catalyst, which could hinder and reduce the quantities
of electron–holes. On the other hand, the formation mechanism
of extra byproducts can be controlled through the regulation of
reaction parameters such as humidity. Therefore, it is necessary
9  12.701 0.12 Isooctane, (ethenyloxy)-
10 12.947 2.80 Benzaldehyde dimethyl acetal
11  13.754 0.37 12-Azabicyclo[9.2.2]pentadecan-13-
12 14.234 8.13 Benzenecarboxylic acid
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Fig. 8. (a) A representative GC–MS resu

ntermediates generated in the experiment are shown in Table 3.
uring the PCO process, UV irradiation is adequate to induce
lectron–hole pairs, most of which recombine and release the
bsorbed energy as light or heat, while a small percentage of these
arriers transfer to the fibers’ surface to start the catalytic cycle.
onduction band electrons can reduce electron acceptors like oxy-
en molecules or H+, whereas valence band and electron–holes
re oxidants that are able to attack donor species such as organic
olecules or hydroxyl groups [8]. A series of complex intermedi-

tes have been found, such as benzaldehyde dimethyl acetal, benzyl
lcohol, 1-amino-2,6-dimethylpiperidine, and so on (Table 3).

According to the identified intermediates, the degradation
echanisms are proposed in the following. As is shown in Fig. 8b,

here were two different target sites on the toluene molecules UV
ight attacked firstly. One of the pathways was that a hydrogen atom

as firstly extracted from the side chain of toluene and methyl
roups of adsorbed toluene molecules, forming benzyl alcohol. The
ewly formed benzyl alcohol can be further oxidized to benzalde-
yde and benzoic acid. On the other side, the hydroxyl radicals
·OH) maybe reacted directly on aromatic rings, yielding cresols
nd methyl was oxidized to aldehyde group immediately. Through
he above reaction processes, the benzyl ring of toluene molecu-
ars can be totally opened, and all intermediates can be entirely
xidized into CO2 and H2O, then toxic toluene could be removed
ompletely.

. Conclusions

Long mesoporous TiO2 nanofibers with different SiO2 doped
atio have been prepared by the sol–gel method combined with

lectrospinning technique. Based on experimental results, the
esoporous 10% SiO2 doped TiO2 fibrous catalysts calcined at

00 ◦C in air showed highest photocatalytic activity than a good
any of different catalysts while cleaning indoor toluene. The

[
[
[
[

 (b) degradation mechanism of toluene.

degradation pathway was  verified here and the formed complex
hydroxyl derivatives were found and verified. In addition, these
long composite fibers can be conveniently fixed and reclaimed,
and they are good candidates for photocatalytic applications in air
purification.
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