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Abstract: Improving the capacity of TiO2 semiconductors for visible light response is a key problem
for utilization of solar energy in photo-catalytic degradation of organic pollutants. Both catalyst
character and reactor conditions are important for the reaction efficiency. The fluorine ion doped
TiO2/SiO2 catalyst was prepared by sol-gel method using HF solution as fluorine source. The activity
test and UV–vis results indicated that this catalyst was superior to TiO2 P25 in photocatalytic
oxidation of gaseous toluene under simulant sunlight irradiation due to the enhancement of visible
and ultraviolet light absorbance. GC-MS results indicated that the main intermediates accumulated
on active sites included benzoic acid, benzaldehyde, and phenol. A flat interlaid reactor was designed
for continuous treatment of the stream with F-TiO2/SiO2 film. The results showed that coating the
catalyst on the surface of both top and bottom glass substrates, through the knife coating method
with an optimal reactor height, attained the highest efficiency. In addition, the presence of water
and oxygen enhanced the oxidation of toluene due to the generation of hydroxyl radicals and
peroxy radicals, respectively. The toluene oxidation rate increased with the increase in water vapor
concentration in the range of 0~60 vol.%.
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1. Introduction

Volatile organic compounds (VOCs) are major air pollution concerns due to their toxicity or
carcinogenicity [1]. Photocatalytic oxidation (PCO) on semiconductor catalysts was proved to be
an effective and promising technology to remove VOCs at low concentrations. It is superior to
other conventional techniques due to being relatively safe and mild [1,2]. Most organic compounds
could be mineralized effectively based on photocatalysts [3]. It was proved that the photo-oxidizing
properties of TiO2 activated by UV plays an important role in the degradation of VOCs [4]. However,
TiO2 is limited in solar energy application due to its low photon utilization efficiency and the need
for an ultraviolet excitation source which is less than 10% of the overall solar light [5]. To meet the
demands for solar energy utilization, in recent years many efforts have been made to improve visible
light response of TiO2 and restrain its electron–hole pair recombination [6]. Many studies concerned
TiO2 modification by introduction of nonmetals or metal ions into the catalyst. Among these doped
nonmetals, a few researchers have reported the improvement of photocatalytic activity by F doped
TiO2 powders [7–15]. Diverse reasons for the improvement of photocatalytic activity by F doping
were inferred, including the creation of surface oxygen vacancies [7–10], the formation of OH [11–13],
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the increase of Ti3+ ions [14], and the enhancement of surface acidity [8,15]. The effects depend on the
preparation method. Our previous work has indicated that doping with F anion increased both Lewis
and Bronsted acid sites on surface of TiO2, and when supported with SiO2 it significantly improved
surface area of the catalyst [15]. It was reported that a catalyst with an acidic surface can easily adsorb
polarized organic reactants, and thus promote their photocatalytic decomposition [16–18].

The character of photo-catalytic reactor is another important factor which impacts photocatalytic
reaction efficiency. Designing a photocatalytic reactor is significantly challenging due to the
dependence of photocatalytic performance on the light absorbance. Photocatalytic reactors for air
purification are based on the immobilization of the catalyst onto a substrate. The gas–solid reaction
which happened on the catalyst thin film was obviously influenced by surface hydroxyl content,
film thickness, and substrates [19–21]. The most widely used gas phase reactors are the flat plate
reactor [22–24] and the annular reactor [25–27], which are usually illuminated by UV lamps located at
top and center of the reactor, respectively [25,28]. However, in order to simulate sunlight irradiation,
the lamp should be located above the reactor, similar to the downward angle of sunlight. As a result,
the conditions of the reactor should be designed to fit this irradiation.

In this study, the F doped TiO2/SiO2 catalyst was synthesized by sol–gel method using HF solution
as fluorine source. The photocatalytic oxidation of gaseous toluene was studied and the reactions were
carried out continuously in a flat interlaid reactor under simulant sunlight. The glass substrates were
coated with the F-TiO2/SiO2 catalyst on inner wall of the reactor. In order to improve light efficiency,
the effects of the reactor conditions on the toluene oxidation efficiency were tested, including the
catalyst coating method, the film location and layers, and the reactor height. The influences of water
vapor and oxygen on the photo-catalytic oxidation of toluene were analyzed.

2. Results and Discussion

2.1. Photocatalytic Performance of the F-TiO2/SiO2 Catalyst in Toluene Oxidation

Figure 1a plots the removal of toluene versus irradiation time under simulant sunlight irradiation.
The effectiveness of the F-TiO2/SiO2 catalyst was compared with that of TiO2 P25 (Degussa). The result
showed a much higher photocatalytic activity of F-TiO2/SiO2 than TiO2 P25 for toluene oxidation.
The removal efficiency of F-TiO2/SiO2 catalyst reached 91.2% after reacting for 6 min, while the highest
removal efficiency of TiO2 P25 was only 67.4% after reacting for 10 min. Then the degradation activity
decreased gradually with the irradiation time. It was inferred that the intermediates were adsorbed on
active sites of the catalyst, leading to decrease of available active site numbers of the catalyst.
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under simulant sunlight, (b) UV-vis diffuse reflectance spectra of F-TiO2/SiO2 and TiO2 P25. (c) F 1s 
high-resolution XPS spectra of F-TiO2/SiO2 catalyst. 

Figure 1. (a) Photocatalytic activities of F-TiO2/SiO2 and TiO2 P25 catalysts in oxidation of toluene
under simulant sunlight, (b) UV-vis diffuse reflectance spectra of F-TiO2/SiO2 and TiO2 P25. (c) F 1s
high-resolution XPS spectra of F-TiO2/SiO2 catalyst.
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Figure 1b shows UV-Vis spectra of the F-TiO2/SiO2 and TiO2 P25 catalysts. It can be seen that the
F-TiO2/SiO2 h as a stronger absorption in the ultraviolet region (wavelengths < 400 nm) and visible
light region (400~760 nm). This explains the higher photocatalytic activity of F-TiO2/SiO2 than TiO2

P25 under simulant sunlight. In addition, it is deduced that supporting with SiO2 increases the surface
area of the catalyst [15], which is beneficial to the adsorption of the reactants.

Figure 1c shows the XPS spectrum of F 1 s in F-TiO2/SiO2 catalyst. The spectrum gives two
peaks. The higher binding energy one centered at 688.2 eV was attributed to the doped F ions that
substituted lattice oxygen of TiO2 to form the Ti-O-F bond [29,30]. The weaker peak located at 684.0 eV
was attributed to surface fluoride species adsorbed on TiO2 [29]. Based on the XPS result, the atom
content of F was 10.4% on surface of F-TiO2/SiO2 and about 67.5% of F was presented in the form of
Ti-O-F. It indicates most of the F atoms can be incorporated into TiO2 crystal lattices.

2.2. Optimization of the Catalyst Coating and Reactor Conditions

2.2.1. Effect of Coating Method on Activity of F-TiO2/SiO2

The catalyst powders have to be immobilized onto inner surface of the reactor to successively
contact with the gaseous pollutants. In this study three coating methods were adopt to immobilize
catalyst powders on glass surface. (1) Knife coating method: The catalysts were grinded in a mortar to
obtain uniform and fine powders, following by adding deionized water into the mortar with continuous
grinding to form stable seriflux. After sticking scotch tapes around the glass-substrate to form a groove,
the catalyst seriflux was put into the groove and spread evenly by a glass rod. Then the glass substrates
were dried at room temperature for 2 h and subsequently dried at 110 ◦C for 2 h before being put
into the reactor. (2) Spray coating method: Silica solution was used as binder to mix with the catalyst
powders with a certain mass ratio, followed by addition of amounts of water and dispersants, sodium
hexametaphosphate. This mixed chemical substance was stirred by a magnetic stirrer until stable
seriflux formation. The seriflux was then sprayed on the surface of the glass substrates by a spray gun
and dried naturally. (3) Sol–gel method: the precursor solution of the catalyst was prepared through
the sol–gel method to form sol, which was coated on the surface of the glasses through its adhesive
force. Then the glasses were dried at room temperature and subsequently dried in the furnace at
450 ◦C for 2 h. These coating methods were evacuated through activity for toluene oxidation efficiency
and mass loss ratio. The results are shown in Figure 2. The mass loss ratio was defined as Equation (1):

mass loss ratio = (m0 −mt)/m0 × 100% (1)

where m0 (mg) is the catalyst quality before coating and mt (mg) is the catalyst quality after coating
and reaction for 1 h.
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From Figure 2, it sees that the order of the mass loss ratio of these coating methods is: sol–gel
method (0.52%) < spray method (0.69%) < knife coating method (0.75%), while the order of toluene
removal efficiency is: knife coating method > sol–gel method > spray method. The results showed
that all of the coating methods provided strong adhesive force of the F-TiO2/SiO2 catalyst film on
the glass surface, while the knife coating method had the obvious highest removal efficiency of 91.2%
for toluene degradation. In addition, it should be considered that the spray coating method needs
more catalysts in the process of seriflux preparation than the other loading methods and has a trouble
subsequent cleaning work, while the sol–gel loading method needs strict technological conditions
in process of precursor preparation, and the catalyst film is easily to chap after calcination in high
temperature. The advantages of the knife coating method include the easy operation conditions to
form catalyst film, the strong adhesive force between the serous film and the glass substrate, and the
good Nano state of the catalyst powders while fully grinded. As a result, the knife coating method
was selected to immobilize the catalyst powders on surface of the glass substrate to form a thin film.

2.2.2. Effect of Coating Location and Layers on Activity of F-TiO2/SiO2

In order to improve light adsorption efficiency of the catalyst film, different catalyst film locations
and layers were investigated, including coating on top glass, bottom glass, and both of the two glasses
on the inside of the reactor with the same catalyst dosage (39 mg). The activity test results are shown
in Figure 3. It can be seen that coating two glasses has the highest removal efficiency of 91.2% and
the highest stability with reaction time, while coating on top glass with the removal efficiency of
89.5% and coating on bottom glass with the removal efficiency of 78.7%. The reason is that on the
condition of same catalyst dosage, coating on the top glass could obtain stronger light illumination
intensity than coating on the bottom glass, leading to higher removal efficiency of the former. Coating
both top and bottom glasses could provide more active sites to toluene molecules adsorption due to
the double contact area. However, the light irradiation intensity on bottom glass was insufficient
due to absorbance of most light by the top coating catalyst. This was the reason that the difference
in toluene oxidation rate between the two glass coatings and the top glass coating was not distinct.
As a result, coating on both top and bottom glasses is the optimal pattern for sunlight utilization and is
beneficial to photo-catalytic reaction.
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2.2.3. Effect of Reactor Height on Activity of F-TiO2/SiO2

It is significant to optimize the height of the reactor since it effects residence time of the reactor
and contact efficiency between the gas molecules and the catalyst film. Figure 4 shows the effect of
the reactor height on toluene removal efficiency. It can be seen that in the reactor with 2 mm height,
the highest removal efficiency reached 94.1%, higher than the removal efficiency in the reactors with
height of 4, 8, and 20 mm. However, the reactor with 4 mm height maintained highest removal
efficiency after reacting for 20 min, indicating higher resistance of the catalyst in this reactor. It was
deduced that the reaction efficiency was depended on probability of the collision between gaseous
toluene molecules and the catalyst films, while here collision probability depended on the contact area,
reactor height, and resistance time. Under the same gas flow rate, the smaller reactor height means
shorter resistance time, leading to shorter contact time for the toluene molecules and the catalyst
film. However, the smaller reactor height benefits the efficient colliding contacts between the toluene
molecules and the catalyst active sites. This leads to the highest removal efficiency of the catalyst
during the initial time. After reaction for a few minutes, the short resistance time leads to more
accumulation of intermediates on catalyst surface, restraining the adsorption of toluene molecules
and photocatalytic reactions during later time. Although the reactor with a height of 20 mm had the
highest residence time, it was difficult to adequately make contact between the toluene molecules and
the catalyst film through molecular diffusion. Therefore, the total collision probability between toluene
and catalyst active sites was decreased. There was an optimum reactor height to achieve maximum
efficiency between residence time and cross-sectional area of the reactor. Based on the above analysis,
the reactor with height of 4 mm was selected.
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2.3. Effect of Initial Toluene Concentration on Toluene Photodegradation

Figure 5 shows the influence of initial toluene concentration on its removal efficiency. The results
displayed that the removal efficiency decreased with increase of the initial concentration in the
range of 10~50 ppm. The reason is that the photo-catalytic oxidation largely relies on numbers of
hydroxyl radicals and active sites on surface of the catalyst. However, both of them are constant
quantitatively [31].
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2.4. Effect of Water Vapor on Toluene Photodegradation

Water vapor in gas phase plays an encouraging or suppressive role in photo-catalytic
degradation of gas organics. The influence depends on the type of the contaminant and the
concentration of water vapor [32]. To investigate the influence of water vapor on toluene oxidation
over the F-TiO2/SiO2 catalyst, the removal efficiency of toluene was tested under different water vapor
concentrations ranging from 0% to 80 vol.%. The results in Figure 6 showed that the catalytic activity
for toluene oxidation was increased with the water concentration increased to 60 vol.%, whereas above
60 vol.% concentration the removal efficiency was decreased for about 10%. It is known that the
hydroxyl radical on surface of catalyst is essential for photo-catalytic oxidation of organic pollutants
as oxidative. In gas–solid heterogeneous reactions, the hydroxyl radicals on surface of the catalyst
were consumed quickly without supplement, leading to the decrease of the catalytic activity with
times. A certain amount of H2O could be adsorbed on the catalyst and dissociated to hydroxyl ions,
which behaved as a hole trap to generate adsorbed hydroxyl radicals, the reaction are shown in
Equations (2)–(4) [33]. This is the reason that water vapor accelerates the toluene oxidation. However,
the competitive adsorption of H2O molecules with the polar toluene molecules on the active sites
would reduce the bonds of toluene with catalytic active sites [33,34]. This suppressed the oxidation
rate of toluene at high water content [2]. The effect of the water vapor on oxidation activity is the
result of competition between positive effect of hydroxyl radical generation and negative effect of
competitive adsorption of water and pollutants molecules. For the F-TiO2/SiO2 catalyst, the optimum
water concentration is 60 vol.%.

TiO2 + hv→ TiO2(h vb
+ + ecb

−) (2)

H2O + h+ → ·OH + H+ (3)

hvb
+ + OH− → ·OH (4)
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2.5. Effect of O2 on Toluene Photodegradation

The influence of oxygen on toluene oxidation over F-TiO2/SiO2 thin film was tested by comparing
the reaction efficiencies under air and nitrogen atmosphere. The result in Figure 7 revealed that
the removal efficiency in air atmosphere was higher than that in nitrogen atmosphere. The highest
removal efficiency in air condition was 91.2% after irradiation for 6 min, while the highest removal
efficiency in nitrogen atmosphere was 74.3%, indicating the positive effect of oxygen on toluene
oxidation. The oxygen could trap the photo-induced electrons to generate peroxy radicals, which
retart recombination of the photo-generated electron hole pairs [34]. The peroxy radical could react
with water molecule to generate hydroxyl radical, which promotes the photocatalytic degradation of
toluene. The reaction pathways are displayed as Equations (5) and (6) [34].

O2 + ecb
− → ·O2

− (5)

2 ·O2
− + 2H2O→ 2 ·OH + OH− + O2 (6)
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2.6. Catalyst Deactivation

The catalytic activity decreased with irradiation time and the catalyst thin film turned from
white to pale yellow gradually. This was mainly attributed to an accumulation of partially oxidated
intermediates on the active sites of the catalyst [2]. In order to learn the species of the intermediates
on the F-TiO2/SiO2 surface, the deactivated catalyst which used for 2 h were analyzed by GC-MS
method, the results are shown in Figure 8. Based on the results, it is known that the main intermediates
were benzoic acid, benzaldehyde, and phenol. This indicated highly stable aromatic ring of toluene
molecules under simulant sunlight. Luo and Ollis [35] detected only benzoic acid on anatase TiO2,
while more literatures reported benzaldehyde, benzoic acid, and benzyl alcohol are three initial
by-products accumulated on TiO2 surface for toluene photooxidation [2,36–38]. The formation
pathway of these intermediates are speculated and depicted in Figure 9. Benzaldehyde and benzoic
acid were generated through the benzyl radical, which came from the hydrogen abstraction of the
methyl groups [39] and was then attacked by oxygen molecules. In addition, phenol comes from
benzoic acid, an OH radical was added to the toluene ring [40]. The final products CO2 and H2O were
formed while the aromatic ring of toluene or these intermediates were attacked by OH radical addition.
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3. Materials and Methods

3.1. Catalyst Preparation

The F-TiO2/SiO2 catalyst was prepared by the sol–gel method. All chemicals were analytical
grade. Tetrabutyl titanate (Ti(OC4H9)4) was used as a starting material and hydrofluoric acid as a
fluorine source. Solution A was formed with a mixture of anhydrous alcohol, acetic acid, deionized
water, and hydrofluoric acid solution, which was stirred at room temperature for 20 min. Tetrabutyl
titanate was dissolved into anhydrous alcohol to form solution B, while the HF/Ti molar ratio was 1.1.
Subsequently, solution A was added dropwise into solution B under vigorous stirring and then the
reactor was sealed with cling film. The stirring was lasted for 2~3 h to get homogeneous transparent
sol, then the cling film was removed. The silica gel of 100–200 mesh was added into the sol with
agitation for 1 h, while the amount of TiO2 content was 36 wt.%. After aging at room temperature
for 10 h, the sol transformed to gel and then was dried at 80 ◦C for 12 h. The solid was crushed and
calcined at 450 ◦C in air for 2 h.

3.2. Catalyst Evaluation

The photocatalytic degradation processes under simulant sunlight were carried out in a
continuous testing system, which consists of a continuous flow reactor, a gas feed system, and an
analytical system, shown as Figure 10. The flat interlayer photo-reactor consisted of two stainless
steel frames and two glass substrates. The glass substrates (with length of 60 mm, width of 60 mm,
and thickness of 1 mm) were coated with catalyst powders and fixed on grooves of the frames,
performing as the top and bottom wall of the reaction room. A xenon short arc lamp (350 W, ShenZhen
AnHongDa Opto Technology Co., Led., Shenzhen, China) with the similar characteristic spectrum
with sun light was levelly put above the reactor as an external light source. The lamp was parallel to
the gas flow orientation. The distance from the surface of the lamp to top plate of the reactor was
3 mm. The light intensity at surface of the top glass was 26 mW·cm−2. The irradiated surface of the
glass substrate was 50 mm × 50 mm, fully coated catalyst film, while the height of this reactor was
controlled by thickness of the groove, shown as Figure 10.

Before coating F-TiO2/SiO2 catalyst onto internal glass surface of the reactor, the glasses have to be
cleaned carefully to avoid inhomogeneity of the catalyst film. The cleaning process was: (1) Washing the
glass with water, following by immersing in NaOH solution to remove oil contaminations. (2) The glass
was washed by water again and then immersed in dilute nitric acid with ultrasonic treatment for
30 min to clean away adsorbed metal ions. (3) Washing with water again and immersing in detergent.
(4) Washing again and immersing in deionized water with ultrasonic treatment for 10 min, following
by drying in the oven at 100 ◦C.

The simulated reaction gas was supplied from compressed gas cylinders, including standard
toluene gas (60 ppm with N2 as a diluent gas) and dry air (20 vol.% O2, 80 vol.% N2). The total
flow rate was 80 mL/min, while the initial toluene concentration was 15 ppm and the residence time
was 7 s. The flow rates of these gases were measured with mass flow controllers. Water vapor was
introduced into the reactor by bubbling the dry air through a water vapor saturator. The water vapor
concentration was adjusted by the flow rate of the dry air and the temperature of the water bath. Most
experiments were performed at a water concentration of 60 vol.%. The toluene concentrations in the
gas flow was analyzed by a gas chromatograph (Model HP 6890, Hewlett–Packard, PaloAlto, CA,
USA) equipped with a FID detector. After introduced the mixed gas into the reactor in the dark to
reach adsorption saturation, the lamp was turn on to carry out the photo-catalytic reaction. The toluene
removal efficiency R was calculated by Equation (7):

R = (C0 −Ct)/C0 × 100%, (7)
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where C0 and Ct (mg L−1) are concentrations of toluene in adsorption saturation and after light
irradiation for minutes, respectively.
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Figure 10. Schematic diagram of the experimental setup for the photolytic oxidation of toluene under
simulant sunlight. 1. Toluene gas cylinder; 2. Dry air cylinder; 3, 4. Pressure regulator; 5, 7, 9.
Ball valve; 6, 8, 10. Mass flow controller; 11. Water vapor saturator; 12. Gas mixture tube; 13. Xenon
lamp; 14. Photo-catalytic reactor; 15. Gas chromatograph.

3.3. GC-MS

Adsorbed intermediates were extracted from the deactivated catalyst by methylene dicloride and
ultrasonication. The supernatant was filtered through a 0.2 µm filter, followed by rotary evaporation
for solute enrichment. Subsequently, the concentrated liquid was filtered through a 0.45 µm
polytetrafluoroethylene filter. Qualitative analysis of the filtrate was carried on a chromatography-mass
(GC-MS) spectrometer (Agilent 5977B GC/MSD, PaloAlto, CA, USA).

4. Conclusions

The F-TiO2/SiO2 catalyst exhibited significant higher photocatalytic activity than TiO2 P25 in
gaseous toluene oxidation under simulant sunlight due to its improvement of light absorbance ranges
from visible light region to ultraviolet region. A flat interlaid photo-reactor was applied in this work
for the continuous photocatalytic reaction. Three reaction intermediates, benzyl alcohol, benzaldehyde,
and benzoic acid, were identified on the used catalyst by extraction with methanol. The optimal
conditions of the coating procedure and the reactor were evaluated to enhance light utilization and
catalytic performance. The results indicated that the optimal coating method for catalyst film was
coating on the surface of both top and bottom glass substrates through the knife coating method,
and the optimal height of the reactor was 4 mm. The oxidation performance decreased with increase of
initial toluene concentration ranges from 10~50 ppm due to the limit of active site numbers. Water vapor
played an important role in improving photocatalytic oxidation reaction rate. The optimum water
concentration was 60 vol.%. The presence of water and oxygen enhanced the photo-oxidation rate of
toluene due to the generation of hydroxyl radical and peroxy radical, respectively.
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