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Abstract−Relatively high concentration toluene is photocatalytically degraded in a multi-stage fluidized bed reactor
continuously. The fluidizing media are titanium dioxide deposited silica gel particles, which are prepared by the dop-
ing sol-gel method. The effects of the Ti/Si atomic ratio, the inlet gas flow rates, and the number of the stages on the
toluene removal efficiency were evaluated. The highest toluene removal efficiency is obtained when the fluidizing
media are with the Ti/Si atomic ratio of 1.25. The apparent reaction orders are 0.4-0.5 for the single-stage system and
0.7 for the two-stage system, respectively. With an inlet toluene concentration of 1,000 ppm, a relative humidity of 30%
and a volumetric flow rate of 10 L/min, the removal efficiency of toluene at the steady state is as high as 80% and is
maintained in the 6-hr experimental time.
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INTRODUCTION

Titanium dioxide, TiO2, showing relatively high catalytic activity
under UV irradiation has been widely used in environmental appli-
cations [1]. Volatile organic compounds (VOC) photocatalytic de-
gradation by TiO2 under UV irradiation is probably one of the most
widely studied topics in these applications [2,3]. Acetone, cyclohex-
ane, methyl ethyl ketone, toluene, phenol and other VOCs have
been successfully degraded by TiO2 under light irradiation [4-7].
The reaction pathways have also been comprehensively studied
[8,9]. The hole-electron pairs are formed when TiO2 is under light
irradiation. The hole-electron pairs react with water, oxygen, and/
or other substances and subsequently produce active free radicals,
which effectively degrade the VOCs. Although photocatalytic deg-
radation of VOC by TiO2 under light irradiation has been exten-
sively studied, these studies typically use VOC with relatively low
concentrations. The reaction space time was relatively long and the
throughput was relatively low. Continuous degradation of relatively
high concentration VOC (say hundreds ppm) by TiO2 under light
irradiation remains challenging.

VOC photocatalytic degradation by TiO2 is a heterogeneous reac-
tion. VOC molecules mass transferring from the bulk to the TiO2

surfaces are then oxidized by the active free radicals. Except for spe-
cial cases, the concentration of VOC in the bulk is usually relatively
low and the thermodynamic constraint further limits VOC mole-
cule absorption onto the TiO2 surfaces. Several attempts have been
proposed to enhance the VOC mass transferring from bulk to the
TiO2 surfaces. The concentration of VOC has been enriched by the

porous sorbents and the increasing of the concentration gradient
between the porous sorbents and TiO2 enhanced VOC mass trans-
ferring to the TiO2 surfaces. Based on this terminology, TiO2 parti-
cles had been immobilized on different porous sorbent, includes
activated carbon, γ-Al2O3, silica, zeolite and ceramic foam particles
[2,4,6,7,10-12].

Another approach to enhance VOC mass transferring is by using
fluidized bed photoreactors. Fluidized bed photoreactors provide
massive contact areas between gaseous VOC and solid TiO2 parti-
cles and are ideal for heterogeneous VOC degradation reactions
[7,13,14]. TiO2 powder immobilized porous sorbents have been
used as the fluidizing media. Immobilization not only enriches the
local VOC concentrations near TiO2 powders, but also reduces TiO2

powder elutriation. Nevertheless, particle collisions are usually sig-
nificant in a fluidized bed reactor and porous sorbents (for exam-
ple, activated carbons) may be broken.

Porous silica gels are often used in petrochemical industries for
absorption or as the packing materials in chromatography. Silica gels
are commercially available products which are readily available to
use and show good wearing properties. TiO2 was immobilized on
porous silica gels by the doping sol-gel method in this work. The
physical and chemical properties of these particles were character-
ized. The as-prepared particles were used as the fluidizing media in
a fluidized bed photoreactor for continuous high concentration tol-
uene vapor degradation. The effects of the Ti/Si atomic ratio, the
inlet gas flow rates, and the number of the stages on the toluene
removal efficiency were studied.

EXPERIMENTAL METHOD

Spherical silica gels with the mean size of 90µm are used as the
support of the fluidizing material (CHROMATOREX®-MB70, Fuji
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Silysia Chemical, Japan). The density and the surface area of the sil-
ica gel particles are 500.0 kg/m3 and 525.14 m2/g, respectively. Silica
gels supported TiO2 particles (TiO2/SiO2) were prepared by dop-
ing silica gel particles during the preparation of TiO2 by the sol-gel
method. The details are as follows.

Ttitanium isopropoxide (TTIP, Acros organic) was stirred with
anhydrous ethanol for 5 min. Silica gel particles were added into
the TTIP/anhydrous ethanol mixture together with 125µl nitric
acid (J.T.Baker). This mixture was named solution A. Solution B
was a mixture of 7 ml de-ion water and 15 ml anhydrous ethanol.
Solution A and solution B were gently mixed and gelled. The gel
was then sealed in a jar and aged at room temperature for three
days. The aged gel was dried in a 100 oC oven for 24 h. The TiO2/
SiO2 particles were thereby obtained after 4-hr 450 oC calcination.

Three formulas were designed to prepare TiO2/SiO2 particles with
different Ti/Si atomic ratios. Table 1 summarizes the formulas. TxSy

indicates the Ti/Si atomic ratio of TiO2/SiO2 determined by energy
dispersive spectroscopy (EDS, model 6587, Oxford Instrument). The
properties of the TiO2/SiO2 particles were further characterized. The
morphology of the TiO2/SiO2 particles was observed by scanning
electron microscope (SEM, SNE-4500M). The BET specific surface
area of TiO2/SiO2 particles was measured by high purity nitrogen
adsorption (ASAP 2020, Micromeritics). The crystalline of the TiO2/
SiO2 particles was characterized by X-ray diffraction (XRD, D5005D,
Siemens). The band-gap energies of these samples were determined
by a UV-Vis spectrophotometer (V-650, JASCO). The chemical
bonding of TiO2/SiO2 particles was analyzed by X-ray photoelec-
tron spectroscopy (XPS, Theta Probe, Thermo Scientific).

The prepared TiO2/SiO2 particles were used as the fluidized media
in a specially designed fluidized bed photoreactor. A schematic
drawing of the system is shown in Fig. 1(a). High pressure air was
stored in the tank (a). Air was dried by the dryer (b) after leaving
the tank (a). An air mass flow controller (c) was used to control the
flow rate of the air stream. The concentration of toluene and the
humidity of the inlet stream were controlled by the toluene evapo-
rator (e) and the water evaporator (f), respectively. The cylindrical
fluidized bed reactor (j) was made of quartz with an internal diame-
ter of 5cm. A UV light tube (i) was inserted at the center of the fluid-
ized bed reactor (j).

The design of the reactor is shown in Fig. 1(b). The reactor con-
sists of five shorter cylindrical columns. The cylindrical columns
were connected by the flanges and clamps. Screen printing cloths
(mesh number 200) were placed between the cylindrical columns.
The gas distributor at the bottom of the reactor is a stainless steel
support covered by a screen printing cloth with a mesh number of
200. The 15 W UV light has an outer diameter of 2.1 cm. The wave-
length of the light is 254 nm. The toluene concentrations of the gas
stream before and after the photocatalytic degradation reaction were
determined by gas chromatograph (Autosystem XL, PerkinElmer).

A photo of the reactor with the UV lamp is shown in Fig. 1(c).
In a typical experiment, TiO2/SiO2 particles were loaded into the

reactor as the fluidizing media. In the single-stage experiment, 20.0g
of the fluidizing media was loaded into the lowest cylindrical col-
umn. In the two-stage experiment, a total amount of 40.0 g fluidiz-
ing media was loaded in the lowest two cylindrical columns (20.0 g
each). The relative humidity of the inlet stream was controlled at
30±2%. The inlet stream volumetric flow rate, F, was set at 5 L/
min, 10 L/min or 15 L/min. The toluene concentration of the inlet
stream, C, was set at 300 ppm, 650 ppm or 1,000 ppm. Toluene re-
moval efficiency is defined as,

Toluene removal efficiency (%)

RESULTS AND DISCUSSION

1. TiO2/SiO2 Particle Characterization
The morphologies of the TiO2/SiO2 particles together with the

= 

inlet toluene concentration
   − outlet toluene concentration

inlet toluene concentration
---------------------------------------------------------------------------- 100%×

Fig. 1. (a) Schematic diagram of the experimental system. a: Air
storage tank; b: Dryer; c: Mass flow controller; d: Three-way
valve; e: Toluene evaporator; f: Water evaporator; g: Mixer; h:
Humidity meter; i: UV light; j: Fluidized bed reactor; k: GC;
l: PC. (b) The enlargement of the fluidized bed reactor. (c) A
photo of the fluidized bed reactor.

Table 1. The formulas for TiO2/SiO2 particle preparation
TiO2/SiO2 TTIP [g] Ethanol (A+B) [ml] Silica gel [g]

T3S4 10 065 5
T5S4 30 135 5
T9S4 30 135 2
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original silica gel particles are realized by the SEM images in Fig. 2.
Flaky materials are observed on the spherical silica gel particles.
The amount of the flaky materials increases with the increasing of
the Ti/Si atomic ratio. The flaky materials in Fig. 2 were analyzed
by EDS. The atomic ratio of Ti : Si : O is 33.87 : 0.32 : 65.81. The flaky
material is mainly TiO2 from EDS analyses.

One of the major concerns of using TiO2/SiO2 particles in the
fluidized bed photoreactors as the fluidizing media is the attrition

of the TiO2/SiO2 particles. The flaky TiO2 deposited on the silica gel
particles may be lost after the fluidization operation if attrition is
severe. The SEM images of T5S4 particles before and after the fluid-
ized bed toluene degradation reactions are shown in Fig. 3 (F=10
L/min; C=300ppm). The flaky TiO2 remains deposited on the spher-
ical silica gel particle surfaces after 6-hr fluidization experimental
run. The results in Fig. 3 indicate that the TiO2/SiO2 particles pre-
pared by the doping sol-gel method show good wearing properties.

Fig. 2. SEM images of (a) silica gel, (b) T3S4, (c) T5S4, and (d) T9S4 particles.

Fig. 3. SEM images of T5S4 particles before and after the toluene fluidization degradation operations.
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The density, BET specific surface area and band gap energy of
TiO2/SiO2 particles are summarized in Table 3. Since atomic mass
of Ti is much larger than that of Si, the density of TiO2/SiO2 parti-
cles increases when the Ti/Si atomic ratio increases. The minimum
fluidization velocity of the particles was calculated by the correla-
tions of Geldart [15]. The minimum fluidization velocities, Umf, of
T3S4, T5S4 and T9S4 were 0.0046 m/s, 0.0051 m/s and 0.0058 m/s,
respectively. The tested volumetric flow rates (7.3-27.7 Umf) are well
above the of the minimum fluidization velocities of the correspond-
ing TxSy TiO2/SiO2 particles to ensure the fluidization of the bed.
The band-gap energies of these samples were determined by the
UV-Vis spectrophotometer. The band gaps of T3S4, T5S4, T9S4 were
determined and shown in Table 2 as 3.10 eV, 2.94 eV and 2.92 eV,
respectively. For reference, the band gap is 3.0 eV for rutile TiO2

and 3.2 eV for anatase TiO2. The band gap narrows with the increas-
ing of the Ti/Si atomic ratio and particles with higher Ti/Si atomic
ratio show better photodegradation activity [16].

The BET specific surface area of the original silica gel particles
was 525.14 m2/g. Before calcination, T3S4 had a larger BET specific
surface area than that of the original silica gel particles. A relatively
small amount of sol-gelled particles on the silica gel particle surface
increases the BET specific surface areas of the mother particles.
However, when the Ti/Si atomic ratio increases to 5/4 or 9/4, the
addition of sol-gelled particles fills into the pores of silica gel parti-
cles. The blockage of the pores causes the decreasing of the BET
specific surface area of T5S4 or T9S4 mother particles before calci-
nation. It is interesting that the BET specific surface area of all TiO2/
SiO2 particles decreases after calcination. The formation of the flaky

TiO2 on the mother particle surfaces covers the silica gel particle
pores. The absorption isotherms of the T3S4 particles before and
after calcinations are shown in Fig. 4. The amount of the adsorbed
nitrogen molecules was reduced after calcinations due to the cov-
erage of the silica gel pores by TiO2. The results in Fig. 4 indicate
that these particles have Type IV isotherm with mesopores in the
range of 2 nm to 50 nm [17].

The XRD analyses of the TiO2/SiO2 particles before and after
calcinations are shown in Fig. 5. It is confirmed that the formation

Table 3. The comparisons of the equilibrium toluene removal efficiencies (ERE) and the apparent reaction rate constant (k) and order (n) at
different operation conditions

F (L/min) 5 10 15

Toluene
concentration

(ppm)

Stages
1 2 1 2 1 2

ERE
k

(ppm/s-L)
n

ERE
k

(ppm/s-L)
n

ERE
k

(ppm/s-L)
n

ERE
k

(ppm/s-L)
n

ERE
k

(ppm/s-L)
n

ERE
k

(ppm/s-L)
n

T3S4

0300 51 08.3

00.5

76 2.7

0.7

55 22.3

00.4

80 06.1
0

00.7

45 21.5

00.5

78 10.7

00.7
0650 39 72 44 77 33 75
1000 30 69 32 74 26 72

T5S4

0300 57 15.8

00.4

81 3.6

0.7

62 33.9

00.4

87 13.4

00.7

53 29.1

00.5

84 13.9

00.7
0650 46 78 51 84 40 81
1000 32 74 37 80 32 77

T9S4

0300 39 03.1

00.5

77 2.7

0.7

42 08.2

00.5

81 06.1

00.7

52 27.6

00.5

85 13.3

00.7
0650 32 73 34 79 42 82
1000 26 69 28 75 32 79

Table 2. Density, BET specific surface area and band gap energy of TiO2/SiO2 particles
TiO2/SiO2 Density (kg/m3) BET before calcination (m2/g) BET after calcination (m2/g) Band gap energy (eV)

T3S4 2570 559.51 390.50 3.10
T5S4 2810 403.26 225.93 2.94
T9S4 3240 326.19 148.87 2.92

Fig. 4. The absorption and desorption isotherms of T3S4 particles
before and after calcination.
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of anatase TiO2 after calcination causes particle densification and
the decreasing of the BET specific surface area. The XRD peaks
reveal trace amount of silica gel after calcination, especially in the
case of T9S4. The suppressed silica gel peaks partially result from the
TiO2 coating shells. XPS was used to further investigate the chemi-
cal states of Ti and O in silica gel XRD peak suppressed T9S4 parti-
cles. Fig. 6(a) shows the XPS spectra for Ti 2p. Ti 2p1/2 and Ti 2p3/2

of T9S4 appear at 464.2 eV and 458.8 eV, respectively, indicating
that Ti exists in the form of Ti4+ [18]. The binding energy of Ti 2p3/2

for T9S4 is 0.6 eV greater than that of pure TiO2 of 458.2 eV [19].
The formation of Si-O-Ti bond can cause a 0.6 eV increasing of
the binding energy of Ti 2p3/2 and Si-O-Ti bond enhances the pho-
tocatalytic activity of the fluidized media [16]. Fig. 6(b) shows the
O 1s XPS spectrum. The peaks were predominantly fitted into three
peaks, which correspond to 530.0 eV, 533.4 eV and 536.9 eV. The
binding energies of O 1s in Ti-O-Ti and Si-O-Si and bonds are 530.1
eV and 533.2 eV, respectively [17]. A binding energy of 536.9 eV in
O 1s spectrum refers to some unspecified metal oxide, possibly Si-
O-Ti.
2. Toluene Degradation

Figs. 7, 8 and 9 show the comparisons of the toluene removal
efficiencies in the single-stage and two-stage degradation systems

with different inlet toluene concentrations and inlet gas volumetric
flow rates using T3S4, T5S4 and T9S4 particles as the fluidizing media,
respectively. In all cases, the toluene removal efficiency drops quickly
in the first 20-25 min in the single-stage systems and remains an
almost constant value in the reaction time studied. The constant
value is referred to as the equilibrium toluene removal efficiency.
The toluene removal efficiency drops are much later in the two-
stage systems. When the inlet toluene concentration increases, the
equilibrium toluene removal efficiency decreases.

There are two mechanisms involving the removal of toluene from
the gaseous stream: silica gel absorption removal and TiO2 photo-
catalytic degradation. The removal of toluene from the gas stream
via the relative fast silica gel absorption is effective in the first period
and toluene removal efficiency is nearly 100% (for example, first
50 min in the two-stage systems). However, when the toluene ab-
sorption on silica gel reaches equilibrium, toluene is not able to be
removed by the silica gel absorption mechanism and the toluene
removal efficiency keeps decreasing. A reference experimental run
was carried out using pure silica gel as the fluidizing media, the
toluene removal efficiency gradually decreases and does not reach
an equilibrium toluene removal efficiency. In the single-stage deg-
radation experiments, the total amount of the silica gel loaded in

Fig. 5. XRD spectra of TiO2/SiO2 particles (a) before and (b) after
calcinations.

Fig. 6. XPS spectra of T9S4 particles: (a) spectrum of Ti 2p; (b) spec-
trum of O 1s.
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the system is limited and the loaded silica gels are not able to re-
move the entire toluene from the gas stream. The toluene removal
efficiency drops quickly and a near 100% removal efficiency in the
first period is too short to be observed in the single-stage experi-
ments. In the two-stage experiments, the total amount of silica gels

is large enough to show a near 100% removal efficiency in the first
period. The removal efficiency of toluene from the gas stream drops
after the toluene absorption reaching equilibrium. The TiO2 pho-
tocatalytic toluene degradation mechanism dominates in the sec-
ond period and toluene removal efficiency profile follows that in

Fig. 7. The comparisons of the toluene removal efficiencies of the
single-stage and two-stage systems operated at different oper-
ation conditions and using T3S4 particles as the fluidizing
media.

Fig. 8. The comparisons of the toluene removal efficiencies of the
single-stage and two-stage systems operated at different oper-
ation conditions and using T5S4 particles as the fluidizing
media.
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the single-stage experiments. If the toluene mass transferring from
the bulk to the particle surface is not the rate limiting step, the results
indicate that the number of the active sites of the TiO2/SiO2 parti-
cles is not large enough to degrade the toluene molecules in the
inlet stream when the inlet toluene concentration increases. Since

the high concentration toluene is continuously fed into the system
and the steady state operation is achieved after 20-25 min in the
single-stage systems. Continuous toluene degradation operation is
successfully achieved.

The inlet gas volumetric flow rate, F, affects the fluidized bed
flow regimes and the toluene residence time and thus the equilib-
rium toluene removal efficiency. Theoretically, a small F value allows
the toluene vapor to have a longer residence time and thus higher
toluene removal efficiency. However, the inlet gas volumetric flow
rate also affects the bed flow regime. In the parameters studied, a
packing bed, a bubbling fluidized bed, a slug fluidized bed or a
turbulent fluidized bed may exist. Among these beds, a slug fluid-
ized bed is preferred for toluene photocatalytic degradation. A slug
fluidized bed allows good contact between TiO2/SiO2 particles and
toluene molecules and the large bubbles in the bed allow UV light
deep penetration. An example of slug fluidized bed is shown in
Fig. 10 when using T5S4 as the fluidizing media.

In the single-stage system, a bubbling fluidized bed is obtained
at F=5 L/min using T3S4 or T5S4 as the fluidizing media and a slug
fluidized bed is obtained at F=10 L/min using T3S4 or T5S4 as the
fluidizing media. A turbulent fluidized bed is obtained at F=15 L/
min using T3S4 or T5S4 as the fluidizing media. When using the rela-
tive light T3S4 or T5S4 as the fluidizing media, the equilibrium tolu-
ene removal efficiency is the highest at F=10 L/min and the bed
shows a slug flow regime. In the inlet gas flow rates studied, there
are no slug flow regimes when using T9S4 as the fluidizing media.
T9S4 has the highest density and a bubbling fluidized bed is obtained
at F=15 L/min. When using relatively heaver T9S4 as the fluidizing
media, the equilibrium toluene removal efficiency is the highest at
F=15 L/min. The equilibrium toluene removal efficiency is also af-
fected by dual effects of the gas residence time and the flow regimes
in the two-stage systems. The equilibrium toluene removal effi-
ciency is the highest at F=10 L/min using T3S4 or T5S4 as the fluid-
izing media or at F=15 L/min using T9S4 as the fluidizing media.

Fig. 9. The comparisons of the toluene removal efficiencies of the
single-stage and two-stage systems operated at different oper-
ation conditions and using T9S4 particles as the fluidizing
media.

Fig. 10. A slug flow regime in the single-stage system using T5S4 par-
ticles as the fluidizing media (F=10 L/min).
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A higher equilibrium toluene removal efficiency of 87% is obtained
in the two-stage system using T5S4 as the fluidizing media with an
inlet toluene concentration of 300 ppm and inlet flow rate of 10 L/
min.

The comparisons of the equilibrium toluene removal efficiency
in the single-stage systems and that in the two-stage systems are
shown in Table 3. The equilibrium toluene removal efficiency in the
two-stage system is generally higher than that in the single-stage
system. The apparent reaction rate constant and order were deter-
mined by inlet toluene concentrations and toluene equilibrium
concentrations using the CSTR model at different operating con-
ditions. The results are also summarized in Table 3. The apparent
reaction orders are 0.4-0.5 for single-stage reactors and 0.7 for two-
stage reactors, respectively. The coupling effects of particle photo-
degradation activity and the hydrodynamic behavior cause higher
apparent reaction rate constants when using T5S4 particles as the
fluidizing media. The highest toluene removal efficiency of 87% was
obtained in the two-stage system when using T5S4 as the fluidizing
media at the inlet toluene concentration of 300 ppm and F=10 L/
min. When the inlet concentration was as high as 1,000 ppm, and
F=10 L/min, the toluene removal efficiency remained as high as
80% in the two-stage system using T5S4 as the fluidizing media.
The toluene equilibrium removal efficiency was maintained in the
6-hr experimental time.

CONCLUSIONS

TiO2/SiO2 was prepared by the silica gel doping sol-gel method
and characterized. EDS/SEM analyses indicate a flaky TiO2 coated
spherical silica gel structure. The as-prepared TiO2/SiO2 particles
were used as the fluidizing media in a staged fluidized bed photo-
reactor. A slug fluidized bed allows good contact between TiO2/
SiO2 particles and toluene molecules, and the large bubbles in the
bed allow deep light penetration. Toluene is thus successfully being
continuously degraded in the fluidized bed photoreactor.

The apparent reaction orders are 0.4-0.5 for single-stage reactors
and 0.7 for two-stage reactors, respectively. The dual effects of the
gas residence time and the flow regimes causes the highest equilib-
rium toluene removal efficiency to be at F=10 L/min when using
T3S4 or T5S4 as the fluidizing media and at F=15L/min when using
T9S4 as the fluidizing media. The highest toluene removal efficiency
of 87% was obtained in the two-stage system using T5S4 as the flu-
idizing media when the inlet toluene concentration is 300 ppm and
F=10 L/min. When the inlet toluene concentration is as high as
1,000 ppm and F=10 L/min, the toluene equilibrium removal effi-

ciency remains as high as 80% in the two-stage system using T5S4

as the fluidizing media. A rapid, continuous, long operation time,
high concentration VOC degradation system is developed.
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