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The photocatalytic degradation of toluene in air was carried out on particles of TiO2 in a photocatalytic reactor that had been
developed to study the treatment of organic pollutants in a gaseous phase. Hypothetically, the fluidized bed technology of this re-
actor could make it possible to increase the mass transfer coefficients in comparison with those of conventional photoreactors. The
photocatalytic particles used were prepared by mixing TiO2 (Degussa P25) and starch in a methanol solution. The XRD and SEM
results of these aggregates confirm the titanium dioxide (Degussa P25) characteristics, such as the presence of anatase on the par-
ticle surface and spongy and wrinkled morphology. Toluene concentrations varied from 0.9 to 199 ppmv , and all the experiments
were carried out with a flow rate of 300 NL/h. Toluene conversions from 77% to 100% were obtained in the range studied. In this
work, the regeneration processes of deactivated TiO2 photocatalysts have been investigated using FT-IR and GC/MS techniques.
Benzoic acid, benzaldehyde, and benzyl alcohol were the three major intermediate products identified.

Copyright © 2007 O. Prieto et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

Volatile organic compounds (VOCs) are an important cat-
egory of air pollutants present in the atmosphere of all ur-
ban and industrial areas. Toluene is one of the major indoor
and industrial air pollutants and several strategies have been
identified in order to reduce its presence in civil and indus-
trial emissions. Among the methods to oxidize toluene, het-
erogeneous photocatalysis is one of the most attractive, due
to the mild operational conditions usually employed in the
experiments.

Photocatalysis is an advanced oxidation process in which
the energy required is supplied by the direct absorption of
UV radiation at room temperature, and needs the use of
semiconductor materials with an adequate band gap as a
photocatalyst. Titanium dioxide (TiO2) is the most attractive
semiconductor, because of its high photocatalytic efficiency,
its stability against photo-corrosion and chemicals, its low
toxicity, and its low cost. Its band-gap energy of 3.2 eV leads
to its photoexcitation which requires wavelengths of less than
ca. 385 nm, corresponding to a near-UV irradiation. The ab-
sorption of UV radiation excites electrons from the valence to
the conduction band, creating electron-hole pairs with a high

oxidative potential of 3 eV associated with the holes photo-
generated, which initiate redox reactions with adsorbed sur-
face species [1]. The idea of using a fluidized bed as both a
uniform radiation distribution and an immobilized support
for photocatalysts was originally proposed and theoretically
evaluated by Yue et al. [2]. Some authors [3–5] have demon-
strated the experimental application of this idea. Fluidized
bed photocatalytic reactor systems have several advantages
compared to conventional immobilized photocatalytic reac-
tors. Reactor configuration provides both exposure of the
photocatalyst to UV radiation and good penetration of the
radiation in the photocatalyst bed that improves the contact
of the photocatalyst with the gas [6]. When a particle bed
is expanded from a fixed bed, particles are more separated
and the screening effect of the radiation is less important. A
higher gas velocity implies a higher bed expansion and void
fraction.

In the present study, a particular TiO2 photocatalyst (De-
gussa P25) has been synthesized and characterized in order to
be used in the degradation of toluene in a fluidized bed pho-
toreactor. At the same time, attention was focused on iden-
tification of intermediate products present on the surface of
the exhausted TiO2 photocatalyst and on its regeneration.
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Figure 1: Schematic diagram of the fluidized bed photoreactor.

2. EXPERIMENTAL

2.1. Reagents and catalyst preparation

Toluene (PA), methanol (ACS), and starch (soluble, synthe-
sis grade) were purchased from Panreac Quı́mica S.A., Spain,
and used without further purification.

The catalyst powder was TiO2 Degussa P25, which was
employed as received without further treatment. TiO2 De-
gussa P25 particles were approximately spherical and non-
porous with a purity over 99.5% and are reported to contain
about 80% of anatase and 20% of rutile. Therefore, starch
was used as a binder, in order to obtain more abrasion-
resistant particles. The use of starch has been proposed in
order to overcome the problems associated with the poor
fluid dynamic properties of the titanium catalyst. P25 pow-
der is classified within the Geldart C group (according to its
particle size and density) having a poor fluidization behav-
ior.

The catalysts used in the fluidized bed photoreactor were
developed by mixing TiO2 (Degussa P25) with starch in
800 ml of distilled water and a methanol solution (50% v/v)
and then stirring until a homogeneous phase was obtained.
The TiO2/starch relation (w/w) used was 15. The resulting
solution was vigorously stirred using a magnetic stirrer until
a homogeneous solution was formed. Then, the mixture was
dried overnight in an open oven at 110◦C and calcined in air
at 400◦C for 2 hours. Finally, the sample was crushed and
sieved to a suitable particle size to be fluidized (between 0.5
and 0.25 mm). The particles obtained were nonporous and
nonspherical with an apparent density of 1.39 g cm−3.

2.2. Fluidized bed photoreactor

The photocatalytic reactions were carried out in a fluidized
bed photoreactor. As shown in Figure 1, this cylindrical reac-
tor is a quartz glass tube of 40 mm ID (inner diameter) and
665 mm high. A Pyrex porous disc was used as a distributor
to provide the uniform fluidization of the TiO2 photocata-
lyst. A low-pressure mercury vapor ultraviolet lamp (40 W,
Philips TLK40W/10-R) was installed outside as the source of
UV radiation. The wavelength of the UV lamp ranges from
300 to 400 nm with the peak of maximum radiation intensity
at 365 nm.

In order to obtain the toluene concentration, an air
stream was passed through a saturator with toluene and then
diluted by the main air stream to adjust the toluene concen-
tration. A similar device was used to evaporate the water but
with a higher flow.

The flow rate of the carrying gas (air) was measured us-
ing a mass flow-meter (D-6200 M + W Instruments). Con-
centration of the toluene was measured using an online gas
chromatograph (Agilent 6890N) equipped with a mass de-
tector (Agilent 7953N) and an autosampling valve system.
No photocatalytic degradation products, CO, CO2, could be
determined with this equipment.

The minimum fluidization velocity (Umf) of the TiO2

photocatalyst particles was determined by graphically plot-
ting their pressure drop versus the inlet gas velocity (Ug).
The minimum fluidization velocity is the minimum veloc-
ity of the superficial gas which makes the particle bed act as
a fluid-like state through contact with a gas stream. Below
the minimum fluidization velocity the gas will flow through
channels between the particles.
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Figure 2: XRD patterns of aggregates of TiO2 particles (A: anatase
and R: rutile).

2.3. Catalyst characterization

Samples have been studied using the following character-
ization techniques: crystalline structure phases were deter-
mined using X-ray diffraction (XRD) in a Philips PW1710
powder diffractometer in the 5–75◦ (2θ) region using Cu-
Kα radiation (λ = 1.54050 Å). FT-IR spectra were recorded
in a Bruker Tensor 27 with Golden Gate (SPECAC). Textural
and morphological properties were analyzed by nitrogen ad-
sorption in an Omnisorp 100CX Coulter. Electronic images
were obtained in a JEOL JSM-820 microscope. Samples were
prepared and placed on a conductive double faced adhesive
and then covered by another layer in an evaporating Balz-
ers SDC040. The elemental analysis of carbon, hydrogen, and
nitrogen was performed on a Leco instrument, model CHN-
600.

3. RESULTS AND DISCUSSION

3.1. Characterization of the TiO2 photocatalyst

The powder X-ray diffraction patterns of aggregates of TiO2

particles are shown in Figure 2. As can be seen in the XRD
pattern, the photocatalyst has strong anatase diffraction
peaks at 2θ ≈ 25.3◦; 37.8◦; and 48.0◦ corresponding to
diffraction planes (101), (004), and (200), respectively, as
well as small rutile diffraction peaks at 2θ ≈27.4◦; 36.0◦; and
41.2◦, corresponding to the diffraction planes (110), (101),
and (111), respectively.

The nature and distribution of the TiO2 superficial OH
group is often the determining factor of the catalytic behav-
ior. The spectrum of aggregates of TiO2 particles (Figure 3)
is characterized by a series of narrow components in the
3800–3600 cm−1 range. In our case, peaks are observed at
3692 cm−1 due to vibrations of isolated OH groups and an
intense and broad absorption in the 3600–3200 cm−1 range,
with a maximum at 3278 cm−1, resulting from the superpo-
sition of the νOH mode of bonded hydroxyl groups and of
the symmetric and antisymmetric νOH modes of molecular
water coordinated to Ti4+ ions as cations on (110) face of mi-
crocrystalline rutile [7]. The band at 1626 cm−1 is assigned
to the OH bend vibrations (δOH). The absorption bands at
ca. 2922 and 2838 cm−1 refer to the C−H stretching due to
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Figure 3: FT-IR spectra of TiO2 particles aggregates, TiO2 P25, and
starch. The spectra have been displaced vertically for clarity.

the remaining organic compounds. Thus, it could indicate
that organic residues of the starch remain at 400 ◦C. How-
ever, according to the elemental analysis of C, H, and N of
the sample, the amount of C is lower than 0.1% w. We there-
fore consider that this minimum amount of starch does not
affect the photocatalyst activity.

The SEM pictures of the aggregates of TiO2 particles con-
tain the spongy and wrinkled morphology characteristic of
the TiO2 P25 (Figure 4(a)). However, there are also particles
greater than TiO2 (Degussa P25) in size. These agglomerates
enhance the fluidization behavior but are responsible for a
reduction of the BET surface sample from 50 m2/g of P25 to
46 m2/g of the aggregates of TiO2 particles.

3.2. Activity test

Toluene degradation via photocatalysis was carried out in a
fluidized bed photoreactor with different initial toluene con-
centrations in air. The initial toluene concentrations used in
the experimentation varied from 0.9 to 199 ppmv. All the
experiments were carried out with a flow rate of 300 NL/h
which would suggest a residence time of 4.52 seconds. The
same amount of fresh catalyst, 225 g, was used in each exper-
iment. Once system stabilization was achieved, each exper-
iment was carried out between six and eight hours without
reduction in the catalyst efficiency. Toluene removal yield is
calculated as the mean of the set of values recorded during
this time.

As can be seen in Figure 5, relative toluene photodegra-
dation decreased when the initial toluene concentration was
increased. 100% toluene was degraded when its concentra-
tion in the reactor ranged from 0.9 to 4 ppmv. Nevertheless,
the removal obtained with 200 ppmv was only 77%.
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Figure 4: SEM pictures of TiO2 P25 samples (a) and aggregates of
TiO2 particles (b), (c), and (d).
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Figure 5: Variation of the toluene removal yield versus the initial
toluene concentration.

In Table 1 we show a comparative study between the
above-mentioned data and the results obtained by other au-
thors who have assessed the gas phase photocatalytic removal
of toluene.

Marcı̀ et al. [8] carried out a degradation of toluene in
a Carberry-type photoreactor with a flow rate of 120 L/h
(two orders of magnitude higher than the one usually em-
ployed in a fixed bed photoreactor). Under these conditions
a 5% toluene conversion (9.78·10−3 mg/m2· s) was obtained
for an initial concentration of 0.0055 mM (123.2 ppmv in
standard conditions) and a vapor concentration of 0.75 mM.

Pengyi et al. [9] obtained conversions of ca. 80% and 40% us-
ing a flow rate of 180 L/h (retention time 28.8 seconds) for 10
and 15 ppmv of initial concentration of toluene, a relative hu-
midity of 35%, and a UV lamp of 254 nm. Barraud et al. [10]
developed a new catalyst modified with SO2−

4 and they car-
ried out toluene degradation with a flow rate of 12 L/h, an
inlet concentration of 110 ppmv, and a relative humidity of
35%. Under these conditions conversions of over 90% were
obtained. Jeong et al. [11] used a laminar flow photoreactor
and obtained a conversion of 80% for an initial concentra-
tion of 20 ppmv, a relative humidity of 40%, and a residence
time of 33 seconds.

An apparent catalyst surface of the fluidized bed photore-
actor has been estimated using the properties of the particles.
The apparent density is 1.39 g/cm3. The average particle di-
ameter has been calculated by using (1) (xi weight fraction
of particles and di diameter), supposing that one half of the
particles has a diameter of 0.25 mm and the other half has a
diameter of 0.50 mm. Therefore, the average particle diame-
ter is 0.33 mm. Particle sphericity was estimated at 0.73 as-
suming sand-form particles:

d = 1
∑n

i=1

(
xi/di

) . (1)

As can be seen in Table 1, apparent catalyst surface, corre-
sponding to all particles, in the fluidized bed photoreactor
is higher than apparent surface in other kinds of photoreac-
tors. Toluene removal per square meter per second in the flu-
idized bed photoreactor is similar to the maximum removal
achieved by other authors. However, we should bear in mind
that flow rates and inlet toluene concentration used in this
study are greater than in others which use larger reactor vol-
umes. As a consequence, this technology makes it possible to
treat higher flow rates of toluene with suitable conversions in
smaller photoreactors.

The photocatalytic degradation rate of the organic con-
taminants over irradiated TiO2 fitted L−H kinetics [12–16].
There is only one contaminant in this experiment, and a
single-site L−H model is introduced to evaluate photocat-
alytic degradation rates:

R0 = k · K · [Tol]
1 + K · [Tol]

, (2)

where R0 is the reaction rate (ppmv s−1), k the reaction rate
constant (ppmv s−1), and K the Langmuir adsorption con-
stant (ppm−1

v ).
As Figure 6 shows, the photodegradation of toluene fol-

lows a pseudo-first-order kinetic over the range of inlet con-
centrations tested in the photoreactor. This is in agreement
with previous studies [17, 18] indicating that photocatalytic
oxidation rates follow first-order kinetics at low concentra-
tions when the term K · [Tol] is much less than 1.

3.3. Regeneration of the deactivated catalyst

One of the disadvantages of the application of TiO2 to the
photocatalytic decomposition of pollutants in the air is the
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Table 1: Comparison of data in the photocatalytic removal of toluene.

Author
Catalyst
surface
(cm2)

Reactor
volume
(L)

Flow
rate
(L/h)

Inlet toluene
concentration
(ppmv)

Relative
humidity
(%)

Toluene
conversion
(%)

Toluene
removal
(mg/m2· s)

Marcı̀ [8] 864.0 16.3 120 123.2 59∗ 5 9.78 · 10−3

Pengyi [9] 884.4 1.44 180 10 35 80 1.86 · 10−2

Pengyi [9] 884.4 1.44 180 15 35 40 1.40 · 10−2

Barraud [10] 288.6 0.07 12 110 35 >90 4.70 · 10−5

Jeong [11] 356.4 0.55 60 20 40 80 3.08 · 10−5

This study 4.04 · 104∗∗ 0.38 300 80 -∗∗∗ 85 5.76 · 10−3

This study 4.04 · 104∗∗ 0.38 300 199 -∗∗∗ 77 1.31 · 10−2

∗Supposed 1 bar of pressure.
∗∗Theoretical (geometric) surface of the particles bed.
∗∗∗Not measured.
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Figure 6: Variation of toluene photocatalytic oxidation rate per
square meter of catalyst versus initial toluene concentration.

catalytic deactivation that sometimes takes place, due to the
strong adsorption of intermediates by active sites on the TiO2

surface. The catalytic deactivation and coloration that oc-
cur during the course of photodecomposition of toluene has
been widely reported in the literature [19–22]. The strong in-
teraction between the active sites on the catalyst surface and
the oxygen-bearing reaction intermediates leads to an abrupt
decrease in the number of active sites during the course of re-
action.

It is reported for toluene photo-oxidation that pho-
tocatalyst deactivation occurs in the absence of water va-
por [23], while for other substrates no deactivation of the
photocatalyst was observed under dry conditions even af-
ter long periods of irradiation [24]. The color of the cata-
lyst changed from white to light brown (Figure 7) after the
photo-oxidation of toluene, indicating that the catalyst had
been deactivated. The changed colour of exhausted catalysts
is directly associated with the accumulation of those inter-
mediates on the surface, according to the results published
in [19–22]. In photocatalytic regeneration, recalcitrant sur-
face species are gradually removed from the photocatalyst
through continuous exposure to UV illumination in clean

Figure 7: Activated and deactivated catalysts.

(uncontaminated) flowing air. In general, humidified air is
preferred for photocatalytic regeneration because a complete
oxidation reaction may be significantly hindered in the com-
plete absence of water. Although, a deactivation study has not
been carried out, the regeneration process has been evalu-
ated. Thus, the samples were regenerated in air flow under
UV irradiation for 1, 2, 4, and 6 hours, using a fluidized bed
photoreactor.

In order to obtain insights on the surface phenomena
involved in the reaction, the regeneration processes of de-
activated TiO2 catalyst have been investigated using FT-IR
spectroscopy to identify the intermediates adsorbed on the
surface of the aggregates of TiO2 particles. No gas-phase by-
products were detected by online GC/MS under experimen-
tal conditions in agreement with other studies [25]. Prod-
ucts remaining on the deactivated aggregates of TiO2 parti-
cles (having a brownish color) were extracted by acetonitrile,
dichloromethane (methylene chloride), and isooctane, and
were analyzed using GC/MS to identify the intermediates.
The deactivated catalyst used in the regeneration processes
was obtained by working the photoreactor at high concen-
trations of toluene and without addition of water vapor in
less than 5 hours.

Samples of fresh, deactivated, and regenerated aggregates
of TiO2 particles have been analyzed using FT-IR in order
to determine the distribution and features of the hydroxyl
groups. The differences between the samples were not signif-
icant from 4000 to 2000 cm−1 and all the bands appeared in
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Figure 8: FT-IR spectra of fresh aggregates of TiO2 particles (a),
deactivated aggregates of TiO2 particles (b), TiO2 particles regener-
ated in air flow under UV irradiation for 1 hour (c), 2 hours (d), 4
hours (e), and 6 hours (f) in the region between 1800–1300 cm−1.
The spectra have been displaced vertically for clarity.

the same position of fresh aggregates of TiO2 particles. How-
ever, new bands due to adsorbed intermediates appeared in
the region from 1600 to 1300 cm−1 (Figure 8).

To identify these intermediates, Figure 9 shows the FT-IR
spectra of fresh, deactivated aggregates of TiO2 particles and
the sample regenerated in air flow under UV irradiation for
6 hours. Thus, in deactivated samples new bands appear at
1503, 1450, and 1415 cm−1 due to vibrations of benzoic acid,
according to results published by other authors and detailed
assignment of major IR bands [26–28]. The other bands cen-
tered on 1675, 1641, and 1604 cm−1 are assigned to vibra-
tions of benzaldehyde. These new bands disappear in the FT-
IR spectrum when a sample is regenerated in air flow un-
der UV irradiation for 6 hours. By comparing the spectra of
fresh and regenerated samples, it can be seen that the regen-
erated sample in air flow under UV irradiation for 6 hours
gives IR bands almost identical to those of the fresh sample.
Therefore, benzoic acid and benzaldehyde are believed to be
present in deactivated samples.

GC/MS analysis is a clear indication that benzalde-
hyde is the most important by-product with only trace el-
ements of benzyl alcohol. Nevertheless, in the analysis of
the dichloromethane, only extracts of benzaldehyde were de-
tected. Finally, no by-products were detected when isooctane
was used as a solvent.
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Figure 9: FT-IR spectra of TiO2 particles regenerated in air flow
under UV irradiation for 6 hours (a), fresh aggregates of TiO2 par-
ticles (b), and deactivated aggregates of TiO2 particles (c) in the
region between 1800–1300 cm−1. The spectra have been displaced
vertically for clarity.
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In summary, benzaldehyde and traces of benzyl alcohol
were the by-products detected by GC/MS.

4. CONCLUSIONS

The most significant conclusions of this work can be sum-
marized as follows.

(i) The photocatalytic degradation of toluene in air using
aggregates of TiO2 particles has been carried out suc-
cessfully in a fluidized bed photoreactor.

(ii) The aggregates of the TiO2 particles prepared are of a
reasonable particle size to be fluidized and are photo-
catalytically active.

(iii) Relative toluene conversion decreases while increasing
the initial toluene concentration in air but it reaches
values higher than 77% between 0 and 200 ppmv of
toluene in air.

(iv) Finally, three major toluene intermediates (benzoic
acid, benzaldehyde, and benzyl alcohol) were identi-
fied.
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