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Nanoscale TiO2 catalysts prepared using a sol–gel method exhibit
higher initial activity than commercially available P-25 TiO2 for the
photocatalytic oxidation of toluene. Unlike P-25 TiO2, nonporous,
nanoscale TiO2 catalysts are composed mainly of mesopores with
pore sizes in the range of 35–44 nm. Calcination at 420◦C leads
to agglomeration of nanoscale TiO2 particles, formation of rutile,
a decrease in pore capacity, and an enlargement of the mesopores.
Catalysts treated at such a temperature display relatively low ac-
tivity. Results of competitive adsorption of water and toluene on
TiO2 samples confirm that TiO2 has a highly hydrophilic surface,
which intrinsically suppresses the oxidation rate of toluene at high
water content in the feed stream. Severe deactivation of TiO2 cata-
lysts is due to the accumulation of partially oxidized intermediates,
such as benzaldehyde and benzoic acid, on active sites. Complete
recovery of catalytic activity requires a regeneration temperature
above 420◦C. Using platinum loaded on TiO2 results in lower ox-
idation rates of toluene, but facilitates the removal of poisonous
intermediates from the deactivated TiO2 surface. Kinetic studies of
the deactivation process indicate that the adsorption of poisonous
intermediates in the initial stage of the photocatalytic reaction is
almost irreversible. The initial oxidation rates on the catalysts are
proportional to their surface areas. The surface concentration of
illuminated active sites on TiO2 catalysts is estimated to be 0.85–
0.96 µmol/m2. c© 2000 Academic Press
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catalyst deactivation; catalyst regeneration.
INTRODUCTION

Photocatalytic decomposition of air contaminants on
semiconductor catalysts, such as TiO2, is a potential tech-
nique for improving indoor air quality. Recently, a large
quantity of work has been devoted to this field (1–3). De-
activation of photocatalysts has been found to be a crucial
disadvantage of this technique in practice, especially for the
oxidation of aromatics (4–7). The poisoning effects of par-
tially oxidized intermediates are believed to be responsible
for deactivation. In the study of photocatalytic oxidation of
1 To whom correspondence should be addressed. Fax: (860) 486-2981.
E-mail: Suib@uconnvm.uconn.edu.
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toluene, Ibusuki and Takeuchi (8) reported the formation
of benzaldehyde in the effluent, and Luo and Ollis (5) iden-
tified benzoic acid in the extracts from deactivated catalysts
with methanol. Méndez-Román and Cardona-Martı́nez (7)
detected both benzaldehyde and benzoic acid using in situ
FTIR. Oxygen-bearing compounds, especially benzoic acid,
can cause irreversible loss in the photoactivity of TiO2 cata-
lysts. Another disadvantage of the use of TiO2 catalysts is
the effect of water concentration on photoactivity. Anpo
et al. (9, 10) have claimed that the presence of water en-
hances the efficiency of electron–hole recombination, an
unfavorable process for photocatalytic oxidation of air con-
taminants. Phillips and Raupp (11) have proposed that the
competitive adsorption of water and organic compounds
on TiO2 surfaces may cause a loss in photoactivity at high
humidity.

In the long run, commercially available P-25 TiO2 has
been found to be a practical photocatalyst for the removal
of hazardous compounds from air. Recently, we reported
the unique behavior of nanoscale TiO2 catalysts with a par-
ticle size of 3–10 nm for the decomposition of 1-butene (12).
The high activity of these materials results mainly from their
large surface areas. In this paper, photocatalytic degrada-
tion of toluene on the nanoscale TiO2 catalysts was studied.
In particular, the deactivation process, regeneration condi-
tions, and humidity effects on the catalysts in relation to
their surface and structural properties have been investi-
gated in detail.

EXPERIMENTAL SECTION

Catalyst Preparation

The catalysts used in this paper were obtained as fol-
lows. TiA was commercially available from Degussa P-25
TiO2. Properties of P-25 have been characterized elsewhere
(13).

TiB and TiC were prepared using a sol–gel process
(12). Forty milliliters of anhydrous ethanol mixed with
eight drops of concentrated hydrochloric acid (∼37%) was
added to dilute 8 g of Ti[OCH(CH3)2]4. An ethanol–water
3
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solution (30 ml of ethanol and 30 ml of deionized distilled
water) was then added dropwise and with vigorous stirring
to hydrolyze the titanium isopropoxide solution. A gel was
formed within a couple of minutes. Subsequently, ethanol
and water were evaporated in a water bath at a temperature
of 80◦C. The gel was dried at 120◦C in an oven overnight
and became pale yellow chunks of TiO2. Fine powders ob-
tained by grinding TiO2 chunks were calcined at 350◦C or
420◦C for 4 h to make TiB or TiC samples.

TiPt is a TiO2 sample loaded with 0.5% Pt. The proce-
dures for preparing TiO2 were similar to those for TiB and
TiC samples. Pt(acac)2 was dissolved in an ethanol–HCl
solution and deposited on TiO2 by an incipient wetness
method. This sample was finally calcined at 350◦C for 4 h.

Films for activity tests were prepared by coating the
above powder materials on microscope glass slides. Fifty
milligrams of a sample dispersed in water was coated on
each slide with an area of 13.5 cm2 (7.5 cm × 1.8 cm). Films
with such high loadings are thick enough to prevent UV
light from penetrating the slides (14).

Apparatus

Oxidation rates of toluene presented in this paper were
directly obtained in a glass plate photocatalytic reactor
since the reactor was operated as a differential reactor un-
der conditions of high flow rates (3.6 l/min) and low con-
version of toluene (<20%). A detailed description of the
reactor and its operation was presented previously (15, 16).
At room temperature and approximately atmospheric pres-
sure, the reaction rate can be expressed as

rT = 0.654χCT0/N, [1]

where rT in micromoles per hour per square centimeter is
the oxidation rate, χ is the conversion of toluene, and CT0

is the inlet concentration of toluene. In this study, CT0 was
almost always controlled at 10 ppm. N is the number of
slides used for the reaction.

UV illumination was generated with a pair of black-light
lamps (λ> 300 nm, 352-nm peak intensity, SpectroLine XX-
15A). The UV intensity at the catalyst surface was measured
with a UVA power meter (Oriel UVA Goldilux) and was
0.70 mW/cm2. Air was passed through a water bubbler to
obtain different water vapor amounts in the feed stream.
The concentrations of water were measured using a humid-
ity and temperature transmitter (Vaisala). A GC (HP-5890
II) equipped with an FID detector and an RTX-5 column
(RESTEK Corp.) was used to measure the inlet and outlet
concentrations of toluene.

Characterization Methods

Diffuse reflectance Fourier transform infrared (FTIR)

spectroscopy experiments were performed on a Nicolet 750
spectrometer with a mercury–cadmium–telluride (MCT)
T AL.

detector and a KBr beam splitter. Spectra were collected
with a resolution of 4 cm−1 using 100 scan averages.

Temperature-programmed oxidation (TPO) was used to
study the carbon species on used catalysts. Fifty milligrams
of sample scraped from the used TiO2 films was loaded
into a quartz reactor and purged with ultrahigh-purity he-
lium flow. The oxidation of adsorbed carbon species was
carried out using 5% oxygen in helium with a flow rate
of 30 ml/min. The temperature rose linearly from 30 to
650◦C. The CO2 concentration was monitored with a mass
spectrometer equipped with a quadrupole ionizing detector
(MKS Instrument Inc.).

Competitive adsorption of water and toluene on the TiO2

surface was performed in a flow-type apparatus with a fixed-
bed adsorber at room temperature and atmospheric pres-
sure. The 100-mg samples were activated at 350◦C for 1 h
in flowing helium. A 15 ml/min flow of helium gas was then
passed through a single saturator filled with a two-phase
mixture of water and toluene. The partial pressures of wa-
ter and toluene were 2.31 and 2.91 kPa, respectively. A mass
spectrometer was employed to monitor the concentrations
of water and toluene in the stream.

Measurements of the nitrogen BET surface areas and ad-
sorption isotherms were conducted using an ASAP 2010 in-
strument supplied by Micromeritics. After being degassed
for 2 h at 100◦C and 10 h at 300◦C under vacuum, samples
were cooled to ambient temperature and transferred to the
adsorption port.

X-ray powder diffraction (XRD) experiments were car-
ried out on a Scintag Model PDS 2000 diffractometer. Sam-
ples were loaded onto glass slides, and Cu Kα radiation was
used at 45 kV and 40 mA. The sample scans were collected
between 5◦ and 80◦ 2θ .

RESULTS

Catalytic Activity

As we reported previously (12), nanoscale TiO2 exhibited
high reactivity in the oxidation of organic contaminants. In
this study, similar catalysts were used in the degradation
of toluene. The oxidation rates of toluene were based on
the difference in toluene concentrations before and after
UV illumination. No intermediate products, such as ben-
zaldehyde or benzoic acid, were detected in the effluent
although they were identified on the surface of used cata-
lysts. According to Ibusuki and Takeuchi (8) and Gratson
et al. (17), photocatalytic oxidation of aromatics primarily
produced CO2 in the effluent.

The activity of different catalysts under dry conditions
is illustrated in Fig. 1. The sequence of initial oxidation
rates obtained on these catalysts is TiB>TiPt>TiC>TiA.

The catalyst prepared using a sol–gel method and cal-
cined at 350◦C (TiB) exhibited the highest catalytic activity
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FIG. 1. Dependence of the oxidation rate of toluene versus reaction
time in the absence of water vapor; I0= 0.70 mW/cm2, flow rate= 3.6 l/min,
CT0= 10 ppm.

(0.52µmol/h · cm2). XRD results shown later in this section
verified that this material was a nanoscale crystal with a par-
ticle size of 7.0 nm. Loading of 0.5% Pt on this type of TiO2

(TiPt) lowered the oxidation rate, because the presence of
platinum on TiO2 surfaces might accelerate the electron–
hole recombination, an unfavorable process for photocatal-
ysis. After being calcined at 420◦C, the TiC sample exhibited
an initial oxidation rate as low as 0.38 µmol/h · cm2. Calci-
nation of nanoscale TiO2 at such a high temperature could
cause a phase transformation (from anatase to rutile) and
the agglomeration of the nanoscale particles. The commer-
cially available P-25 TiO2 (TiA) showed the lowest catalytic
activity although it has been generally considered as a good
photocatalyst and was chosen as a standard for compari-
son purposes in different laboratories (18). All the cata-
lysts deactivated drastically in the initial stage and reached
a relatively steady state at a fairly low oxidation rate (ap-
proximately 0.10µmol/h · cm2). After each test, the catalyst
color changed from white to yellow, indicating that a cer-
tain amount of carbon species was deposited on the catalyst
surface. These observations are consistent with what was
reported in the literature (5–7).

Effect of Humidity

Many authors (9, 11, 12) have described a significant ef-
fect of humidity on the degradation rate of air contaminants.
The effect of humidity on the oxidation rate of toluene is
shown in Fig. 2. The initial oxidation rates decreased with
an increase in water amount in the feed stream. The ad-
vantage of TiB over other catalysts in the absence of water
was eliminated at high humidity (about 40%). However, the
TiC sample treated at 420◦C showed a stronger resistance
to the negative effect of humidity. Although TiA showed
low activity in the absence of water, its resistance to humid-

ity effects is superior to that of other TiO2 samples. In high
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FIG. 2. Effect of water concentration on the oxidation rate of toluene;
I0= 0.70 mW/cm2, flow rate= 3.6 l/min, CT0= 10 ppm.

humidity, the oxidation rates of TiC and TiA are almost
identical.

The surface of TiO2 catalysts is abundant in hydroxyl
groups, which can adsorb water via hydrogen bonding or
aromatics via an OH···π -electron-type complex (19). The
competitive adsorption of toluene and water on the cata-
lysts was studied by measuring their hydrophobic indices
(HI) (20, 21). HI is defined as the ratio of the mass of
toluene to water adsorbed on the sample under competitive
conditions, which is often used as a quantitative parame-
ter for identifying the hydrophobicity or hydrophilicity of
solid samples. Figure 3 shows typical breakthrough curves
of toluene and water for a TiB sample. Toluene started to
break through after about 6 min whereas the breakthrough
time for water was as long as 22 min. The HI values ob-
tained for different catalysts are listed in Table 1. Both the
reaction data and competitive adsorption results indicate
FIG. 3. Typical breakthrough curve for competitive adsorption of wa-
ter and toluene on the TiB sample.
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TABLE 1

Surface, Structural, and Textural Properties
of TiO2-Based Catalysts

Average
Surface MPPSa particle size XRD

Sample HI area (m2/g) (nm) (nm) results

TiA 3.2 54.6 500 28 Ab + Rc

TiB 2.0 105.1 36 7.0 A
TiC 2.5 77.8 44 10.1 A + R
TiPt 1.8 103.0 35 7.2 A

a MPPS: most possible pore size.
b A stands for anatase.
c R stands for rutile.

that catalysts with lower HI values seem to be more sensi-
tive to humidity. This result confirms that the surface of the
TiO2 catalysts is strongly hydrophilic and the preferential
adsorption of water on the surface is responsible for the low
oxidation rate at high humidity.

Regeneration of Deactivated Catalysts

One of the disadvantages for the application of TiO2 to
photocatalytic decomposition of air contaminants is cata-
lyst deactivation due to the strong adsorption of inter-
mediates on active sites on the TiO2 surface. The deac-
tivated catalysts can be regenerated by burning out the
chemisorbed carbon species in air. In this case, TiB and TiC
were chosen to investigate the effect of regeneration tem-
perature on catalytic activity. At the preparation tempera-
tures for TiB and TiC at 350 and 420◦C, respectively, both of
the catalysts were regenerated in air in 2 h. The data in Figs. 4
and 5 demonstrate the effect of regeneration on the ox-
idation rates of TiB and TiC. The lowering of the initial
FIG. 4. Comparison of catalytic activity of the TiB sample regener-
ated at 350◦C; I0= 0.70 mW/cm2, flow rate= 3.6 l/min, CT0= 10 ppm.
T AL.

FIG. 5. Comparison of catalytic activity of the TiC sample regener-
ated at 420◦C; I0= 0.70 mW/cm2, flow rate= 3.6 l/min, CT0= 10 ppm.

oxidation rate of TiB showed that the catalyst was prob-
ably partially regenerated at 350◦C. In contrast, the activ-
ity of TiC was completely recovered after being regener-
ated at 420◦C in air. As mentioned before, the catalysts
turned yellow after deactivation. After being regenerated
at 350◦C for 2 h, the TiB sample was still light yellow. How-
ever, the TiC sample returned to its original white color
after being regenerated at 420◦C. Hence, 350◦C is probably
too low a temperature for the regeneration of these types
of catalysts, and a suitable regeneration temperature is
420◦C.

Temperature-Programmed Oxidation of Carbon Species

Temperature-programmed oxidation (TPO) was used to
investigate the burning process of adsorbed carbon species
on deactivated catalysts. Since the change in oxygen concen-
tration was not sensitive enough to be the TPO signal in our
experiments, the evolution of CO2 from used samples was
alternatively chosen to monitor the oxidation process. CO2

evolution curves are presented in Fig. 6. Curve A indicates
that the fresh TiO2 sample prepared by a sol–gel method is
free of carbon species. The curve for the TiA sample reveals
three peaks at 280, 360, and 420◦C, indicating that differ-
ent carbon species are present on the deactivated catalyst.
These carbon species are strongly adsorbed on the active
sites of the TiO2 surface, as indicated by the high burning
temperatures. The curves for TiB and TiC samples exhibit
highly unsymmetrical peaks at 420◦C, showing that larger
amounts of carbon species have been deposited on the de-
activated catalysts due to their high photocatalytic activity.
The curve for the TiPt sample displays a peak at 360◦C and
a shoulder at 280◦C. The decrease of the burning temper-
ature can be ascribed to the presence of platinum, which
is known to be an excellent catalyst for complete oxida-

tion of carbon species at low temperature. The above TPO
results are consistent with those of the regeneration tests,
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FIG. 6. Evolution of CO2 during the temperature-programmed oxi-
dation of carbon species on TiO2 catalysts: (A) fresh TiB, (B) used TiA,
(C) used TiPt, (D) used TiB, and (E) used TiC.

indicating that 420◦C is needed to burn out all the adsorbed
carbon species on the deactivated catalysts. The determi-
nation of the adsorbed species on the deactivated catalysts
was carried out further by using Fourier transform infrared
spectroscopy.

Fourier Transform Infrared Experiments

During the reaction, the catalysts turned from white to
pale yellow gradually, and the catalyst deactivation oc-
curred simultaneously with the color change. Méndez-
Román and Cardona-Martı́nez (7) reported that benzalde-
hyde and benzoic acid were responsible for the deactivation
of TiO2-based catalysts. Ibusuki and Takeuchi (8) identified
the presence of benzaldehyde in the effluent, while Luo
and Ollis (5) claimed that only benzoic acid was detected in
their experiments. In our study, methanol was first used to
extract adsorbed oxygenates. The results of mass spectro-
scopic analysis indicated that the adsorbed intermediates
were mainly benzaldehyde and benzoic acid, with a very
small amount of benzyl alcohol. Our FTIR experiments, as
shown in Fig. 7, further confirmed that irreversible adsorp-
tion of benzaldehyde and benzoic acid could occur on TiO2

catalysts.
Spectrum A reveals that the surface of a fresh TiB cata-

lyst is relatively clean. The band at 1623 cm−1 is assigned to

an –OH bend corresponding to the stretch at 2500–
3700 cm−1. Surface changes on the fresh TiO2 sample
IDATION ON NANOSCALE TiO2 257

soaked with benzoic acid solution are indicated in spectrum
F, where new bands appear at 1515, 1455, and 1417 cm−1.
The TiO2 sample was further exposed to benzaldehyde
for 1 h. More new bands at 1684, 1645, 1602, 1585, and
1221 cm−1 emerge in spectrum G. The band at 1684 cm−1

is assigned to a carbonyl vibration of aldehyde. The vibra-
tions of an aromatic ring are associated with bands at 1645,
1602, and 1585 cm−1. The two bands at 1520 and 1416 cm−1

are from the asymmetric and symmetric vibrations of the
COO− group. The detailed assignment of major IR bands is
referred to in the literature (7, 22, 23). By comparing spec-
tra B and G, it can be seen that the deactivated catalyst gives
IR bands almost identical to those of the fresh TiO2 sample
treated with benzoic acid and benzaldehyde in sequence.
Therefore, benzoic acid and benzaldehyde are believed to
be present on deactivated catalysts. After the deactivated
TiB catalyst was regenerated at 350◦C for 2 h, benzoic acid
remained intact on the surface as indicated by spectrum C.
Spectrum E indicates that a clean surface was recovered
only if the used TiO2 catalyst was regenerated at 420◦C.
However, for deactivated TiPt samples the catalyst surface
was free of intermediates after regeneration at 350◦C as de-
termined from spectrum D. IR results reveal that benzoic
acid is more difficult to oxidize on TiO2 surfaces than ben-
zaldehyde. The TPO peaks at 280, 360, and 420◦C of the
deactivated TiO2 catalysts can be attributed to the oxida-
tion of adsorbed benzyl alcohol, benzaldehyde, and benzoic
acid, respectively. Both the IR and TPO experiments con-
firm that the deactivation of this type of catalyst arises from
the irreversible adsorption of reaction intermediates, such
as benzaldehyde and benzoic acid. The complete removal

FIG. 7. Diffusion reflectance FTIR spectra: (A) fresh TiB, (B) used
TiB, (C) used TiB regenerated at 350◦C, (D) TiPt regenerated at 350◦C,

(E) TiC regenerated at 420◦C, (F) TiB treated with benzoic acid, and
(G) TiB treated with benzoic acid and benzaldehyde.
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of these strongly adsorbed intermediates requires a burning
temperature at or above 420◦C.

BET, Adsorption Isotherm, and XRD Results

P-25 TiO2 was reported to be a nonporous material with
a surface area of approximately 50 m2/g, an average particle
size of 30 nm, and a mixture with anatase and rutile crystal
structures (anatase : rutile ratio, 70 : 30). The unique photo-
catalytic activity of nanoscale TiO2 catalysts prepared us-
ing a sol–gel method might be due to their unusual textural
properties and structure. BET surface areas for those sam-
ples are listed in Table 1. The surface area of TiA (54.6 m2/
g) is close to the reported literature value, while the sur-
face area of TiB is twice as large as that of TiA. The lower
surface area of TiC is due to its higher calcination tem-
perature (420◦C), which might cause sintering, as well as
collapse of the pores. The N2 adsorption isotherms of the
samples are shown in Fig. 8. The TiA curve indicates that
P-25 TiO2 is primarily composed of macropores. The max-
imum in pore size distribution curve of TiA is located at
500 nm. In contrast, the appearance of the hysteresis loops
on the TiB and TiC curves demonstrates that these samples
mainly contain mesopores with a pore size maximum of 36
and 44 nm, respectively. After being calcined at 420◦C, TiC
has a lower adsorption capacity, illustrated by the down-
ward shift of the TiC curve and a larger pore size. Loading
platinum did not significantly change the textural properties
of TiO2.

XRD results are listed in Table 1. The Scherrer equa-
tion (24) was used to calculate average particle sizes, more
strictly, crystalline sizes. TiC has a larger particle size than
TiB because of particle agglomeration caused by a higher
calcination temperature. Furthermore, the appearance of
rutile indicates that a phase transformation from anatase
to rutile below 420◦C had occurred. Rutile was claimed to
be less active than anatase for the photodecomposition of
FIG. 8. N2 adsorption isotherms of TiO2 samples.
T AL.

hazardous compounds (25, 26). The effects of particle size
on photoactivity were elucidated previously (1, 12, 16).

DISCUSSION

Catalyst deactivation during the course of photodecom-
position of toluene was widely reported in the literature
(4–7). The strong interaction between the active sites on
the catalyst surface and the oxygen-bearing reaction inter-
mediates leads to an abrupt decrease in the number of ac-
tive sites during the course of reaction. The color change
of used catalysts is directly associated with the accumula-
tion of those intermediates on the surface. In our study,
three stable reaction intermediates, benzyl alcohol, ben-
zaldehyde, and benzoic acid, were identified on the used
catalyst by extraction with methanol. IR results further con-
firmed the presence of benzaldehyde and benzoic acid on
the catalyst surface. On the basis of the above observations,
the oxidation process probably proceeded in the following
sequence: toluene → benzyl alcohol → benzaldehyde →
benzoic acid. The highly stable aromatic ring of toluene is
intact when the active methyl group of the toluene molecule
is oxidized step-by-step to benzoic acid. The formation of
the carbonyl group makes the benzyl ring even more inert
because the conjugation effect of the carbonyl group re-
duces the electron density of the benzyl ring. The complete
oxidation products, such as CO2 and water, come from any
of the intermediates when the benzyl ring is broken.

Since the photocatalytic reactions are conducted at room
temperature, the surface of the catalysts is gradually oc-
cupied by irreversibly chemisorbed intermediates, which
retard the reaction. Regeneration of deactivated catalysts
requires elevated temperatures in order to remove the
intermediates from the active sites. TPO and FTIR ex-
periments demonstrate that the burning temperatures of
benzaldehyde and benzoic acid in air are 360 and 420◦C,
respectively. Hence, for complete recovery of deactivated
catalysts, a regeneration temperature at or above 420◦C
is needed. However, heat treatment at 420◦C may cause
the phase transformation of anatase to rutile (27), and the
agglomeration of the nanoscale TiO2 particles, which are
unfavorable for the photoactivity of the catalysts. Loading
a small amount of platinum on TiO2 catalysts may be a so-
lution to this problem, because platinum is able to facilitate
the combustion of the intermediates and lowers the regen-
eration temperature. Nevertheless, if the platinum loading
of the catalyst is too high, a low regeneration temperature
may be obtained at some sacrifice in the photoactivity since
platinum may accelerate the recombination of electrons
and holes in the photocatalytic reaction. To find an appro-
priate compromise between these two factors is a worth-
while project for the future.
For all the catalysts in this study, the oxidation rates de-
crease almost exponentially with increasing reaction time,
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especially in the first hour of activity tests and under dry
condition (Fig. 1). Such a common variation trend inspired
us to investigate the deactivation kinetics of TiO2 cata-
lysts for photocatalytic oxidation of toluene. In our kinetic
model, the adsorption of the poisonous intermediates, such
as benzaldehyde and benzoic acid, is assumed to be irre-
versible. Moreover, compared to toluene adsorption, the
surface reaction from adsorbed toluene to benzaldehyde
or benzoic acid proceeds very fast. Thus, the conversion
from gas-phase toluene molecules to intermediates can be
simplified as follows:

T+ S
ka→P · S, [2]

where T is the gas-phase toluene, S is the active site on the
catalyst surface, and P · S is the adsorbed poisonous inter-
mediate. Some further definitions include

r oxidation rate of toluene, µmol/h · g cat, which is
different from rT (µmol/h · cm2) in Eq. [1]. r= rT ·
13.5 cm2/0.050 g cat

r0 initial oxidation rate, µmol/h · g cat
t reaction time, h
ka specific reaction rate, (h · ppm)−1

CS surface concentration of vacant active sites,µmol/
g cat

CP · S surface concentration of active sites occupied by
poisonous intermediates, µmol/g cat

C0 total surface concentration of active sites, µmol/g
cat, C0 =CS + CP · S

C′0 total surface concentration of active sites, µmol/
m2

SBET BET surface area, m2/g
PT partial pressure of toluene in the gas phase, ppm
a catalytic activity defined as r/r0, time-dependent

The reaction rate (r) in our study is based on the disap-
pearance of toluene concentration. According to Eq. [2], it
can also be expressed stoichiometrically as the disappear-
ance of vacant sites, i.e., r =−dCS/dt. Equation [2] also
shows that the disappearance rate of vacant sites is directly
proportional to the partial pressure of toluene (PT) and the
concentration of vacant sites (CS), i.e.,

−dCS/dt = ka PTCS. [3]

Integrating Eq. [3] with a boundary condition, CS=C0 at
t= 0, gives us an expression for CS:

CS = C0 exp[−ka PTt]. [4]

Therefore, the oxidation rate can be written as

r = ka PTC0 exp[−ka PTt]. [5]

Plotting ln(r) against −t , we can obtain a straight line

with an intercept of ln(kaPT C0) and a slope of kaPT for each
TiO2 catalyst (Fig. 9). The r values (µmol/h · g cat) in Fig. 9
IDATION ON NANOSCALE TiO2 259

FIG. 9. Linear regression of ln(r) versus −t according to Eq. [5].

are transferred from Fig. 1. The data points after 60 min are
discarded because of deviation from linear regression. The
deviation might originate from the negligence of interme-
diate desorption to form complete oxidation products since
the desorption rate cannot be neglected in comparison with
the adsorption rate in this stage. Therefore, only at the ini-
tial stage of reaction, when the adsorption of intermediates
is significantly faster than their desorption, can the assump-
tion of irreversible adsorption be correctly considered.

From the regression results in Fig. 9, the total sur-
face concentration of active sites C0 can be computed via
C0= exp[intercept]/slope. C′0 expressed in micromoles per
square meter is obtained from the corresponding C0 divided
by the surface area of a specific sample, i.e. C′0 =C0/SBET.
These results are listed in Table 2. Theoretically, the C′0 val-
ues reflecting the number of active sites per area should
be identical for pure TiO2 samples with the same surface
properties. The closeness of the C′0 values for different TiO2

samples in Table 2 shows that our kinetic model for the de-
activation process is creditable. Active sites mentioned here
refer to illuminated active sites since the calculation of C0

and C′0 is based on photo-oxidation rates.
The initial oxidation rate (r0) is obtained from Eq. [5]

when t is equal to zero:

r0 = ka PTC0 = ka PTC′0SBET. [6]

TABLE 2

Surface Concentration of Active Sites
Calculated from Kinetic Model

Sample C0 (µmol/g) C′0 (µmol/m2)

TiA 46.55 0.85
TiB 98.47 0.94

TiC 74.72 0.96
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FIG. 10. Dependence of initial oxidation rates on BET surface areas
according to Eq. [7].

ka PT is a constant since the partial pressure of toluene is
kept at 10 ppm, and C′0 is also a constant for pure TiO2

samples. Thus, the initial oxidation rate can be rewritten as

r0 = k′SBET, [7]

where k′ = ka PTC′0. A straight line passing through the ori-
gin should be obtained by plotting r0 versus SBET. Figure 10
verifies the reliability of this deduction. In other words, the
initial oxidation rate is linearly dependent on the catalyst
surface area.

Furthermore, if catalytic activity a is defined as a = r/r0,
the expression of a is as follows from a combination of
Eqs. [5] and [6]:

a = exp[−ka PTt]. [8]

The rate of catalyst deactivation is defined as rd = −da/dt.
Thus, the expression rd can be easily obtained by differen-
tiating Eq. [8]:

rd = −da/dt = ka PTa. [9]

Obviously, in this case, the deactivation rate is first order
(28).

Water concentration in the feed stream has a significant
impact on the oxidation rate of toluene. Phillips and Raupp
(11) suggested that water is necessary to supply hydroxyl
groups depleted during the course of reaction. At high wa-
ter levels, however, the competitive adsorption between
water and organic contaminants on active sites gives rise
to a decrease in oxidation rate. Anpo et al. (9, 10) have pro-
posed that the adsorption of water on TiO2 causes structural
changes, which unfavorably enhance the recombination of
photogenerated electrons and holes. Our experiments con-
cerning the competitive adsorption of water and toluene
confirm that the TiO2 surface is highly hydrophilic because

of the presence of a large amount of hydroxyl groups. Con-
sequently, the adsorption of organic substrates on TiO2 is
T AL.

inherently limited in the presence of water. To increase the
hydrophobicity of the TiO2 surface through surface modi-
fication might be a practical method for the improvement
of photoactivity in the future.

CONCLUSION

The nanoscale TiB and TiC samples were found to be
highly active catalysts for the photodegradation of toluene.
Performing the reaction at room temperature resulted in
rapid deactivation of TiO2 catalysts due to the chemisorp-
tion of intermediates, such as benzaldehyde and benzoic
acid. The color change of the catalysts from white to yel-
low was closely associated with the accumulation of these
carbon species on the active sites. The oxidation process
might follow the sequence toluene → benzyl alcohol →
benzaldehyde→ benzoic acid. The burning temperature of
adsorbed benzoic acid on the catalyst surface was as high
as 420◦C. Therefore, complete recovery of catalytic activ-
ity occurred only when the regeneration temperature was
at or above 420◦C. Loading platinum on TiO2 lowers the
regeneration temperature considerably at the expense of
some photoactivity. High humidity in the feed stream sig-
nificantly inhibited the oxidation rate of toluene since water
was preferentially adsorbed on the hydrophilic surface of
TiO2. Kinetic studies gave the following conclusions con-
cerning the photocatalytic process: (a) almost irreversible
adsorption of intermediates in the initial reaction stage,
(b) a linear dependence of initial oxidation rates on catalyst
surface areas, (c) surface concentration of illuminated ac-
tive sites on TiO2 (0.85–0.96 µmol/m2), and (d) first-order
deactivation rate. These findings may shed light on the de-
sign of new types of TiO2 catalysts with high photoactivity.
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