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The photocatalytic oxidation of acetone is investigated in a
flow-circulating reactor over Pt/TiO2 prepared by photodeposition
(Pt/TiO2-P) as well as by reduction with NaBH4 (Pt/TiO2-C). Com-
pared to untreated TiO2, Pt/TiO2-P is less active and Pt/TiO2-C
more active at 40–120◦C, water concentration of 4500 ppm, and
light intensity of 1.10× 10−6 E/(min cm2). The increased activity
of Pt/TiO2-C is related to the stronger adsorption of acetone and
higher rate constant, as revealed by dependence of the reaction rate
on concentration. Adsorption constants obtained from adsorption
isotherms are significantly lower than those constants obtained from
the dependence of the rate on acetone concentration. This suggests
the presence of acetone photoadsorption during photocatalytic ox-
idation. Platinized samples did not demonstrate steady state de-
activation, which was observed over TiO2 at temperatures above
100◦C. However, there was a decrease in the oxidation rate while
reaching steady state after an increase of temperature to 80◦C and
above. Apparent activation energy of photocatalytic oxidation over
platinized samples was 10–13 kJ/mol; the apparent activation en-
ergy of thermal acetone oxidation was 84 kJ/mol for Pt/TiO2-P and
about 40 kJ/mol for Pt/TiO2-C. At 80–140◦C, photoinduced oxida-
tion could occur on Pt particles, as shown by acetone photoinduced
oxidation over Pt/γ -Al2O3. The lack of deactivation of Pt/TiO2 above
100◦C may be related to the modification of the TiO2 surface dur-
ing Pt deposition because TiO2 treated with NaBH4 demonstrated
a higher deactivation temperature. The dependence of activity on
Pt content in Pt/TiO2-C had a peak at Pt content of about 0.1 wt%.
The TiO2 used in this study had higher adsorption and rate con-
stants compared to TiO2 Degussa P25. An estimate showed that
there were no concentration gradients inside the photocatalyst film
under experimental conditions of this study. c© 2000 Academic Press
INTRODUCTION

Recent studies on photocatalytic oxidation demonstrated
that this type of reaction enables the decontamination of
the environment. Photocatalytic purification has a number
of advantages for treating water and air, especially for the
removal of organic admixtures. A significant rate of oxida-
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tion which results in simple inorganic molecules, and a low
selectivity toward a variety of compounds make photocatal-
ysis an attractive means for the solution of environmental
problems.

Titanium dioxide proved to be the most active semicon-
ductor photocatalyst for oxidative reactions. The search for
photocatalysts that are even more active revealed that de-
position of platinum could appreciably improve the photo-
catalytic activity of TiO2.

Platinized titanium dioxide was originally designed for
photocatalytic water decomposition (1–4) because titanium
dioxide alone does not photocatalyze this reaction. Plat-
inum deposits are believed to cause better separation of
photogenerated charge carriers, with electrons being col-
lected in platinum particles. Owing to this enhanced charge
separation, Pt/TiO2 is able to photocatalyze various electro-
chemical reactions, for instance, water decomposition, the
Kolbe reaction (5), reduction of nitrate ions (6), and reduc-
tion of chromium(IV) (7). On the other hand, platinum is
an excellent thermal catalyst. The properties of platinum as
a catalyst, together with the photoelectrochemical behav-
ior of the Pt/TiO2 interface, give rise to unusual reactions
such as photocatalytic hydrogenation with water (8) and
hydrogen photocatalytic isotopic exchange (9, 10). Reac-
tions of gas-phase photocatalytic oxidation do not require
photoelectrochemical conditions. This is corroborated by
the fact that an increase in water vapour pressure usually
has an adverse effect on the reaction rate (11, 12), except
when the deactivation of TiO2 occurs (11–13) or when wa-
ter is one of the reactants (13, 14). Gas-phase oxidation by
oxygen consumes both photogenerated electrons and holes
because neither the initial organic molecules nor the prod-
uct molecules are charged. When photogenerated charges
have large distances between them, intermediates of oxida-
tion must move from the electron sites to those of the hole
and back for the reaction to take place. This can decrease
the quantum yield since photogenerated charges can accu-
mulate in excess and recombine. Therefore, better charge
separation in Pt/TiO2 hardly causes its increased oxida-
tive photocatalytic activity. Recent studies on ethanol and
acetaldehyde gas-phase photocatalytic oxidation (15, 16)
0
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emphasized the role of thermal catalytic reactions in over-
all oxidation processes over TiO2 and Pt/TiO2. In particular,
Kennedy and Datye (15) suggested that the photothermal
synergistic effect observed over Pt/TiO2 for ethanol oxida-
tion is a result of a mixed series-parallel kinetics. The latter
includes gas-phase transport of acetaldehyde, a product of
ethanol photooxidation over TiO2, to Pt where it oxidizes
completely in thermal reactions. Falconer and Magrini-Bair
(16) attributed an increased photocatalytic activity at el-
evated temperatures of Pt/TiO2, compared to TiO2, to
spillover of oxygen from Pt to TiO2.

In this paper we present experimental results and pro-
pose two other reasons for the enhanced photocatalytic ac-
tivity of Pt/TiO2. They include photostimulated oxidation
on the surface of Pt particles and stronger adsorption of or-
ganic molecules on platinized TiO2 compared to pure TiO2.

Fu et al. showed that Pt/TiO2, prepared by reduction of
H2PtCl6 with NaBH4, has much higher activity in benzene
oxidation (17). However, many other researchers (2–4, 6,
15, 16, 18) employed Pt/TiO2 prepared by photocatalytic
deposition. It was shown recently that photodeposition can
lead to platinum in various chemical states (Pt0, PtO2, and
Pt(OH)2) depending on the conditions of deposition (19);
Pt0/TiO2 has the highest photocatalytic activity in acetone
oxidation (20). In the current study we compare photocata-
lytic activity of Pt0/TiO2 samples, prepared by NaBH4 re-
duction, and photodeposition. The method of preparation
that gave the more active photocatalyst was then used to
prepare samples to determine the causes of their high ac-
tivity. Finally, the platinum content that gave the highest
rate of acetone photocatalytic oxidation at near ambient
temperature was determined.

EXPERIMENTAL
The preparation of titanium dioxide was reported pre-
viously

estimated quantity of aqueous solution of H2PtCl6 to incip-
d with
(12). It was made by aqueous hydrolysis of chem-

TABLE 1

Photocatalysts Studied

Pt content determined by
Objective Pt

Platinum deposition content X-ray
Designation Composition method (wt%) fluorescence Spectrophotometrically

TiO2 TiO2 — — — —
P0.9 Pt/TiO2 photocatalytic 1.0 0.9 —
C0.00 TiO2 NaBH4 reduction 0.00 — —
C0.08 Pt/TiO2 NaBH4 reduction 0.1 0.07 0.09
C0.09 Pt/TiO2 NaBH4 reduction 0.2 0.08 0.10
C0.11 Pt/TiO2 NaBH4 reduction 0.3 0.10 0.12
C0.41 Pt/TiO2 NaBH4 reduction 0.5 0.40 0.42
C0.76 Pt/TiO2 NaBH4 reduction 1.0 0.78 0.74
C100 Pt NaBH4 reduction 100 — —

ient wetness. TiO2 with adsorbed H2PtCl6 was treate
Pt/Al2O3 Pt/γ -Al2O3 NaBH4 reduction
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ically pure TiCl4 and precipitated by NaOH. The deposit
was washed thoroughly with distilled water and calcined in
air at 400◦C for 3 h. A TEM micrograph of this titania re-
vealed that primary particles show high crystallinity with a
typical size of 8–13 nm and form larger aggregates of 300–
800 nm. The specific surface area of this photocatalyst was
123± 3 m2/g, as determined using low-temperature nitro-
gen adsorption in an ASAP-2400 instrument (Micromerit-
ics). X-ray analysis revealed the existence of the anatase
phase only.

Titania prepared in this manner was loaded with plat-
inum using two different methods of H2PtCl6 reduction:
photocatalysis and reduction with NaBH4. In this paper,
samples prepared by reduction with NaBH4 are designated
“C” and those prepared photocatalytically are designated
“P.” P or C is followed by the weight percentage of Pt. When
the different methods of Pt determination used gave dis-
tinct contents, a mean value is used in the designation. The
samples used are listed in Table 1. Deposition of platinum
did not result in significant changes of the specific surface
area. Sample C0.41 had a specific surface of 128± 3 m2/g.
Distributions of pore volume and pore surface area in this
sample had peaks at pore diameters of about 11 and 10 nm,
respectively. These values are close to the primary parti-
cle diameter and correspond to pores formed by primary
titania particles.

For photocatalytic deposition (sample P0.9), 19 ml of
0.1 M acetic acid and 1.32 ml of 0.077 M H2PtCl6 were added
to 2 g of TiO2. The pH of the suspension was adjusted to 4.0
by the addition of NaOH solution. The suspension was irra-
diated in a quartz reactor by a 250-W Xe lamp, 12 cm from
the reactor, for 5 h. Then, the catalyst was washed by de-
cantation to free it of Cl− and dried in air at 100◦C for 4.5 h.

Samples C0.08–C0.76 were loaded with Pt by reduction
with NaBH4. Titanium dioxide was impregnated with an
0.5 — —
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a 3-fold excess of an aqueous solution of NaBH4. Then,
the sample was washed thoroughly with distilled water, fil-
tered, and dried at 90◦C in air. Sample C0.00 was prepared
using the same method as that for C0.41 but without adding
H2PtCl6. Platinization of γ -Al2O3 was carried out according
to the same method. The specific surface area of γ -Al2O3,
as determined by BET, was 115 m2/g. Sample C100 was
platinum black prepared by the reduction of H2PtCl6 with
NaBH4. The size of the Pt particles in all samples with com-
position Pt/TiO2 was below 1 nm because the particles could
not be detected by TEM.

The platinum content was ascertained by two methods.
X-ray fluorescence analysis was performed with a VRA-20
instrument with a W anode in the X-ray tube. The other
method was spectrophotometric determination with SnCl2.

Pt/TiO2 samples showed a noticeable difference between
the objective and actual platinum contents, which could
result when some of the Pt particles are removed during
washing with water. To prove this, the solution, after sample
C0.41 was washed, was analyzed by atomic absorption spec-
troscopy (AAS). The result indicates that about 0.1 wt%
of platinum resides in the washing solution. This means
that the difference was completely due to the removal of
Pt during washing. According to AAS analysis of the wash-
ing solution, the content of Na from NaBH4 in C0.41 was
below 0.1 wt%. The difference between the objective and
actual platinum content was higher for chemically loaded
samples. We expect that reduction with NaBH4 will pro-
duce many Pt particles, which are not attached to TiO2 par-
ticles. On the contrary, photocatalytic reduction requires
close contact between Pt and TiO2 and, therefore, produces
few unattached Pt particles. Very small Pt particles that are
not attached to TiO2 agglomerates can be easily washed
out.

UV–vis diffuse reflectance spectra of the catalysts were
recorded using a Shimadzu UV-300 spectrophotometer
(Japan) equipped with an integrating sphere appliance.
MgO was a reference sample, and its reflectance was as-
sumed to be 85%.

Kinetic measurements were performed in a flow-
circulation system described in detail elsewhere (21). The
flow-circulation system includes a quartz reactor, a mem-
brane circulation pump, and stainless steel connection
pipes. The reactor was placed in a temperature-controlled
box to maintain the necessary temperature between 40 and
140◦C. The circulation rate was about 8 L/min, more than
100 times higher than the selected maximum input flow rate.
Therefore, the reactor can be considered as a perfect stirring
reactor without concentration and temperature gradients.

Oxygen in air was used as the oxidant. Input gas flow
was prepared according to the following procedure. Purified
air from the air line was divided into three flows. One was
passed through a saturator filled with water to attain neces-

sary water vapour concentration, while the second flow was
passed through a saturator with acetone. The third flow was
V ET AL.

used to dilute the gas mixture produced after the confluence
of all the flows.

Input and output gas mixtures were analyzed using gas
chromatographs equipped with a FID and TCD. Carbon
dioxide was determined by analyzing methane on FID after
methanation of a gas sample.

For the tests of activity, catalysts were applied to glass
plates from aqueous slurries to cover an area of 3 cm2. The
thickness of the catalyst layer was sufficient to absorb all
incident UV light.

Samples in the quartz reactor incorporated in the flow-
circulation loop were irradiated by the light of a 1000-W
xenon lamp transmitted through a 313-nm interference fil-
ter. The incident light intensity was 7 mW/cm2, or 1.10×
10−6 E/(min cm2).

The rate of acetone oxidation was calculated from the
rate of CO2 production, the product of its complete oxida-
tion. Measurements of the CO2 concentrations were made
until steady state was reached; steady state measurements
only were used to calculate the oxidation rate, except for the
experiments that showed how the steady state was reached.
Steady state was usually reached in about 30 min. No other
carbon-containing products were detected during the ex-
periments.

Isotherms of acetone adsorption were measured in a ther-
mostatic 160-ml glass vessel equipped with ports for purg-
ing air with controlled humidity and injection of liquid ace-
tone. Powder of the catalysts was distributed uniformly on
the bottom of the vessel. The vessel with the catalyst was
purged with air for 24 h, and then definite volumes of liquid
acetone were injected and resultant equilibrium concentra-
tion was measured.

RESULTS AND DISCUSSION

Since the pure and platinized titania samples were pre-
pared for use in a photocatalytic reaction, their reflective
properties may have had a strong effect on the photocata-
lytic activity. Figure 1 shows diffuse reflectance spectra of
pure and platinized TiO2 and of platinum black. The pres-
ence of Pt clearly changes the spectrum of TiO2 in the vis-
ible light region. The increase in the Pt content reduces
the reflectance. The sample C0.00, which was treated with
NaBH4 without adding H2PtCl6, has a spectrum that is al-
most identical to that of the initial TiO2. Just after the ad-
dition of NaBH4, C0.00 turned gray and then slowly turned
white when washed with water and while it was drying.
Therefore, this sample seems to be completely reoxidized
during preparation. It is interesting to compare the diffuse
reflectance spectra of different titanias with similar plat-
inum content. Previous work (20) used TiO2 (Fluka) with
primary particles with an average size of 160 nm, whereas in

this study we used TiO2 with primary particles of 8–13 nm.
Nevertheless, after approximately 0.8 wt% Pt was loaded,
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FIG. 1. Diffuse reflectance spectra of the photocatalysts studied.

either by photocatalysis or NaBH4 reduction, both samples
showed similar spectra with reflectance near 40% in the visi-
ble light region. These samples contained platinum particles
of different sizes: 3 nm for TiO2 (Fluka) and<1 nm for cur-
rent TiO2. The similarity of their spectra can be understood
if one assumes that the platinum particles are translucent
for visible light and that the characteristic depth of pene-
tration in both samples of TiO2 is the same. In this case,
the fraction of visible light absorbed was the same for both
samples.

Figure 2 demonstrates the temperature dependence of
the rate of acetone oxidation over Pt/TiO2 P0.9. The rate
of thermal acetone oxidation is already considerable at
temperatures above 80◦C. The rate of photocatalytic and

FIG. 2. Temperature dependence of the acetone oxidation rate over

sample P0.9. Weight of catalyst 30.45 mg; acetone concentration 560 ppm;
water vapor concentration 4100 ppm.
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FIG. 3. Temperature dependence of the acetone oxidation rate over
sample C0.76. Weight of catalyst 21.9 mg; acetone concentration 560 ppm;
water vapor concentration 4500 ppm.

thermal oxidation increases steadily with increasing tem-
perature and is satisfactorily approximated by an exponen-
tial dependence (Fig. 2). The apparent activation energy is
10.4± 3.1 kJ/mol for photocatalytic oxidation and 84.0±
1.9 kJ/mol for thermocatalytic oxidation. Compared to un-
platinized TiO2 (12), the rate of acetone oxidation on P0.9
is 1.5 times lower at 40◦C, but is slightly higher at 100◦C.
However, the rate of purely photocatalytic oxidation over
P0.9 is lower, even at 100◦C.

Sample C0.76 with a similar platinum content exhibits
better activity during acetone oxidation (Fig. 3). At all tem-
peratures from 40 to 120◦C, the rate of acetone oxidation is
higher over C0.76 than over TiO2. The greatest difference
by 2.7 is observed at 120◦C. At this temperature, the rate
of oxidation over TiO2 begins to decrease, whereas there is
no sign of a decrease over C0.76.

Obviously, chemical deposition of Pt produced a more
active photocatalyst than photocatalytic deposition. The
rate of thermal acetone oxidation over C0.76 at 100◦C
(1.83× 10−8 mol/(s g)) is also higher than that over P0.9
(1.70× 10−8 mol/(s g)). This suggests that the Pt parti-
cles in C0.76 were smaller than those in P0.9, assuming
that acetone oxidation is a structure-insensitive reaction.
The apparent activation energy is 13.3± 2.0 kJ/mol for
photocatalytic oxidation and 38.1± 6.1 kJ/mol for ther-
mocatalytic oxidation. In comparison with the photocata-
lytically prepared sample, the apparent activation energy
of thermal oxidation is twice as low.

Although the temperature dependence of acetone oxi-
dation over C0.76 does not demonstrate deactivation, the
time to reach steady state at 120◦C is markedly longer than

that at lower temperatures. A temporal profile of activity is
depicted in Fig. 4A. There is a considerable decrease in the
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FIG. 4. Decrease in the acetone oxidation rate after an increase in
temperature: (A) From 40 to 120◦C over C0.76. Conditions are the same
as those reported in Fig. 3. (B) From 60 to 80◦C over C0.41. Conditions
are the same as those reported in Fig. 5.

oxidation rate after an increase in temperature to 120◦C. It
is interesting that the time to reach steady state over C0.76
is similar to that over TiO2 (12), approximately 80 min. The
nature of deactivation on both catalysts appears to be the
same: accumulation of intermediate products on the TiO2

surface. However, it was difficult to detect the brown color
after operation at 120◦C in C0.76 because it was initially
dark gray.

Luo and Falconer (22) revealed that acetone undergoes
aldol condensation and cyclization reactions on TiO2 De-
gussa P25. They found that in dry conditions mesityl oxide
begins to desorb at about 130◦C from TiO2 with acetone
saturation coverage. About 10% of the surface acetone was
converted to strongly bound species that could not be re-
moved by heating to 450◦C. Such condensation products
may be responsible for thermal deactivation of titania cata-
lysts during photocatalytic oxidation of acetone. Mesityl ox-
ide was not detected in our studies. This may be related to
a lower rate of aldolization over given TiO2. We used non-
zero water concentrations. Water was reported to decrease
the rate of aldolization by poisoning Lewis acid sites (23)
that are active sites for aldolization over TiO2 (24). Pla-
tinized TiO2 does not demonstrate thermal deactivation,
evidently due to maintaining (photo)thermal oxidation on
Pt particles.

The platinum content can markedly influence the kinet-
ics of photocatalytic oxidation (15). Therefore, temperature
dependence was also measured for the sample with a lower
platinum content. The dependence of C0.41 is shown in
Fig. 5. In the temperature range of 40–80◦C, this catalyst

is more active photocatalytically than C0.76. However, at
100 and 120◦C their photocatalytic activity was almost iden-
V ET AL.

tical. Temperature dependency (Fig. 5) is a good fit to an
exponential function represented by curves. The apparent
activation energy is 11.5± 1.8 kJ/mol for photocatalytic ox-
idation and 43.7± 3.3 kJ/mol for thermocatalytic oxidation.
There is no significant difference in the activation energies
with C0.76 and C0.41. A pronounced difference between
the apparent activation energy of photocatalytic and ther-
mocatalytic oxidation suggests that their mechanisms are
different. The final steps of thermocatalytic oxidation take
place on Pt, presumably with the participation of acetone as
well as some products of its oxidation/aldolization on TiO2.

Assuming structure insensitivity of acetone thermal oxi-
dation on Pt, an attempt was made to predict its rate over
C0.41 based on the rate over C0.76. If the size of the Pt par-
ticles remains the same and if the Pt content affects only
their number, then the rate would be directly proportional
to the Pt content that would result in 0.99× 10−8 mol/(s g).
If the platinum content causes a change in the size of the Pt
particles but does not change their number, then the rate
would be proportional to the Pt content to the power of 2

3
and would result in 1.21× 10−8 mol/(s g). The actual rate
of 1.35× 10−8 mol/(s g) is greater than the results of both
predictions. Taking the experimental error of 10% into ac-
count, we conclude that the second prediction gave a satis-
factory result. Therefore, we anticipate that an increase in
the Pt content will lead to the growth of the Pt particles.

Unplatinized TiO2 showed signs of deactivation at tem-
peratures exceeding 90◦C (12). At lower temperatures,
steady state was reached within 30 min. The situation is
different for platinized TiO2. Figure 4B shows the tempo-
ral profile of the acetone oxidation rate over C0.41 during
the first minutes of operation at 80◦C. The reaction rate

FIG. 5. Temperature dependence of the acetone oxidation rate over

C0.41. Weight of catalyst 38 mg; acetone concentration 530 ppm; water
vapor concentration 4500 ppm.
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decreases by about 8%. Therefore, platinum induces some
decay of Pt/TiO2 activity at low temperatures. Since deacti-
vation probably results from an excess of surface products,
this behavior may be caused by the generation of products
of acetone aldolization on TiO2 that are oxidized at a lower
rate than acetone on Pt clusters.

We study further the kinetics of acetone oxidation over
platinized titania by considering the influence of the prepa-
ration method on the activity of TiO2. Sample C0.00 was
prepared using the same quantity of NaBH4 as was used for
C0.41 but without the addition of Pt. Thus, any differences
in the kinetics of acetone oxidation over C0.00 and TiO2

originate from this reductive treatment. Figure 6 shows the
rate of acetone oxidation over C0.00 as a function of tem-
perature. Compared with initial TiO2 (12), the rate of ox-
idation is noticeably lower at 40 and 60◦C. However, the
rate is almost the same at 80◦C and is higher at 100◦C and
above. Thermal deactivation of C0.00 begins at tempera-
tures above 120◦C and is less. Treatment with NaBH4 evi-
dently modified the TiO2 surface, making it more resistant
to thermal deactivation. Boron and sodium species in the
adsorbed state probably prevent TiO2 from being poisoned
by partial oxidation products. Reaction of aldolization takes
place on Ti4+ sites that can be blocked by sodium and boron
species. Photocatalytic oxidation takes place also over sur-
face hydroxyl groups and thus is not significantly inhibited.
This testifies to the possibility of a beneficial effect of TiO2

surface modification during Pt deposition.
The contribution of Pt to the total oxidation rate of ace-

tone on Pt/TiO2 was checked using Pt deposited on γ -
Al2O3, a photocatalytically inactive support with a high
specific surface area (115 m2/g). Unsupported Pt (5 mg
of sample C100) showed very low activity (rate <5×

FIG. 6. Change in acetone oxidation rate with temperature over sam-

ple C0.00. Acetone concentration 590 ppm; water vapor concentration
4200 ppm.
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FIG. 7. Rate of acetone oxidation over Pt/Al2O3 as a function of tem-
perature. Weight of catalyst 37 mg; acetone concentration 600 ppm; water
vapor concentration 4500 ppm.

10−11 mol/s) during acetone oxidation at 100◦C. The tem-
perature dependence of dark and illuminated acetone ox-
idation over Pt/Al2O3 is shown in Fig. 7. The rates under
dark and illuminated conditions are equal at temperatures
from 40 to 80◦C. However, at higher temperatures, there is
a considerable difference in these rates. From 80 to 100◦C,
the rates of dark and illuminated oxidation increase sharply
with temperature, from 100 to 120◦C the rates decrease
with temperature, and at higher temperatures they increase
again. This unusual behavior might be related to temper-
ature changes in the catalyst, namely, agglomeration of Pt
particles. Another possible cause is aldol condensation on
alumina. It is known that condensation of acetone on alu-
mina can start at as low temperature as −60◦C (25). Prod-
ucts of aldol condensation are rather huge molecules which,
if adsorbed on small Pt clusters, may prevent the chem-
isorption of oxygen and retard the oxidation. The notice-
able difference between the oxidation rate in the dark and
that in the light suggests the existence of light-stimulated
acetone oxidation on Pt. The influence of radiation on re-
actions over metals is not new. The oxidation of CO on Pd
is accelerated in UV light from 110 to 170◦C (26); no ac-
celeration was found at lower temperatures. The nature of
this phenomenon is not clear. It may to some extend be due
to the heating of Pt particles in the light, or due to surface
photochemical oxidation of acetone. In Pt/TiO2, UV light
is absorbed predominantly by TiO2, and only some of the
UV light is absorbed by Pt. Therefore, a photostimulated
reaction over Pt particles in Pt/TiO2 may make a smaller
contribution to the overall oxidation rate in comparison
with that in Pt/Al2O3.
Thus, the overall process of acetone photocatalytic oxi-
dation over Pt/TiO2 at temperatures of 40–140◦C includes
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FIG. 8. Influence of acetone concentration on the acetone oxidation
rate over TiO2 and C0.41. Solid curves are the two-site LH model; dashed
curves are the one-site LH model. The inset shows a magnified part of the
graph at low acetone concentrations. Weight of catalysts 25 mg; tempera-
ture 40◦C; water vapor concentration 4500 ppm.

seven reactions. Three dark reactions are oxidation of ace-
tone to CO2 over Pt, formation of poisoning products over
TiO2, and oxidation of poisoning products over Pt. Four
photostimulated reactions are oxidation of acetone to CO2

over TiO2, oxidation of acetone to CO2 over Pt, and oxida-
tion of poisoning products over TiO2 and over Pt.

We continued our study of the causes of the higher ac-
tivity of platinized titania by measuring the dependence of
the acetone oxidation rate for TiO2 and the sample C0.41
on concentration (Fig. 8). We recently reported (12) that
a good approximation of the dependence of the oxidation
rate on acetone concentration for a given TiO2 can be ob-
tained by the Langmuir–Hinshelwood (LH) equation with
two types of adsorption sites—surface hydroxyl groups and
Ti4+ ions:

R= k1K1Ca

1+ K1Ca
+ k2K2Ca

1+ K2Ca
. [1]

This equation was used to plot the solid curves in Fig. 8. The
dashed curves represent the results of the fit by the one-
site LH equation. Evidently, the one-site model does not fit
the experimental data satisfactorily. The values of the cor-
responding parameters for the two-site model are listed in
Table 2. The dependency of the rate on concentration is dif-
ferent for platinized and unplatinized TiO2. At low acetone
concentrations, the rate is higher over C0.41, but the situa-
tion is reverse at high concentrations. In C0.41, there should
be three different types of adsorption sites: Pt clusters, Ti4+,

and surface OH groups. However, Eq. [1] describes the rate
vs concentration well, and the introduction of the third term
V ET AL.

TABLE 2

Parameters of Langmuir–Hinshelwood Equation
for Curves in Fig. 8

k1 K1 k2 K2

Sample (10−10 mol/s) (ppm−1) (10−10 mol/s) (ppm−1)

TiO2 23.8± 0.4 0.088± 0.0007 22.5± 0.8 0.00097± 0.00002
C0.41 29.1± 2 0.10± 0.007 7.86± 2.2 0.00035± 0.0002

in this equation would not achieve better results. Thus, ad-
sorption on Pt is not expressed explicitly in Eq. [1]. The
adsorption constant K1 is a little higher for C0.41; however,
K2 is 3 times greater for TiO2. The higher oxidation rates
over C0.41 at low acetone concentrations are related to
the greater rate constant k1 and adsorption constant K1. At
higher acetone concentrations, sites of the second type that
cause weaker adsorption begin to function. TiO2 has better
kinetic parameters for these sites and provides a higher ox-
idation rate on them. Thus, comparing the efficiency of pla-
tinized and unplatinized titania depends on the concentra-
tion. For sample C0.41, the number of Pt atoms on each TiO2

particle averages 13.5. These atoms probably form one clus-
ter that occupies only a small percentage of the surface of
the TiO2 particle. The influence of this cluster on the kinetic
parameters is significantly higher. This implies that the ma-
jority of oxidation events take place near or on this cluster,
and the drop in k2 that probably represents reaction on the
rest of TiO2 particle is understandable on the basis of these
terms.

FIG. 9. Isotherms of acetone adsorption on TiO2 and Pt/TiO2 C0.41.

Water vapor concentration 4000 ppm; temperature 25◦C. The inset shows
the curves at low acetone concentration.
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circulation reactor, the
high recirculation rate.
ACETONE PHOTOOXIDATION OVER Pt/TiO2

TABLE 3

Parameters of Acetone Adsorption Isotherms for TiO2 and Pt/TiO2 C0.41 in Fig. 9

k1 K1 k2 K2

Sample (10−7 mol/m2) (ppm−1) (10−7 mol/m2) (ppm−1)

TiO2 5.6± 4.2 0.00263± 0.00133 27± 10 0.00012± 0.00002

C0.41 4.8± 9.8 0.00377± 0.00513 29± 23 0.00017± 0.00006
Actual isotherms of acetone adsorption on TiO2 and
Pt/TiO2 C0.41 are shown in Fig. 9. Solid lines represent fit by
a two-site Langmuir adsorption isotherm (expression equal
to Eq. [1]), and dashed lines are fit by a one-site Langmuir
isotherm. The two-site isotherm describes the isotherms
better, especially at low acetone concentration. Parameters
of the two-site isotherms are given in Table 3. Adsorption
constants calculated from these isotherms are much lower
than those calculated from kinetic data. On the first type of
sites, the adsorption constant is about 30 times lower, and
on the second type of sites, it is 2 times lower. Obviously,
UV light stimulates stronger adsorption of acetone. This
phenomenon may be similar to the photoadsorption of
oxygen. From data in Table 3, total monolayer coverage of
acetone was calculated. It is close to 2 molecules/nm2 for
both TiO2 and Pt/TiO2 C0.41. This value is in good agree-
ment with literature data for rutile, 2.61 molecules/nm2

(27).
Ollis et al. (28, 29) studied the kinetics of photocatalytic

oxidation of gaseous acetone over TiO2 Degussa P25. Here,
we will compare the kinetic parameters of acetone oxida-
tion over TiO2 Degussa P25 and TiO2 of the current study.
Ollis et al. reported the rate constant k0= 7.75 mg/(cm3 of
catalyst min) in a plug flow reactor at a water concentration
of 1000 ppm, temperature of 22–24◦C, and light intensity of
8= 3.5× 10−7 E/(cm2 min). They used the next form of the
LH equation to treat experimental data,

R(z) = ν dCa

dz
= −k0e−αεzKCa(z)

1+ KCa(z)
, [2]

where R(z) is the rate of oxidation as a function of the
catalyst layer depth (mol/(s m3)), ν is the linear gas velocity
through the catalyst layer (cm/s), α= 0.7 is the exponent
in the dependence of the oxidation rate on light intensity,
R∼8α, ε= 10211 cm−1 is the effective light absorption co-
efficient of TiO2, and Ca(z) is the acetone concentration as
a function of catalyst layer depth (mg/m3). In the current
study, we use rate constants describing the total rate over
catalyst film at a water concentration of 4500 ppm, tem-
perature of 40◦C, and light intensity of 1.10× 10−6 E/(min
cm2). To make a comparison, it is necessary to bring k0 to
the same system of dimensions and conditions. In the flow-
concentrations are uniform due to a
If there are no diffusion limitations
inside the catalyst film, Ca(z)= const, then the integration
of Eq. [2] gives

R= Sk0

αε

KCa

1+ KCa
= k

KCa

1+ KCa
, [3]

where R is the absolute rate of oxidation (mol/s) and
S= 3.14 cm2 is the geometric surface area of the catalyst
film. From Eq. [3] the rate constant k= 9.78× 10−10 mol/s.
Now, it is necessary to bring the rate constants to the same
conditions. Peral and Ollis (28) reported the light inten-
sity dependence k(I2)= k(I1)(I2/I1)

0.7. From this equation,
the rate constant at the light intensity of the current study,
1.10× 10−6 E/(min cm2), is 21.8× 10−10 mol/s. To bring the
rate constant to the water concentration of the current
study, 4500 ppm (6125 mg/m3), we will use the next equation
modified from (28),

k(C2) = k(C1)
1+ KH[H2O]β1
1+ KH[H2O]β2

, [4]

where KH= 9.6× 10−7 m3/mg and β = 1.7. Thus, k(4500
ppm)= 3.19× 10−10 mol/s. No temperature dependence
was reported for acetone photocatalytic oxidation over De-
gussa P25. Therefore, we transform our rate constants from
40 to 24◦C. In our previous study (12) we reported that two
types of sites participate in the photocatalytic oxidation of
acetone. The rate constant on sites of the first type, k1, signif-
icantly increases with an increase of temperature, whereas
the rate constant on sites of the second type, k2, does not
change markedly with temperature. To calculate the value
of k1 at 24◦C, we take the Arrhenius dependence of k1 on
temperature. From the values of k1 at 40◦C (23.8× 10−10)
and 80◦C (36.2× 10−10 mol/s) the calculations give the pre-
exponential factor k10= 9.61× 10−8 mol/s and apparent ac-
tivation energy Ea= 9.6 kJ/mol. This value is close to the
apparent activation energy of acetone photocatalytic oxida-
tion over platinized titania. At 24◦C k1= 19.5× 10−10 mol/s.
Now, we have the values of rate constants under the same
conditions: temperature of 24◦C, water concentration of
4500 ppm, and light intensity of 1.10× 10−6 E/(min · cm2).

k(Degussa P25) = 3.19× 10−10 mol/s,

k1(TiO2) = 19.5× 10−10 mol/s,
k2(TiO2) = 22.5× 10−10 mol/s.
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The rate constant on TiO2 Degussa P25 is over 6 times lower
than the rate constants over TiO2 used in our studies.

Now, we check the accuracy of the assumption of con-
stant acetone concentration in the film of a photocatalyst.
From the value of an effective light absorption coefficient
of TiO2 (ε= 10211 cm−1), we calculated that the character-
istic depth of light penetration, L, is about 1× 10−4 cm. For
further estimations we assume that all photocatalytic oxi-
dation takes place at a distance of L from the surface of the
TiO2 layer. From the first Fick’s law,

R

S
= De

1Ca

L
, [5]

where R is the rate or oxidation (mol/s), S= 3.14 cm2 is the
geometric surface area of the catalyst film, De is the effec-
tive diffusion coefficient (cm2/s), and 1Ca is the difference
between acetone concentration outside the catalyst film and
inside the film at a distance L from the surface. Combining
Eqs. [1] and [5] gives

δ= 1Ca

Ca
× 100%= L

SDe

(
k1K1

1+ K1Ca
+ k2K2

1+ K2Ca

)
×100%,

[6]

where δ is the relative difference of acetone concentra-
tion (%). Taking De= 10−4 cm2/s, we obtain the largest
δ= (6.7× 10−9)% at an acetone concentration close to zero.
Even if we take a much lower effective diffusion coefficient,
the acetone concentration gradient will be negligible. Thus,
the above assumption is very accurate and there is no dif-
fusion limitation of the reaction rate.

Ollis et al. reported the adsorption constant of acetone
on TiO2 Degussa P25 to be 0.00644 m3/mg (0.0152 ppm−1)
for a water concentration of 1000 ppm (1290 mg/m3) in a
plug flow system (28) and 0.0107 m3/mg (0.0253 ppm−1) for
a water concentration of 14,970 ppm (11,000 mg/m3) in a
monolith system (29). In the current study, adsorption con-
stants on TiO2 are 0.088 and 0.00097 ppm−1 for sites of the
first and second types, respectively, at a water concentra-
tion of 4500 ppm. However, the one-site LH model gives
K= 0.030 ppm−1, which is close to the value obtained for
TiO2 Degussa P25 in the monolith system (29).

For practical applications of photocatalytic oxidation,
it is important to have catalysts with very high activity.
This can be achieved by optimizing the preparation proce-
dure including optimization of the percentage of platinum.
Figure 10 shows the dependence of the acetone oxidation
rate on the platinum content at 40◦C. In this plot, we took
C0.00 as a sample with zero platinum content. The highest
reaction rate was found for C0.11. For all these samples, the
estimated platinum loading per each TiO2 particle is rather
low and ranges from 2.6 atoms for C0.08 to 25 atoms for

C0.76; therefore, it is unlikely that a TiO2 particle can carry
more than one platinum cluster. Failure to observe Pt parti-
V ET AL.

FIG. 10. Plot of acetone oxidation rate vs platinum loading for
Pt/TiO2. Weight of catalysts 30 mg; temperature 40◦C; acetone concen-
tration 590 ppm; water vapor concentration 4500 ppm.

cles by TEM is corroborated by this estimate since a particle
with a diameter of 1 nm, which is close to resolution, consists
of approximately 35 atoms. At low platinum percentages,
only a fraction of TiO2 particles may carry Pt clusters. With
the increase in the Pt content, more TiO2 particles carry Pt,
which can lead to an increase in photocatalytic activity. The
decrease in the activity with the increase in the Pt content
may be due to an increasing content of sodium and boron
species as well as etching of the TiO2 surface by chloropla-
tinic acid (15).

CONCLUSION

Deposition of Pt on TiO2 by photocatalytic and chem-
ical reduction resulted in platinum particles smaller than
1 nm. Platinized titania, prepared by reduction with NaBH4,
is more active in complete oxidation of gaseous acetone
(500 ppm) than platinized titania prepared by photocata-
lytic deposition of platinum. Moreover, only samples with
chemically deposited platinum were more active than TiO2.
The temperature dependence of the steady state oxidation
rate over platinized titania with various platinum loadings
does not exhibit temperature deactivation, which is ob-
served over unplatinized TiO2. The increases in the acetone
photocatalytic and thermal oxidation rates over Pt/TiO2 are
well represented by exponential growths. Modification of
the TiO2 surface during platinization can make a signifi-
cant contribution to the enhanced activity of platinized ti-
tania, especially at elevated temperature: TiO2 treated with
NaBH4 showed deactivation only at temperatures above
120◦C. Another contribution is anticipated from the pho-

◦
tostimulated oxidation of acetone on Pt particles. At 40 C,
the higher activity of Pt/TiO2 is a result of stronger acetone
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adsorption and higher rate constant. Of the samples con-
taining from 0.08 to 0.76 wt% Pt, the highest activity at
a temperature of 40◦C and an acetone concentration of
500 ppm was observed over a sample with 0.11 wt% Pt.
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