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A B S T R A C T

We prepare TiO2 nanosheet-supported Pt nanocatalysts with an average size of 1.3, 1.9, and 3.0 nm. Due to the
great decrease in the adsorption ability for toluene and acetone, mutual inhibition is first observed over Pt1.9 nm/
TiO2 for the catalytic removal of a toluene and acetone mixture. At 140 °C, the toluene and acetone reaction rate
is 0.033 and 0.045 μmol/(gcat s), respectively, for the oxidation of 500 ppm toluene or acetone, which is much
higher than the corresponding reaction rate (0.020 and 0.007 μmol/(gcat s)) for the oxidation of the mixture.
Pt1.9 nm/TiO2 exhibits a good catalytic stability and H2O and CO2 tolerance. With strong evidence, we find that
the co-presence of toluene and acetone does not change the catalytic mechanism, and the reaction pathway for
the oxidative removal of toluene and acetone in the mixture may follow the pathway for the oxidation of single
toluene or acetone.

1. Introduction

Volatile organic compounds (VOCs) emitted from industrial sources
could cause serious environmental problems, such as photochemical
smog, an ozone hole, and smog [1,2]. Moreover, most VOCs are
harmful to human health [3,4] (damage the respiratory system and
central nervous system and are carcinogenic, teratogenic and muta-
genic). Hence, it is urgent to control the emission of VOCs. The tradi-
tional methods used for the abatement of VOCs include physical [5–7]
(e.g., absorption, adsorption, and membrane separation) and chemical
[8–18] (e.g., photocatalysis, photothermal synergy, and catalytic oxi-
dation) methods. Because of its high removal rate, low energy con-
sumption, and no secondary pollution, catalytic oxidation is considered
one of the most efficient techniques for the degradation of low con-
centration VOCs. Recently, many reviews on the catalytic oxidation of
VOCs could be found in the literature [19,20], and we find that it is
highly necessary to develop a catalyst with a high efficiency, high

quality and low price. Up to now, supported noble metal (especially Pt)
[21–24] catalysts are widely used for the catalytic degradation of VOCs
due to their good catalytic performance at low temperatures. However,
there are many factors (e.g., the particle size of Pt) affecting the cata-
lytic activity of Pt catalysts. In recent years, many researchers have
performed many studies to investigate the size effect of Pt in the field of
electrocatalysis [25–30], photocatalysis [31,32], and dehydrogenation/
hydrogenation [33–35]. However, studies about the effect of the Pt size
on the abatement of VOCs are scarce.

As we know, real industrial emissions usually contain various kinds
of VOCs. For example, 32 kinds of volatile organic compounds (VOCs)
are detected in the concentrated areas of pharmaceutical companies in
Shijiazhuang City, Hebei Province, China [36]. Furthermore, ketones
and aromatic hydrocarbons account for the highest proportion due to
the extensive use of organic solvents such as toluene and acetone in the
pharmaceutical process. Although catalytic oxidation is widely in-
vestigated for the abatement of single VOCs, such as toluene, o-xylene,
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benzene, acetone and formaldehyde [37–40], few studies on the cata-
lytic oxidation of VOC mixtures could be found [41–45]. Actually, both
inhibiting and promoting effects are observed for the catalytic oxidation
of VOC mixtures. For example, Beauchet et al. [41] observed that o-
xylene strongly inhibits isopropanol oxidation performed over basic
NaX zeolites due to the adsorption of o-xylene around the pore of
zeolite, which limits isopropanol from accessing the active sites.
Moreover, the by-products of isopropanol oxidation were influenced by
the concentration of o-xylene. He et al. [45] observed a promoting ef-
fect, in which the introduction of ethyl acetate accelerated the oxida-
tion of toluene due to the exothermic character of the complete oxi-
dation reaction, leading to the rise in the surface temperature of the
catalysts.

In recent years, it is highly desired to remove VOCs due to the
strictness of industrial emissions in China. As abovementioned, few
studies on the catalytic oxidation of VOC mixtures could be found in the
literature, while real industrial emissions usually contain various kinds
of VOCs. Therefore, it is highly necessary to explore the catalytic oxi-
dation of VOC mixtures. In the present study, we first prepare a series of
Pt/TiO2 catalysts with different particle sizes via the chemical reduction
strategy and investigate the size effect on the catalytic activity for to-
luene oxidation. Subsequently, we investigate the catalytic performance
of the Pt/TiO2 (the average Pt particle size= 1.9 nm) catalyst, in-
cluding the activity, thermal stability, and the effect of H2O and CO2,
for the oxidation of toluene and acetone mixtures, a typical emission
from the pharmaceutical industry. The significant contributions of this
manuscript include the following: (1) we first report the mutual in-
hibition of the catalytic removal of a toluene and acetone mixture and
clarify the reason that the co-presence of toluene and acetone weakens
the adsorption ability of the Pt/TiO2 nanocatalyst; and (2) we propose
the catalytic mechanism of the oxidative removal of the toluene and
acetone mixture over the Pt/TiO2 nanocatalyst in detail and present
strong support via various online characterization studies.

2. Experiment

2.1. Catalyst preparation

Tetrabutyl titanate (98 %), H2PtCl6.6H2O (Pt≥ 35 %), HF (40 %),
ethylene glycol (99.0 %), NaOH (96.0 %), methanol (99.5 %), and
polyvinyl pyrrolidone (PVP, K30) are purchased from Sinopharm
Chemical Reagent Co., Ltd. and used as received without further pur-
ification.

The TiO2 nanosheet is prepared according to a modified hydro-
thermal method [46]. First, 5 mL HF and 25mL Ti(OC4H9)4 are mixed
in a Teflon autoclave (100mL) under vigorous magnetic stirring for
10min, and then, the autoclave is heated in an oven at 190 °C for 24 h.
The white precipitate is washed ten times by distilled water and ethanol
to remove the residual HF and then dried at 80 °C for 12 h. The TiO2

nanosheet is obtained after calcination at 550 °C for 2 h. The Pt nano-
particles (NPs) with different sizes are prepared by a chemical reduc-
tion method [47,48]. A detailed preparation process is described in the
Supporting Information (SI). The average particle size of the Pt NPs in
the solution is 1.2, 1.7, and 2.9 nm (Fig. S1). A certain amount of the Pt
solution (theoretical loading=0.15 wt%) and 2 g TiO2 nanosheets are
dispersed in 150mL water under vigorous stirring for 12 h, and then,
the slurry is washed several times with hot deionized water and
ethanol. The Pt/TiO2 catalysts are obtained after calcination at 350 °C
for 3 h. It should be noted that possibly due to the thermal treatment
performed in the muffle furnace, the average particle size of the Pt NPs
slightly increases to 1.3, 1.9, and 3.0 nm after the particles are loaded
on the TiO2 nanosheet support. Accordingly, the obtained catalysts are
defined as Pt1.3 nm/TiO2, Pt1.9 nm/TiO2, and Pt3.0 nm/TiO2. The real
loading of Pt in the Pt1.3 nm/TiO2, Pt1.9 nm/TiO2, and Pt3.0 nm/TiO2 cat-
alysts is 0.12, 0.12, and 0.13 wt% (Table S1), respectively.

2.2. Catalyst characterization

The physicochemical properties of the catalysts are investigated by
using X-ray diffraction (XRD), transmission electron microscopy (TEM),
aberration-corrected high-angle annular darkfield scanning transmis-
sion electron microscopy (A C-H AADF-STEM), inductively coupled
plasma atomic emission spectroscopy (ICP-AES), X-ray photoelectron
spectroscopy (XPS), the Brunauer-Emmett-Teller (BET) technique,
VOC-temperature programmed desorption (VOC-TPD), VOC-tempera-
ture programmed oxidation (VOC-TPO), thermal desorption analysis
(TD)-online GC/MS, and in situ diffuse reflectance infrared Fourier
transform spectroscopy (in situ DRIFTS). The detailed characterization
procedures are described in the SI.

2.3. Catalytic performance evaluation

The catalytic activity of the catalyst for VOC (toluene or/and
acetone) oxidation is evaluated in a micro-fixed bed reactor (inner
diameter= 6mm). To avoid the hot runaway phenomenon, 50mg
catalyst (40–60mesh) and 250mg silicon (40–60mesh) are fixed in the
reactor. The typical reaction conditions are x ppm toluene+ y ppm
acetone (x+ y=1000; x=0, 200, 500, 800, and 1000)+ 20 %
O2+N2 (balance gas), in which the weight hourly space velocity
(WHSV)=40,000mL/(g h). Furthermore, the thermal stability and
effect of H2O and CO2 on the catalytic oxidation of the toluene and
acetone mixture are also investigated. The detailed evaluation proce-
dures are described in the SI.

3. Results and discussion

3.1. Size effect on the catalytic activity of Pt/TiO2 for toluene oxidation

As mentioned in the introduction, the particle size is an important
factor affecting the catalytic activity of the supported Pt catalysts.
Herein, the catalytic activities of the Pt1.3 nm/TiO2, Pt1.9 nm/TiO2, and
Pt3.0 nm/TiO2 catalysts for complete toluene oxidation are evaluated
under the typical reaction condition (Fig. S2A). Generally, toluene
conversion increases with a rise in the reaction temperature, and
Pt1.9 nm/TiO2 performs better than Pt1.3 nm/TiO2 and Pt3.0 nm/TiO2. To
better compare the catalytic activity, T10 %, T50 %, and T90 % (the
temperature required for 10 %, 50 %, and 90 % conversion) are listed in
Table S2. T90 % over Pt1.3 nm/TiO2, Pt1.9 nm/TiO2, and Pt3.0 nm/TiO2 is
205, 190, and 194 °C, respectively. Although turnover frequencies
(TOFs) are usually used to compare the catalytic activity, it is hard to
determine the actual active sites (e.g., Pt, TiO2, and the Pt-TiO2 inter-
face). Hence, we use TOFM (mC0/nM) and the specific reaction rate
(mC0/wM) to compare the catalytic activities (Table S2). Obviously,
Pt1.9 nm/TiO2 possesses a much higher TOFPt and specific reaction rate
than Pt1.3 nm/TiO2 and Pt3.0 nm/TiO2. At 140 °C, TOFPt over Pt1.3 nm/
TiO2, Pt1.9 nm/TiO2, and Pt3.0 nm/TiO2 is 1.7× 10−3, 5.9× 10−3, and
3.2×10−3 s−1, respectively. Fig. S2B shows the linear-fitting
Arrhenius plots for complete toluene oxidation over the Pt1.3 nm/TiO2,
Pt1.9 nm/TiO2, and Pt3.0 nm/TiO2 catalysts, and the apparent activation
energy (Ea) values are summarized in Table S2. Expectedly, Pt1.9 nm/
TiO2 (70.0 kJ/mol) possesses a lower Ea than Pt1.3 nm/TiO2 (90.5 kJ/
mol) and Pt3.0 nm/TiO2 (82.9 kJ/mol).

To further explain the size effect on the catalytic activity of Pt/TiO2

for toluene oxidation, we carry out TEM (Fig. S1), A C-H AADF-STEM
(Fig. 1), XRD (Fig. S3), BET (Table S1), XPS (Fig. S4), and toluene-TPD
(Fig. S5) characterization studies. The Pt NPs are well dispersed on the
surface of the TiO2 support. The surface area of the Pt1.3 nm/TiO2, Pt1.9
nm/TiO2, and Pt3.0 nm/TiO2 catalysts is 30.7, 28.6, and 29.6 m2/g, re-
spectively. The microstructure of Pt1.9 nm/TiO2 is well investigated via
the HRTEM, HAADF-STEM, and EDS-mapping analyses (Fig. 1). The
two lattice planes with spacings of 0.23 and 0.35 nm on the Pt1.9 nm/
TiO2 catalyst can be attributed to the Pt (111) and TiO2 (101) planes
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[49,50], respectively. From the HAADF-ATEM and EDS-mapping
images, it can be further confirmed that Ti, O, and Pt elements are
uniformly distributed on Pt1.9 nm/TiO2. The higher catalytic activity of
Pt1.9 nm/TiO2 for complete toluene oxidation is associated with the
larger amount of surface adsorbed oxygen species and better adsorption
capacity of toluene. The detailed results and discussion are well de-
scribed in the SI.

3.2. Catalytic activity of Pt1.9 nm/TiO2 for (toluene+ acetone) mixture
oxidation

On one hand, Pt1.9 nm/TiO2 exhibits a higher catalytic activity than
Pt1.3 nm/TiO2 and Pt3.0 nm/TiO2 for toluene oxidation. On the other
hand, aromatic hydrocarbons and ketones are the main compounds
emitted in the concentrated areas of pharmaceutical companies.

Therefore, we further investigate the catalytic activity of Pt1.9 nm/TiO2

for (toluene+ acetone) mixture oxidation. Under industrial conditions,
the concentration of various VOCs in emissions would fluctuate de-
pending on the working conditions. To better simulate the real emis-
sions, the adopted reaction conditions are x ppm toluene+ y ppm
acetone (x+ y=1000; x=200, 500, and 800)+ 20 % O2+N2 (bal-
ance gas), and a WHSV=40,000mL/(g h). Shown in Fig. 2 are the
toluene and acetone conversion (alone and in a mixture) as a function
of the temperature over the Pt1.9 nm/TiO2 catalyst. It can be seen that
there is a strong inhibiting effect on the catalytic activity of Pt1.9 nm/
TiO2 for (toluene+ acetone) mixture oxidation, especially at a low
reaction temperature. T10 % and T50 % for (toluene+ acetone) mix-
ture oxidation are higher than the corresponding T10 % and T50 % for
single toluene or acetone oxidation (Fig. S6 and Table S3). Further-
more, the presence of toluene greatly inhibits the oxidation of acetone.

Fig. 1. HAADF-STEM and HRTEM images as well as element analysis mapping of the Pt1.9 nm/TiO2 catalyst.

Fig. 2. Toluene and acetone conversion (alone and in mixture) as a function of temperature over the Pt1.9 nm/TiO2 catalyst. Reaction conditions: x ppm toluene + y
ppm acetone (x + y=1000; x=200, 500, and 800) + 20 vol% O2 + N2 balanced gas, and WHSV=40,000mL/(g h).
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Fig. 3. Possible reaction intermediates detected during (A) toluene, (B) acetone, and (C) (toluene+ acetone) mixture oxidation over Pt1.9 nm/TiO2 at different
temperature.
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At a high reaction temperature, after toluene is completely removed,
acetone could be rapidly oxidized, and the conversion curve of acetone
in the mixture coincides with that of single acetone. Anyway, both to-
luene and acetone could be totally oxidized over Pt1.9 nm/TiO2 at a
temperature lower than 220 °C. It should be mentioned that although

similar inhibiting phenomena was observed by Verykios and co-
workers [42] for (benzene+butanol) mixture oxidation, the possible
reasons need further explanation, as follows.

Shown in Fig. S7 is the toluene and acetone reaction rate normalized
per gram of catalyst as a function of the temperature over the Pt1.9 nm/
TiO2 catalyst. Generally, the toluene and acetone reaction rate increases
with a rise in the reaction temperature. At a reaction temperature less
than 180 °C (Table S4), the toluene reaction rate for the complete oxi-
dation of 200, 500, or 800 ppm toluene alone is higher than that for the
complete oxidation of toluene with the corresponding concentration in
the mixture. At a reaction temperature less than 190 °C (Table S5), the
acetone reaction rate for the complete oxidation of 200, 500, or
800 ppm acetone alone is higher than that for the complete oxidation of
acetone with the corresponding concentration in the mixture. However,
at a reaction temperature larger than 200 °C, the toluene and acetone
reaction rate for the complete oxidation of toluene and/or acetone
alone or in the mixture does not exhibit much of a difference. Such
results further confirm the mutual inhibition for the catalytic removal
of a toluene and acetone mixture over the Pt1.9 nm/TiO2 catalyst. We
also compare the catalytic performance of the present Pt1.9 nm/TiO2

catalyst and the supported noble metal catalysts reported in the lit-
erature, in terms of T50 % and T90 % (the corresponding temperature
required for 50 % and 90 % conversion of toluene or acetone), the
toluene or acetone reaction rate, and TOFnoble metal (Tables 2 and 3). For
the complete oxidation of toluene, the present Pt1.9 nm/TiO2 catalyst
exhibits a lower T90 %, a larger toluene reaction rate, and a higher
TOFnoble metal than the 0.3 wt% Pt/8.9 wt% Co3O4/Al2O3 [51], 1.4 wt%
Pt/Al2O3 [51], 1.0 wt% Pt/MOR [52], 1.0 wt% Pt/Beta zeolite [53],
0.5 wt% Pt/Mn2O3 [54], 1.0 wt% Pt/Al2O3-CeO2 [55], 0.93 wt% Pt/
KIT-6 [56], and 0.74 wt% Au/Al2O3 [57] catalysts and a higher T90 %,
a smaller toluene reaction rate and a lower TOFnoble metal than the
0.24 wt% Pt/CeO2 [58] catalyst. For the complete oxidation of acetone,
the present Pt1.9 nm/TiO2 catalyst exhibits a lower T90 %, a larger
acetone reaction rate, and a higher TOFnoble metal than the 1.0 wt% Pt-
10 wt% Ce/Al2O3 [39], 1.0 wt% Pt-10 wt% Ce/TiO2 [39], 1.0 wt% Pd/
TiO2 [59], 1.0 wt% Pd-20 wt% Mn/TiO2 [59], 0.03 wt% Pd/γ-Al2O3

[60], 0.03 wt% Pd/CeO2/γ-Al2O3 [60], and 0.05 wt% Pt/TiO2 [61]
catalysts. Obviously, the present Pt1.9 nm/TiO2 catalyst exhibits a better
catalytic performance than the counterparts in the literature.

3.3. Possible reaction intermediates for toluene, acetone, and the
(toluene+ acetone) mixture oxidation over Pt1.9 nm/TiO2

To explain the inhibiting phenomena, we online detect the reaction
intermediates obtained by oxidizing the 1000 ppm toluene, 1000 pm
acetone, (500 ppm toluene +500 ppm acetone) mixture over Pt1.9 nm/
TiO2 at various reaction temperatures via the TD-GC/MS technique,

Table 1
Possible reaction intermediates detected by GC–MS during catalytic oxidation
of VOCs over Pt1.9 nm/TiO2.

Order Molecular formula Compound name Molecular structure

1 C3H6O acetone

2 C2H3O2 acetic acid

3 C6H6 benzene

4 C7H8 toluene

5 C4H2O3 maleic anhydride

6 C8H10 o-xylene

7 C8H10 p-xylene

8 C5H4O3 itaconic anhydride

9 C7H6O benzaldehyde

Table 2
T50 % and T90 %, toluene reaction rate, and TOFnoble metal over various supported noble metal catalysts.

Order Catalyst Toluene concentration
(ppm)

Space velocity
(mL/(g h))

T50% (oC) T90% (oC) Reaction rate(μmol/(gcat
s)) at 160 °C

TOFnoble metal (×10−3 s−1)
at 160 °C

Reference

1 0.12 wt% Pt1.9 nm/TiO2 1000 40,000 182 190 0.036a 5.915a This work
2 0.3 wt% Pt/8.9 wt%

Co3O4/Al2O3

1000 20,000 210 220 0.007 0.762 [51]

3 1.4 wt% Pt/Al2O3 1000 20,000 180 197 0.029 0.667 [51]
4 1.0 wt% Pt/MOR 1000 60,000 195 210 0.032 0.035 [52]
5 1.0 wt% Pt/Beta zeolite 1000 60,000 197 206 0.034 0.590 [53]
6 0.5 wt% Pt/Mn2O3 1000 40,000 208 240 0.027 1.210 [54]
7 1.0 wt% Pt/Al2O3-CeO2 1000 8400 190 218 0.010 0.204 [55]
8 0.93 wt% Pt/KIT-6 500 80,000 180 196 0.032 0.106 [56]
9 0.74 wt% Au/Al2O3 1000 20,000 290 317 0.014b 0.375b [57]
10 0.24 wt% Pt/CeO2 1000 48,000 132 143 0.060c 6.750c [58]

a Toluene reaction rate and TOFnoble metal obtained at 140°C.
b Toluene reaction rate and TOFnoble metal obtained at 230 °C.
c Toluene reaction rate and TOFnoble metal obtained at 110 °C.
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and the results are shown in Fig. 3 and Table 1. For the complete oxi-
dation of single toluene (Fig. 3A), 8 kinds of intermediates are ob-
served. Benzene, o-xylene, p-xylene, and benzaldehyde are the main
intermediates obtained by toluene oxidation at low reaction tempera-
tures (< 140 °C). The formation of benzene and p-xylene can be as-
cribed to the disproportionate amount of toluene. The formation of o-
xylene is assigned to the isomerization of p-xylene and benzene. The
formation of benzaldehyde can be attributed to the partial oxidation of
toluene. In addition, some small molecular substances (e.g., acetone
and acetic acid) are also detected at low reaction temperatures
(< 140 °C), which demonstrates the deep oxidation of little toluene. At
a temperature higher than 160 °C, maleic anhydride and itaconic an-
hydride are found due to the cracking of the benzene ring. At 200 °C,
most of the intermediates disappear due to the complete oxidation of
toluene. For the complete oxidation of single acetone (Fig. 3B), only
acetic acid is observed. The amount of acetic acid first gradually in-
creases with a rise in the temperature and then decreases at a tem-
perature higher than 200 °C. While the intermediates are detected for
the complete oxidation of single toluene or acetone, no new inter-
mediates are observed for the complete oxidation of the (toluene+
acetone) mixture (Fig. 3C). Therefore, we roughly deduce that although
the co-presence of toluene and acetone causes mutual inhibition, the
catalytic oxidation mechanism of the (toluene+ acetone) mixture does
not change.

3.4. Adsorption and activation for toluene, acetone, and the
(toluene+ acetone) mixture over Pt1.9 nm/TiO2

To further explain the inhibiting phenomena and investigate the
catalytic mechanism, we carry out the VOC-TPD and VOC-TPO char-
acterization methods to probe the adsorption and activation ability of
Pt1.9 nm/TiO2 for VOCs. The TPD and TPO profiles of toluene, acetone,
and the (toluene+ acetone) mixture over Pt1.9 nm/TiO2 are shown in
Fig. 4. From the toluene-TPD profiles (Fig. 4A), we detect a sharp to-
luene (m/z=91) desorption peak at 77 °C and a strong H2O (m/z=18)
desorption peak at 80 °C due to the physical desorption or weak che-
misorption of toluene and H2O, respectively. Due to the partial oxida-
tion of the chemisorbed toluene, with a rise in the temperature, a very
small benzene (m/z=78) desorption peak appears at 420 °C, the two
desorption peaks appear at 338–350 °C and 518–523 °C, which are at-
tributed to CO (m/z=28), CO2 (m/z=44), acetic acid (m/z=45),
and acetone (m/z=43), and a H2O desorption peak is observed at
338 °C. From the toluene-TPO profiles (Fig. 4B), the intensity of the
toluene desorption peak at 73 °C greatly decreases, while that of the
H2O desorption peak at 75 °C is well maintained; the desorption tem-
perature of CO, CO2, acetic acid, and acetone in the toluene-TPO profile
moves towards to significantly a lower temperature than that observed
in the toluene-TPD profiles; the intensity of the CO2 desorption peak
greatly increases, while that of the CO desorption peak greatly de-
creases compared with that of the toluene-TPD profiles (Fig. 4A). Thus,
the presence of O2 benefits the activation and complete oxidation of
toluene. From the acetone-TPD (Fig. 4C) and acetone-TPO (Fig. 4D)
profiles, a similar conclusion could be obtained. In addition, note that
the intensity of the acetone desorption peak at 82 °C is well maintained
in the acetone-TPO profiles. The TPD (Fig. 4E and G) and TPO (Fig. 4F)
profiles for the (toluene+ acetone) mixture almost exhibit the same
desorption characteristics as the desorption characteristics of the cor-
responding acetone-TPD and acetone-TPO profiles. The adsorption ca-
pacity for acetone is much stronger than that for toluene (Fig. 4G) due
to the difference in the polarity of toluene and acetone molecules [45].
The co-presence of toluene and acetone greatly decreases the adsorp-
tion amount of toluene and acetone. Based on the results of the VOC-
TPD and VOC-TPO characterization, we deduce that mutual inhibition
occurs due to the decrease in the adsorption ability for toluene and
acetone [62] and further confirm that the co-presence of toluene and
acetone does not change the activation and oxidation process.Ta
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3.5. In situ DRIFTS studies for the oxidation of toluene, acetone, and the
(toluene+ acetone) mixture over Pt1.9 nm/TiO2

To further investigate the catalytic mechanism of the oxidation of
toluene, acetone, and their mixture over the Pt1.9 nm/TiO2 catalyst, we
carry out the in situ DRIFTS experiments under the conditions of
1000 ppm toluene, 1000 ppm acetone, or (500 ppm toluene +500 ppm

acetone) + 20 % O2 + N2 balance at 100, 160, 200, and 240 °C with
different reaction times.

Shown in Fig. 5 are the in situ DRIFTS spectra obtained for the
catalytic oxidation of toluene. Generally, the band at 3070 cm−1 be-
longs to the CeH stretching vibration ν(CeH) of the benzene ring. The
band at 2973 cm−1 could be attributed to symmetric νs(CeH)
stretching of the methyl group. The bands at 2931 and 2874 cm−1 are

Fig. 4. Over Pt1.9 nm/TiO2, TPD and TPO profiles of (A, B) toluene, (C, D) acetone, (E, F) (toluene+ acetone) mixture; (G) TPD profiles of toluene and acetone (alone
and in mixture).
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attributed to the asymmetric νas(CeH) and symmetric νs(CeH)
stretching vibration of the methylene group, respectively. The bands at
1600 and 1495 cm−1 are assigned to the in-plane skeletal vibration of
the benzene ring. The band at 1382 cm−1 is ascribed to the symmetric
bending vibration of the methyl group. These bands are the char-
acteristic signals of toluene molecules [63,64]. The intensity of the
characteristic peaks of toluene gradually increases with an extension of
time at 100 °C (Fig. 5A), indicating the effective adsorption of toluene

on the surface of the Pt1.9 nm/TiO2 catalyst, but gradually decreases
with a rise in the temperature from 100 to 240 °C, demonstrating the
effective removal of toluene over the Pt1.9 nm/TiO2 catalyst. At
100–160 °C, some benzenoid rings, such as benzyl alcohol, benzalde-
hyde, and benzoate, are observed. The bands at 1771, 1512, 1453 and
1360 cm−1 indicate the formation of benzoate species [65,66]. The
bands at 1578 and 1417 cm−1 belong to the stretching vibration of
COO, further indicating the formation of benzyl acid [67]. The bands at

Fig. 4. (continued)
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1732, 1702, 1682, 1668, and 1649 cm−1 are ascribed to the symmetric
stretching vibration of C]O (the typical bands of the aldehydic group)
(Fig. 5B and C), suggesting the formation of benzaldehyde [65–70]. The
bands at 1469 and 1322 cm−1, which are due to the CH2 deformation
vibration of benzyl species, indicate the formation of benzyl alcohol.
The bands at 1840 and 1785 cm−1, which are due to the presence of
small organic compounds (e.g., anhydrides), and the band at
1394 cm−1, which is due to the stretching vibration and symmetric
stretching of the carboxylate group, ν(OCO) (Fig. 5D), are observed,
indicating the deep oxidation of toluene and the generation of acetate
[66,71].

Shown in Fig. 6 are the in situ DRIFTS spectra obtained for the
catalytic oxidation of acetone. Generally, the two negative sharp bands
at 3733 and 3672 cm−1 are attributed to the stretching vibration of
isolated and associated surface OH species on TiO2 [72,73]. The bands
at 2983, 2988, 2931, 2934, and 2874 cm−1 belong to the ν(CeH)
stretching vibration of acetate species. The bands at 1700 and
1692 cm−1 could be assigned to the stretching vibration of C]O, and

the band at 1369 cm−1 could be ascribed to the symmetrical de-
formation vibration of −CH3 (δs(CH3)) in acetone molecules [72,74].
The sharp band at 1700 cm−1 quickly grows within 10min. (Fig. 6A),
further indicating the strong adsorption ability of Pt1.9 nm/TiO2 for
acetone. The band at 1590 cm−1 is due to bidentate carbonates [74].
The bands at 1552 [75] and 1400 cm−1 [76] are ascribed to the νa
(COO) and CH bending vibration of the bidentate bridged HCOO (μ-
formate) and formate species, respectively. The weak band at
2062 cm−1 is assigned to linear CO adsorbed on Pt. It is indicated that
acetone could be partially oxidized, even at a low temperature. With a
rise in the temperature from 160 to 240 °C (Fig. 6B–D), the bands at
1735, 1737, and 1718 cm−1 are observed due to the aliphatic car-
boxylate species [77]. The band at 1840 cm−1 belongs to the C]O
stretching vibration of anhydride, suggesting the formation of acetic
anhydrides. These results demonstrate the deep oxidation of acetone at
high temperatures.

Shown in Fig. 7 are the in situ DRIFTS spectra obtained for the
catalytic oxidation of the (toluene+ acetone) mixture. At 100 °C, the

Fig. 5. In-situ DRIFTS spectra for the catalytic oxidation of toluene over Pt1.9 nm/TiO2 at different reaction temperature and time.
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spectra of the mixture (Fig. 7A) exhibit characteristics similar to those
of the single acetone spectra (Fig. 6A), further confirming that the Pt1.9
nm/TiO2 catalyst has a better adsorption capacity for acetone than for
toluene (Fig. 4G). With a rise in the temperature from 160 to 200 °C
(Fig. 7 and C), in addition to the characteristic bands observed for the
oxidation of single acetone (Fig. 6), two bands observed for the oxi-
dation of single toluene also appear at 1840 and 1788 cm−1 (Fig. 5D).
Due to the co-presence of toluene and acetone, the band due to aliphatic
carboxylates slightly shifts from 1737 to 1748 cm−1 at 240 °C (Fig. 7D).
Generally, relative to the band observed for the oxidation of single
toluene or acetone, no new bands are detected for the oxidation of the
mixture. Therefore, we further confirm that the co-presence of toluene
and acetone does not change the catalytic mechanism (Figs. 3 and 4).

3.6. Possible catalytic mechanism for the oxidation of toluene, acetone, and
the (toluene+ acetone) mixture over Pt1.9 nm/TiO2

Based on the results obtained via the TD-GC/MS (Fig. 3), VOC-TPD

and VOC-TPO (Fig. 4), and in situ DRIFTS (Figs. 5–7) techniques, we try
to propose a possible catalytic mechanism for the oxidation of toluene
and/or acetone over the Pt1.9 nm/TiO2 catalyst. Scheme 1(A) shows the
reaction pathway for the oxidation of toluene. Under the present re-
action conditions, toluene is initially adsorbed on the active sites of the
Pt1.9 nm/TiO2 catalyst. Before the benzene ring opening reaction, two
pathways might happen. During the first pathway, partially adsorbed
toluene undergoes a disproportionation reaction to generate benzene
and p-xylene, and p-xylene further undergoes an isomerization reaction
to generate o-xylene. In the other pathway, the of adsorbed toluene is
sequentially oxidized by the surface active oxygen to generate benzyl
alcohol, benzaldehyde, and benzoic acid. With a rise in the reaction
temperature, the benzene ring is cracked via further oxidation, forming
itaconic anhydride, maleic anhydride, acetone, and acetic acid. Finally,
the small molecular organic intermediates are totally oxidized into CO2

and H2O. Scheme 1(B) shows the reaction pathway for the oxidation of
acetone. Acetone is adsorbed on the surface active sites and then re-
acted with the active oxygen to generate acetic acid and formic acid.

Fig. 6. In-situ DRIFTS spectra for the catalytic oxidation of acetone over Pt1.9 nm/TiO2 at different reaction temperature and time.
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With a rise in the reaction temperature, acetic acid and formic acid are
oxidized to bidentate carbonates species and then decomposed to CO2

and H2O. As mentioned above, the co-presence of toluene and acetone
does not change the catalytic mechanism. Therefore, the reaction
pathway for the oxidative removal of toluene and acetone in the mix-
ture might follow Scheme 1(A) and (B), respectively.

3.7. Catalytic stability and H2O and CO2 tolerance of Pt1.9 nm/TiO2 for the
oxidation of the (toluene+ acetone) mixture

For practical applications, the catalytic stability and H2O and CO2

tolerance are very important. Therefore, we further investigate the
catalytic stability and H2O and CO2 tolerance of Pt1.9 nm/TiO2 for the
oxidation of a (500 ppm toluene +500 ppm acetone) mixture. Within
an on-stream reaction time of 30 h, toluene and acetone conversion
remains unchanged at 200 °C (Fig. 8A) while at 184 °C, toluene con-
version slightly decreases from 95 to 93 %, and acetone conversion
decreases from 63 to 57 % (Fig. 8B). The slight decrease in the

conversion is due to the accumulation of intermediates. As shown in
Fig. 3C, benzaldehyde, benzene, maleic anhydride, and acetate are
detected at 180 and 190 °C. Such species might occupy the active sites
and then inhibit the deep oxidation of toluene and acetone [78]. Within
a 25 h on-stream reaction time, the introduction of 5–10 vol% H2O or
CO2 at 200 °C does not decrease toluene conversion but slightly de-
creases acetone conversion (Fig. 8C and E); at 184 °C, toluene conver-
sion, especially acetone conversion, greatly decreases due to the addi-
tion of 5–10 vol% H2O or CO2 (Fig. 8D and F). Note that toluene and
acetone conversion could be restored after cutting off H2O or CO2. The
decrease in the catalytic activity of Pt1.9 nm/TiO2, which is due to the
co-presence of H2O or CO2, might be associated with the competitive
adsorption of toluene, acetone, H2O, and CO2 on the active sites [79]. In
addition, since the adsorption capacity of Pt1.9 nm/TiO2 for acetone is
much stronger than that for toluene, and the co-presence of toluene and
acetone greatly decreases their adsorption amount (Fig. 4G), it is un-
derstandable that the negative effects are greater on acetone conversion
than on toluene conversion (Fig. 8C–F).

Fig. 7. In-situ DRIFTS spectra for the catalytic oxidation of (toluene+ acetone) mixture over Pt1.9 nm/TiO2 at different reaction temperature and time.
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4. Conclusions

In the present study, we prepare a number of TiO2 nanosheet-sup-
ported Pt nanocatalysts with an average size of 1.3, 1.9, and 3.0 nm.
The surface area of the Pt1.3 nm/TiO2, Pt1.9 nm/TiO2, and Pt3.0 nm/TiO2

catalysts is 30.7, 28.6, and 29.6 m2/g, respectively. The as-obtained Pt/
TiO2 nanocatalysts exhibit size effects for the oxidation of toluene, and
the higher catalytic activity of Pt1.9 nm/TiO2 is associated with the
larger amount of surface adsorbed oxygen species and better adsorption
capacity of toluene. There is a strong inhibiting effect on the catalytic
activity of Pt1.9 nm/TiO2 for oxidizing the (toluene+ acetone) mixture.
In particular, the presence of toluene greatly inhibits the oxidation of
acetone. From the VOC-TPD and VOC-TPO results, we deduce that

mutual inhibition is due to the decrease in the adsorption ability of Pt1.9
nm/TiO2 for toluene and acetone. Several intermediates, including
benzene, o-xylene, p-xylene, benzaldehyde, maleic anhydride, itaconic
anhydride, and acetic acid, are observed. We propose that over Pt1.9 nm/
TiO2, the co-presence of toluene and acetone does not change the cat-
alytic mechanism, and the reaction pathway of the oxidative removal of
toluene and acetone in the mixture might follow that of the oxidation of
single toluene or acetone. Pt1.9 nm/TiO2 exhibits a good catalytic ac-
tivity and stability, as well as an H2O and CO2 tolerance. Both toluene
and acetone could be totally oxidized over Pt1.9 nm/TiO2 at a tem-
perature lower than 220 °C. At 200 °C within a 25–30 h on-stream re-
action time, toluene conversion remains unchanged, and acetone con-
version only slightly decreases, even in the presence of 5–10 vol% H2O

Scheme 1. Possible catalytic mechanism for the complete oxidation of (A) toluene and (B) acetone over the Pt1.9 nm/TiO2 catalyst.
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Fig. 8. (A, B) Catalytic stability and effect of (C, D) H2O and (E, F) CO2 on the catalytic activity of Pt1.9 nm/TiO2 for the complete oxidation of (toluene+ acetone)
mixture.
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or CO2.
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