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Abstract:

Six transition metal oxides were added in ceria-modified titania using a sol-gel method for catalytic oxidation of

toluene. An MnOx based catalyst was found to be the most active one, with which toluene could be decomposed completely at
200 °C. The greatest Mn/Ti and molar ratio of the mobile oxygen to the total oxygen concentration, together with a large surface
area and a low reduction peak-starting temperature, would result in its best activity in toluene oxidation.
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1 Introduction

Volatile organic compounds (VOCs) are one
major air contaminant released by industrial plants
and transportation vehicles (Hinwood et al., 2007).
Among the technologies for VOC abatement (ab-
sorption, adsorption, condensation, incineration,
photocatalytic oxidation, and biodegradation, etc.),
catalytic oxidation can efficiently decompose VOCs
at much lower temperatures (300-500 °C) than
thermal incineration, saving energy consumption
(Wang et al., 2009). The design of efficient catalysts
is still a major challenge in achieving this goal.

Titania is one kind of support commonly used.
Bertinchamps et al. (2006) found that titania based
catalysts had performed better than those supported
on different materials, including Al,O3 and SiO; in
benzene oxidation. They also attributed the high ac-
tivities to the promotion of homogeneous spreading
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of the active phase in the form of a monolayer. Fur-
thermore, Krishnamoorthy et al. (2000) drew the
conclusion that the difference between V,0s/Al,03
and V,05/TiO, catalysts lay in the interactions be-
tween vanadia and titania supports. This led to the
different redox properties of vanadia, which resulted
in the turnover frequency of o-dichlorobenzene
(o-DCB) oxidation at 350 °C of about one order of
magnitude higher for the V,0s/Al,O3 counterpoint.

Ceria is a commercial material in catalytic ap-
plications, especially as a three-way catalyst. Since
cerium has two stable oxidation states, Ce** and Ce*",
oxygen could be transported via the redox cycle be-
tween Ce*" and Ce®. The ceria doped catalysts ex-
hibit improved oxygen mobilities, enhanced redox
properties, and thus higher activity (Dai et al., 2008;
Wang et al., 2009). In Xu et al. (2009), CeO,/TiO,
catalyst was very active in selective catalytic reduc-
tion of NO by NHa.

As for the active phase, a great deal of effort has
been made for various noble metal catalysts for their
high activities (Avgouropoulos et al., 2006). Despite
being less active than noble metals, transition metal
oxides, much cheaper, better resistant in practical use,
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and usually with a better thermal stability, have re-
ceived considerable attention recently and have been
considered as promising alternatives to noble metal
catalysts for the catalytic oxidation of VOCs (Wu et
al., 2007; Wyrwalski et al., 2007).

However, the investigated catalysts mentioned
above were often prepared by the traditional im-
pregnation method, which has the drawback that the
active sites tend to aggregate during the evaporation
of impregnated solutions, limiting the optimal loading
content of active phases. Also the aggregated sites
could cause the blockage of the porosity, preventing
the reaction molecules from approaching the inner
active phases (Li et al., 2005). Comparatively, a sol-
gel method would be beneficial to maintain a high
specific surface area, controllable pore system, and
good dispersion of the active phase, especially in the
case of high loading (Kondo and Domen, 2008; Jiang
etal., 2009). Based on our former research results (Yu
et al., 2010), sol-gel-made CeO,/TiO,-based catalyst
was more active than many other catalysts reported
(Blanco et al., 2007; Deng et al., 2008; Huang et al.,
2008) under comparable operating conditions in
toluene catalytic oxidation. This suggested that tran-
sition metal oxide supported on ceria-modified TiO,
using the sol-gel method would be promising candi-
dates in toluene catalytic oxidation.

However, to the best of our knowledge, a sys-
tematic investigation of this catalyst system was sel-
dom undertaken. Therefore, in this paper, the sol-gel
method was introduced to prepare several transition
metal oxides (CrOx, MnOx, CuO, NiOx, CoOx, and
FeOx) supported in Ce/TiO, and their catalytic be-
haviors were compared in low-temperature catalytic
oxidation of toluene, an important persistent organic
pollutant and a commonly used solvent in many in-
dustrial processes.

2 Experimental
2.1 Catalysts preparation

Tetrabutyl titanate, Ti(OC4Hg)s, acetic acid,
ethanol, and water were mixed with a certain molar
ratio under stirring to form a sol, and the molar ratio
of precursor used was the optimal value obtained in
our previous study for TiO, preparation (Wu et al.,
2007). Certain amounts of transition metal nitrate and

cerium (I11) nitrate hexahydrate were added during
this process as M and Ce sources respectively. The
M/Tiand Ce/Ti molar ratios were kept as 0.4 and 0.05
respectively according to the obtained results (Yu et
al., 2010). The sol transformed to gel after aging, and
then it was dried and calcined. The obtained solids
were crushed and sieved to 150-250 um, and the
sample was named MTC, where M represented the
transition metal composition, e.g., CuTC. The pure
TiO, and CeO,/TiO, prepared with the same method
were named T and TC, respectively.

2.2 Characterizations

The powder X-ray diffraction (XRD) patterns
were obtained on a Rigaku D/MAX RA diffracto-
meter (Rigaku, Japan) with an angle of 26 from 20° to
80°. Nitrogen adsorption-desorption isotherms were
obtained using a nitrogen adsorption apparatus
(ASAP 2020, USA) at 77 K. The specific surface area
was determined by the Brunauer-Emmett-Teller
(BET) method, and pore volume and pore size of the
samples were calculated by the Barrett-Jioner-
Halenda (BJH) method. X-ray photoelectron spec-
troscopy (XPS) was performed using a Thermo
ESCALAB 250 apparatus (USA) to investigate the
surface chemical properties of the samples. Trans-
mission electron microscopy (TEM) was applied to
investigate the microstructures and particle sizes of
the prepared samples with a JOEL JEM-2010 electron
microscope (Japan). Temperature-programmed re-
duction of H, (H,-TPR) were carried out using a
custom-made setup equipped with thermal conduc-
tivity detector (TCD) with 50 mg catalysts to inves-
tigate the surface redox abilities of the catalysts, with
the linear heating rate (5 °C/min) in the same atmos-
phere from 100 to 800 or 900 °C.

2.3 Catalytic activity test

The catalytic oxidation tests were carried out in a
fixed bed reactor. The reactor was made of stainless-
steel with an internal diameter of 9 mm and a height
of 250 mm, in which 1 ml catalyst powder with the
granulometric fraction of 150-250 um was loaded.
The reactor tube was located inside in a furnace which
was electrically heated. The temperature was con-
trolled with a type-K thermocouple, to maintain a
stable bed temperature within £1 °C.

The feed gas (6% O, in nitrogen) with a
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concentration of toluene of 1500 mg/m® was intro-
duced to the catalyst bed with a total flow rate of
250 ml/min, to keep a constant gas hourly space ve-
locity (GHSV) of 15000 h™* for all studies. Before
entering the reactor, the stream was blended in a static
mixer (2 L), to eliminate the possible oscillations of
initial toluene concentration. The temperature was
lowered from 360 to 80 °C in steps of 20-40 °C, and
the toluene conversions were examined after an ap-
pointed temperature was reached. A Fuli 9790 gas
chromatograph (GC) (Fuli, China) equipped with a
flame ionization detector (FID) was employed to ana-
lyze reactants and products. No other organic carbon-
containing products were detected during the catalytic
combustion of toluene. The activities of pure TiO, and
CeO,/TiO, were also examined for comparison.

3 Results and discussion
3.1 Catalytic performance for toluene oxidation

Fig. 1 presents the light-off curves of the sup-
ported transition metal oxide catalysts and the sup-
ports in the toluene oxidation. No obvious toluene
conversion was observed over pure TiO, support (T)
up to 200 °C. After ceria modification (TC), the ac-
tivity increased rapidly, and toluene conversion
reached almost 80% at 360 °C. When the transition
metal oxide phases were introduced, the catalytic
activities were enhanced significantly over the whole
range of temperature investigated.
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Fig. 1 Toluene light-off curves of the MOx-CeO,/TiO,

catalysts

The activities of the catalysts are ranked as fol-
lows based on the Tso (the temperature where 50%
conversion is achieved): T (352 °C)<TC (271 °C)<

FeTC (229 °C)<CoTC (215 °C)<NIiTC (206 °C)<
CrTC (199 °C)<CuTC (181 °C)<MnTC (161 °C).
However the activity of CoTC increased faster, and
outperformed the other catalysts with the exception of
the MnTC catalyst in the high temperature range. The
most active MnTC catalyst could oxidize toluene
completely at 200 °C.

3.2 Textural properties of catalysts

Fig. 2 shows the XRD diagrams of the samples
T and TC. The signals of anatase TiO, at 26=25.5°
were detected in all XRD diagrams, while no evident
diffraction peaks associated with ceria species ap-
peared. After ceria addition, a large decrease of these
peaks could be observed, which means that some
strong interaction existed between ceria and titania,
hindering the crystallization of TiO,. A similar phe-
nomenon was reported by Sinha and Suzuki (2005).
The effect of dispersed titania phase which inhibits
the agglomeration of the ceria phase, while the dis-
persion of titania nanocrystallites was also improved
by the Ce-O-Ti type bonds.

The XRD diagrams of all the supported transi-
tion metal oxides samples were displayed in Fig. 3. A
dramatic reduction of anatase phase signals occurred
in all the transition-metal-oxide-contained catalysts.
These phenomena were much more remarkable in the
cases of MnTC, CoTC, and FeTC catalysts, implying
that stronger interactions between the compositions
might exist in these three samples.

All the transition metal oxide phases except
MnO, could be detected as bulk NiO, Co304, Fe,03,
CuO, and Cr,0O3 crystallites respectively, which
demonstrated that the manganese oxide phase
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Fig. 2 X-ray diffraction patterns of the TiO, and CeO,/
TiO, supports
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Fig. 3 X-ray diffraction patterns of the MOx-CeO,/TiO,
catalysts

dispersed better than the other active phases. However,
considering their high loading content ((M/Ti=0.4),
these relatively weak peaks associated with transition
metal oxides implied that the oxide dispersion was
improved because of the sol-gel method, the ceria
modification, and the interaction between the compo-
sitions in MnTC catalyst.

As discussed above, the ceria modified titania
support could effectively induce a good dispersion
of the active phase at its surface, inhibiting the
crystallite formation. Furthermore, Delimaris and
loannides (2008) had found that the addition of
manganese ions to ceria could help to control crys-
tallite growth and to maintain the pore system of the
materials, and vice versa. Similar phenomena were
observed in the cases of Mn-Ce catalysts prepared by
co-precipitation (Machida et al., 2000; Qi et al.,
2004) and combustion methods (Murugan et al.,
2005), originated from the solid solution formation
between Mn,03 and CeO,, because of their struc-
tural similarities. It was well recognized that the
dispersion of the active phase played an important
role in the oxidation reaction. This might explain the
superior performance of MnTC compared with the
other catalysts in toluene oxidation.

The specific surface area (Sget), pore volume
(Vp), and average pore radius (rp) of the samples were
determined by nitrogen adsorption-desorption, and
listed in Table 1. The pure TiO, prepared by the
sol-gel method had the smallest Sger and V, among
the samples examined, and Sger and V, increased
significantly after ceria modification. The inhibition
of anatase phase crystallization by the added ceria as
indicated in XRD would induce this change. After

transition metal oxides addition, Sger and V, de-
creased slightly, except for the CrTC sample. Partial
crystallization of some oxides would result in the Sger
and V, drops. Combining with the XRD results, the
highest crystallinity of copper oxide could reasonably
explain its greatest reduction of V, and rp,.

Table 1 Texture properties of the MOx-CeO,/TiO,
catalysts

Sample Sger (M?g) V, (cm*/g) rp (Nm)
T 32 0.05872 7.2
TC 118 0.298 10.0
MnTC 102 0.249 9.2
CoTC 107 0.189 6.9
CrTC 125 0.266 9.6
NiTC 101 0.230 9.8
FeTC 98 0.243 9.7
CuTC 67 0.208 5.9

Fig. 4 shows the TEM images of some selected
catalysts. The well-crystallized anatase titania could
be seen in all catalysts selected, while no CeO, crys-
talline could be observed. In the high-resolution
transmission electron microscopy (HRTEM) of the
CuTC sample (Fig. 4a), the CuO crystalline (whose
lattice fringe is 0.218 nm, conforming to the ICDD-
JCPDS database) could be observed clearly, accom-
panying the crystalline of anatase titania (whose lat-
tice fringe is 0.348 nm). However, in the HRTEM
images of CrTC and MnTC samples (not shown here),
the crystallites of the transition metal oxides could not
be detected. Calculated from the TEM images of the
selected CrTC and MnTC (Figs. 4c and 4d) samples,
the mean particle sizes of anatase titania particles are
7.8 and 10.8 nm, respectively (in accordance with the
XRD results). The larger particle size of MnTC might
be the reason for its relatively small Sger and V,
compared with CrTC. Unlike the above mentioned
two samples, the particle size of CuTC (Fig. 4b) was
not well-distributed, and some large particles about
22-25 nm might be related to the crystallized CuO,
which was in consistence with the XRD result (the
mean diameter of CuO particle was determined to be
21.6 nm using the XRD pattern of CuTC). There are
still some smaller grains (about 12.8 nm), which were
considered as crystallized TiO,. The formation of the
large CuO particles would be the reason for its small-
est Sget and V, among the catalysts investigated.
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Fig. 4 High-resolution transmission electron microscopy (HRTEM) image of CuTC catalyst (a) and TEM images of

CuTC (b), CrTC (c), and MnTC (d) catalysts
d: lattice fringe

3.3 X-ray photoelectron spectroscopy results

The chemical composition of the species and the
oxidation states of the transition metal and the other
elements contained on the catalyst surface were
evaluated by XPS. The surface atomic ratios of Ce
and M to Ti, the ratio of active oxygen to the total
oxygen concentration, and the binding energies (BE)
value of the main peak of metal elements are sum-
marized in Table 2, and the O 1s scan spectra of the
most active catalyst MnTC are presented in Fig. 5.

According to the peak binding energies of Fe,
Co, Ni, and Cr (shown in Table 2), their oxidation
states were mainly +3 (Alifanti et al., 2006; Stoy-
anova et al., 2006; Giraudon et al., 2007; Oliveira et
al., 2008), which were consistent with the XRD re-
sults, except for the NiTC catalyst. However, the Cu
2p and Mn 2p profiles contained the peaks of Cu* and
cu®, and Mn*" and Mn** simultaneously (Peluso et
al., 2008; Yuan et al., 2008), implying that mixed
oxides or nonstoichiometric oxides existed in these
samples. Their co-existences might be the result of
crystal defects and distorted structures, accompany-
ing higher amount of oxygen vacancies, stronger
redox properties, and higher activities in toluene

Table 2 X-ray photoelectron spectroscopy results of the
MOx-CeO,/TiO, catalysts with different main active
phases

Sample  PE (eV) M/Ti CelTi Oa/Orotal
TC - - 0.149 0.137
FeTC 711.0 0.467 0.153 0.152
CoTC 780.7 0.492 0.189 0.165
NiTC 855.9 0.463 0.148 0.172
CrTC 576.7 0.516 0.205 0.182
CuTC 933.0 0.549 0.197 0.179
MnTC 641.3 0.578 0.212 0.191

PE: peak binding energy of transition metals; Oa/Oi: Molar ratio
of the active oxygen to the total oxygen concentration; M/Ti and
Ce/Ti: surface molar ratios of Ce and M to Ti, respectively

oxidation (Alvarez-Merino et al., 2004). In these
catalysts containing nonstoichiometric oxygen spe-
cies, the adsorbed oxygen would have a different
electronic structure, and the ionic character of their
active oxygen species would increase, resulting in the
improved catalytic behavior during oxidation (Pecchi
et al., 2008).

The O 1s profile can be deconvoluted into three
contributions referred to as the chemisorbed oxygen
species at 531-531.7 eV (denoted as Op), the lattice
oxygen at 529.5-530.1 eV (Og), and absorbed oxygen
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Fig. 5 O 1s X-ray photoelectron spectroscopy spectra
profiles of the MnTC catalysts

species present at 531.9-532.9 eV (Oc). The Oa spe-
cies were considered to be active oxygen species and
could play important roles in oxidation reactions (Niu
et al., 2007; Wang et al., 2009), S0 Oa/Oyoa ratio
listed in Table 2 was used as an index to represent the
vigorous oxidative capacity of a certain catalyst. As
shown in Table 2, the ceria-contained sample, TC
already had a considerable amount of active oxygen,
but the addition of transition metal oxides could in-
crease the ratio further. The superficial Oa/Oyoy ratio
of the most active catalyst, MnTC, was higher than
those of any other catalysts examined. As expected,
ceria is a kind of material with good oxygen storage
capacity, and there existed a synergistic mechanism
between the manganese oxide and ceria according to
the results of Qi et al. (2004). Oxygen could be
transported through the redox cycle between the va-
lence variation of manganese and cerium oxides.
Therefore, the ceria modification and the stronger
interaction between the compositions also contribute
to the more superficial active oxygen species of this
sample.

The nominal molar ratio of M/Ti in the prepara-
tion process was kept as 0.4. Then the increase of M/Ti
detected by XPS shows an improved enrichment of
MOx phase on the surface of support, leading to higher
activity in oxidation reaction, while a smaller M/Ti
ratio indicates that more active phase sites migrated
from surface to bulk. Furthermore, it could be observed
that the three most active catalysts, CrTC, CuTC, and
MnTC had larger M/Ti ratios than the more inert
catalysts, FeTC, CoTC, and NiTC (Table 2). Then it
could be concluded that the dispersion and enrichment
of active phase (expressed by M/Ti) on the surface play

a vital role in catalytic oxidation process. It was noted
that the absence of XRD signals from active phase and
the largest M/Ti ratio occurred in the most active
MnTC catalyst simultaneously.

3.4 Results of temperature-programmed reduc-
tion of H,

The TPR profiles are presented to investigate the
redox capacities of the catalysts concerned (Fig. 6).

/N CrTC

- NiTC
2 /\/\

> CuTC
% Fe

E TN\ ___cotc

Mn
IC

100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 6 Temperature-programmed reduction of H, patterns
of the catalysts with different main active phases

The ceria modified titania support displayed
only a very weak reduction peak above 600 °C, while
after the addition of the transition metal oxide active
phase, the redox capacities of all the samples were
improved significantly. Among the six catalysts pre-
pared, the two most active ones, MnTC and CrTC,
had lower peak-starting temperatures, while for the
less active three, NiTC, CoTC, and FeTC, the reduc-
tion peaks started at higher temperatures, which in-
dicated their lattice oxygen would be more difficult to
activate. The CuTC catalyst had a much lower peak-
starting temperature than the other catalysts, because
of the readiness of CuOx reducibility, which was
consistent with Ribeiro et al. (2007).

The two reduction peaks of the CuTC catalyst in
series corresponded to the reduction of CuO to Cu,0,
then partially to metal Cu (Tidahy et al., 2007). The
first peak was small, implying that the CuOx con-
tained was the mixture of CuO and Cu,0, as revealed
by the XPS results. The TPR result showed that this
catalyst had a superior redox capacity than the other
MOx-CeO,/TiO, catalysts. However, considering its
poor textural properties (small specific surface area
and pore volume) and the high crystallinity of CuO
particles (supported by the intense XRD signals and
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TEM image), this catalyst was less active in toluene
oxidation than the MnTC catalyst, and even less ac-
tive than the NIiTC catalyst in the high temperature
range.

The most inactive catalyst, FeTC showed three
consecutive peaks at very high temperatures, and all
the three peaks were relatively weak. This would
explain its poor behavior in toluene oxidation.

The most active catalyst, MnTC exhibited a
broad peak spanned between 160-450 °C, which was
associated with the successive reduction steps:
amorphous Mn,03—Mn3z04—MnO (Gutierrez-Ortiz
et al., 2007). It was reported that a commercial
manganese oxide, Mn,O3 had one peak at 490 °C and
the other of Mn30, at 520 °C (Delimaris and loan-
nides, 2008). The lower peak temperature might be
attributed to the ceria modification and the high dis-
persion of manganese oxide on the surface. This
sample did not show an obviously superior behavior
to the other catalysts in H,-TPR examination. Deli-
maris and loannides (2008) had observed a similar
result, and attributed this variation to the fact that the
reducing agent under reaction conditions is the more
complicated VOC molecule, rather than H; as in TPR.
Many other complicated factors involved could ex-
plain the difference between the dissatisfactory H,-
TPR behavior and the highest activity in real toluene
oxidation of MnTC.

From the H,-TPR results, it could be concluded
that the reduction peak-starting temperature, which
corresponded to the feasibility of the lattice oxygen
activation, was more associated with the catalytic
performances than the reduction peak intensity,
which reflected the amount of lattice oxygen that
could be reduced. This could explain the consistency
between the lower reduction peak-starting tempera-
ture and the superior behavior in toluene complete
oxidation of the MnTC catalyst.

4 Conclusions

Six types transition metal oxides (CrOx, MnOx,
CoOx, CuOx, FeOx, and NiOx) were added in CeO,/
TiO, using a sol-gel method, and their behaviors in
toluene oxidation were investigated.

The catalysts activities in catalytic oxidation of
toluene are ranked in the following sequence (based

on the Tsy): T<TC<FeTC<CoTC<NIiTC<CrTC<
CuTC<MnTC. The most active catalyst, MnTC,
could decompose toluene completely at 200 °C.

XRD characterization demonstrated a good
dispersion of the active phases for all the samples
with the exception of CuTC. The XPS investigation
showed that the enrichment of active phases and
mobile oxygen species would be obtained, contrib-
uting to the good performances in toluene oxidation.
These were the integrated results of the sol-gel
method and ceria modification.

The peak intensity of H,-TPR could not be di-
rectly associated with the catalytic activity, but the
reduction peak-starting temperature reflected the
catalytic performance to a certain extent. For exam-
ple, CuTC, which had the most intense TPR peaks at
very low temperatures, did not perform very well in
toluene oxidation, due to the much higher crystallinity
of CuO and a much smaller surface area.

A considerably larger surface area, a lower re-
duction peak-starting temperature, the largest Mn/Ti
and molar ratio of the mobile oxygen to the total
oxygen concentration, and the existence of non-
stoichiometric oxides could be the most important
causes of the superior behavior of the MnTC catalyst
in toluene oxidation.
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