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a b s t r a c t

CuxCe1−xOy (x = 0.06, 0.13, and 0.23) were prepared by a solution combustion route using glycine as the fuel
and tested for the catalytic combustion of dilute acetone in air. The structural characteristics of the cata-
lysts were investigated by specific surface area, X-ray diffraction (XRD), scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), and temperature-programmed reduction (TPR) tech-
niques. The results reveal that the state of the CuO depends on the Cu/Ce molar ratio in the catalyst,
which strongly influences the redox behavior and the catalytic activity of the sample. Among the three
cetone
uxCe1−xOy

attice oxygen

catalysts, Cu0.13Ce0.87Oy was found to be the most active in the catalytic combustion of acetone. The pulse
reaction of pure acetone in the absence of O2 over the Cu0.13Ce0.87Oy catalyst indicated the participation of
lattice oxygen from the catalyst in the acetone combustion. Furthermore, the effect of the acetone concen-
tration and the gas hourly space velocity (GHSV) on the catalytic behavior of the catalyst was examined.
The stability of the Cu0.13Ce0.87Oy catalyst for acetone combustion was also investigated and an obvious
deactivation was observed under the reactant stream for 35 h at 260 ◦C. XRD analysis of the deactivated

forma
catalyst showed that the

. Introduction

In recent years, there are increasing concerns over the abate-
ent of volatile organic compounds (VOCs) since their emission is

azardous to environment and human health [1]. Many different
echnologies have been developed for the abatement of industrial
OCs emissions in the last few decades, such as physical adsorption,

hermal incineration, and catalytic oxidation. Though the physical
dsorption with porous materials is effective for eliminating VOCs
mission in a certain short period, the overall efficiency of these
dsorbent materials is not promising due to their limited removal
apacities [2]. Incineration is another convenient way to convert
OCs into nontoxic carbon dioxide and water. However, the conven-

ional thermal incineration requires a high operating temperature
usually exceeds 750 ◦C) to remove VOCs and consumes significant
mounts of energy. Catalytic oxidation has been recognized as one
f the most promising techniques for the abatement of VOCs [3,4].
ompared with the above two techniques, catalytic oxidation can
emove the dilute VOCs from effluents to very low levels, which
ay satisfy the stringent environmental regulations. Furthermore,
atalytic oxidation is always operated at a relatively low tempera-
ure (<500 ◦C), resulting in a more economical process and reducing
he potential for the production of toxic by-products such as NOx.

∗ Corresponding author. Tel.: +86 10 62536108; fax: +86 10 62536108.
E-mail address: qszhu@home.ipe.ac.cn (Q. Zhu).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.05.033
tion of bulk CuO was responsible for the deactivation of the catalyst.
© 2009 Elsevier B.V. All rights reserved.

The performance of catalytic combustion strongly depends on the
catalyst used in this technique.

Among all the VOCs, acetone is a common organic solvent exten-
sively used in the manufacture of plastics, fibers, drugs, and other
chemicals. It can cause environmental hazards and be harmful to
the human health. For example, inhalation of acetone vapor can
irritate the respiratory tract and cause coughing, dizziness, dull-
ness, and headache. Higher concentrations can produce central
nervous system depression, narcosis, and unconsciousness. It is
necessary to remove acetone in the gas stream before its emis-
sion to the atmosphere. For the catalytic combustion of acetone,
both supported noble metal catalysts and metal oxides have been
investigated [5–10]. Among the two types of catalysts, the use of
the transition metal oxides would be more favorable for industrial
applications due to their significantly lower cost than the noble
metals.

The unique features of oxygen storage capacity have made CeO2
essential in numerous catalytic oxidation processes [11,12]. Better
redox properties than that of pure CeO2 are obtained by the incor-
poration of metal ions into the CeO2 lattice forming Ce1−xMxOy solid
solutions, such as Ni, Zr, and Mn [13–17]. Recent reports have shown
that the performance of Ce-based oxides in oxidation reactions is

greatly enhanced by incorporation of CuO into CeO2 lattice, and the
activity of CeO2 supported CuO catalyst for oxidation reaction is
even comparable to that of the supported noble metal catalysts [18].
Therefore, Cu-doped ceria is expected to be a good candidate for cat-
alytic combustion of acetone. Although the CuO–CeO2 catalyst has

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:qszhu@home.ipe.ac.cn
dx.doi.org/10.1016/j.cej.2009.05.033
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een widely investigated for the oxidation of CO and hydrocarbons
19–21], to our best knowledge the catalytic combustion of acetone
ver Cu-doped CeO2 has not been reported.

In order to truly assess the effect of the CuxCe1−xOy composi-
ion, a single synthesis and homogeneous mixed oxides are needed
22]. It has been reported that solution combustion synthesis can
roduce homogeneous high-purity powder in a short time at a low
ost with a simple equipment [23]. This method involves the igni-
ion of precursor salt solution containing the required metal ions
nd an organic fuel. During the combustion process, a large amount
f gaseous products are produced, which can achieve the mutual
ispersion of oxides and homogeneous powders.

The aim of the present work is to prepare CuxCe1−xOy catalysts
ia a nitrate–glycine solution combustion route and evaluate their
atalytic performance for acetone combustion in air. The structure
roperties of the catalysts were characterized by XRD, SEM, XPS,
nd H2-TPR measurements. The mechanism of the acetone combus-
ion over Cu0.13Ce0.87Oy was studied by carrying out pulse reaction
f pure acetone in the absence of O2 over the catalyst. Further-
ore, the stability of the Cu0.13Ce0.87Oy catalyst for the acetone

ombustion, as well as the reason for the catalyst deactivation, was
nvestigated.

. Experimental

.1. Catalyst preparation

All chemical reagents in this experiment were of analytical
rade and used as received without further purification. The
uxCe1−xOy catalysts were prepared by a combustion method
sing Ce(NO3)3·6H2O, Cu(NO3)2·3H2O and glycine as raw materi-
ls. Specifically, Ce(NO3)3·6H2O, Cu(NO3)2·3H2O, and glycine were
issolved in deionized water to form a solution with the metal ion
oncentration of 0.2 M. The molar ratio of glycine/nitrate in the
olution was 0.80. The precursor solution was then heated in an
vaporating dish under continuous stirring, until the solution got
gnited spontaneously and resulted in porous, foamy and fragile

aterials. The resulting powders were further calcined at 500 ◦C for
h. The actual CuO content in the catalyst was analyzed by ICP-AES.
he notation of x, y in the samples means the atomic ratio.

.2. Catalyst characterizations

The composition of the CuxCe1−xOy was determined by induc-
ively coupled plasma atomic emission spectroscopy (ICP-AES) on
PE OPTIMA 5300DV spectrometer. The phase structure of all the

amples was analyzed by an X-ray diffractometer (X’Pert MPD Pro,
ANalytical, The Netherlands). The morphology was examined by
eld-emission scanning electron microscopy (FESEM, JSM-6700F,

EOL). The BET surface area of each sample was determined using
he Autosorb-1 (Quantachrome Instruments) gas adsorption sys-
em. Prior to each analysis, the samples were dried at 300 ◦C for
h under vacuum. The BET surface area was calculated using a
ve-point isotherm. X-ray photoelectron spectroscopy (XPS) data
ere obtained with an ESCALab220i-XL electron spectrometer from
G Scientific using 300W Al K� radiation. The binding energy was

eferenced to the C1s line at 284.8 eV from adventitious carbon.
Temperature-programmed reduction (TPR) experiments were

arried out using a CHEMBET 3000 adsorption instrument (Quan-
achrome, USA) equipped with a thermal conductivity detector

TCD). About 20 mg samples were loaded and pretreated with Ar
t 150 ◦C for 30 min. After the sample was cooled down to 50 ◦C,
reduction agent of 5% H2/Ar with a flow rate of 20 mL/min was

ntroduced, and the sample was heated up to 700 ◦C with a heat-
ng rate of 10 ◦C/min. Calibration of the amount of H2 consumed
Journal 152 (2009) 583–590

was carried out on the basis of the amount of H2 needed for the
reduction of pure CuO.

The pulse experiment was performed in a microreactor
with diameter of 4 mm and length of 30 cm. 0.1 g of catalyst
(20–40 mesh) was loaded into the microreactor in a constant tem-
perature zone and packed between two quartz wool plugs. Before
carrying out the pulse reaction, the catalyst was treated in situ at
150 ◦C in the flow of He for 1 h. A pulse of acetone of 100 �L (vapor-
ized at 100 ◦C) was injected into a He carrier stream (30 mL/min)
using a microsyringe at the interval of 20 min. The temperature of
the He carrier was controlled by a heating belt and remained in the
range of 100–105 ◦C before entering the microreactor. The concen-
tration of acetone was determined by the gas chromatograph (GC)
with a flame ionization detector (TP-2060F, FID).

2.3. Catalytic performance evaluation

The catalytic activity of the catalyst was assessed by conduct-
ing the complete oxidation test for acetone in a tubular reactor
with a diameter about 8 mm. The catalyst powder with a size of
20–40 mesh was used for the catalytic evaluation. In each test run,
0.2 g of catalyst diluted with silica (20–40 mesh) was placed at the
center of the reactor. The temperature was monitored by a thermo-
couple located above the catalyst. The acetone vapor was carried by
an air stream bubbling through a boat-shaped saturator in ice-bath.
The air contained concentrated acetone vapor was further diluted
with another airflow before reaching the catalyst bed. The con-
centration of acetone was controlled by adjusting the air stream
flowing through the saturator and always confirmed by the GC. The
total flow rate was set at 200 mL/min. To prevent the physisorp-
tion of acetone in the initial stages of the test, the catalyst was
pretreated at 100 ◦C for 30 min under the test flows of reactant mix-
ture (1000 ppm acetone balanced by dry air). When a steady state
was attained, the temperature was raised stepwise per 10 ◦C from
100 ◦C to the temperature that could achieve the complete con-
version of acetone. The acetone concentration in the stream was
determined by the GC (TP-2060F, FID), while the CO2 was analyzed
by a GC with a TCD (SP-3420). The detection limit is 1 ppm for ace-
tone and 5 ppm for carbon dioxide. In all reaction conditions, the
carbon mass balances are in the range 100 ± 5%. The reaction rate
for acetone combustion (−Racetone) was calculated according to

−Racetone = Xacetone

W/Facetone,0

where Xacetone is the measured acetone conversion and W/Facetone,0
is the space time referring to the amount of catalyst loaded into the
reactor and the inlet acetone molar flow rate. The Xacetone value was
chosen to be lower than 5%.

Long-term stability test over the catalyst was carried out under
conditions similar to the activity evaluation. The catalyst bed was
first heated to 300 ◦C at which a complete acetone conversion was
achieved, then decreased to 260 ◦C, and maintained constant at this
temperature for about 35 h.

3. Results and discussion

Fig. 1 shows the XRD patterns of the as-prepared CuxCe1−xOy

samples with different CuO contents. The distinct fluorite oxide
diffraction pattern of CeO2 can be seen in the three samples. No CuO
phase can be identified for the Cu0.06Ce0.94Oy and the Cu0.13Ce0.87Oy

samples, whereas apparent CuO diffraction peaks appear for the

Cu0.23Ce0.77Oy sample. This result is good agreement with the
previous report concerning the structure features of CuxCe1−xOy

calcined at 500 ◦C, where the CuO diffraction peaks began to appear
when the Cu/(Cu + Ce) ratio ≥0.15 [24]. For Cu0.06Ce0.94Oy and
Cu0.13Ce0.87Oy, the absence of CuO diffraction peaks is commonly
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Fig. 1. XRD patterns of the as-prepared CuxCe1−xOy samples.

xplained that either the CuO is amorphous or incorporated into the
eO2 lattice, or it is well dispersed on the surface of CeO2 in the form
f small clusters that cannot be detected by XRD [25]. Taking the
alcination temperature into account, the calcination temperature
n the present study is high enough for the formation of CuO crys-
alloid. Thus, it is highly possible that the CuO was well dispersed
n the surface of CeO2, or incorporated into the CeO2 lattice, or a
ombination of these two states.

It should be noted that the position of CeO2 diffraction peaks
lightly shifted to low 2� values with increasing the Cu level from
.06 to 0.23, suggesting more amounts of CuO were incorporated

nto the CeO2 lattice since the radius of Cu2+ (0.072 nm) is smaller
han that of the Ce4+ ions (0.092 nm). This is further confirmed by
omparison of the lattice parameter calculated from the (3 1 1) crys-
allographic plane [26]. As shown in Table 1, the lattice constant
lightly decreased with the increase of the CuO content in the sam-
le. In addition, all the calculated lattice constants were lower than
hat of pure CeO2 (0.5423 nm, not shown), confirming that certain
mounts of CuO was incorporated into the CeO2 lattice. The crys-
allite size of the CeO2 is also influenced by the Cu doping. The
verage crystallite sizes of the samples were obtained according to
he Scherrer equation by measuring the (1 1 1) diffraction of the
ubic crystallites and shown in Table 1. The size increased from
3 nm for Cu0.06Ce0.94Oy to 26 nm for Cu0.23Ce0.77Oy. This may be
aused by the different degree of sintering for ceria due to the Cu
ons incorporating into the defect sites.

The morphologies of the as-prepared samples were examined by
EM. As shown in Fig. 2, the images revealed that the CuxCe1−xOy

amples were highly porous in nature and consisted of foam-like
lusters, originating from the rapid production of gaseous prod-
cts during the combustion process. The BET surface areas of these
amples are listed in Table 1. It can be seen that the BET surface
rea decreased from 32.8 to 11.4 m2/g with the increase of the

u/(Cu + Ce) molar ratio from 0.06 to 0.23, indicating the Cu/Ce has
ffect on the textural properties of the CuxCe1−xOy samples. Two
odes, namely grain boundary formation and crystallite growth,

re often accounted for the decrease of surface area [27]. It appears

able 1
rystallite size, lattice constant, and specific surface area of the CuxCe1−xOy samples.

ample Crystallite
size (nm)

Lattice constant
(nm)

Surface area
(m2/g)

u0.06Ce0.94Oy 13 0.5418 32.8
u0.13Ce0.87Oy 15 0.5415 27.1
u0.23Ce0.77Oy 26 0.5413 11.4
Fig. 2. SEM images of the CuxCe1−xOy samples: (a) Cu0.06Ce0.94Oy , (b) Cu0.13Ce0.87Oy ,
and (c) Cu0.23Ce0.77Oy .

that the steady decline in the surface areas can be attributed to the
growth of the crystallite size, as discussed in the XRD measurement.

The surface compositions of all the CuxCe1−xOy samples were
further studied by XPS. Fig. 3a shows the Cu 2p XPS of all the sam-
ples. It can be seen that the spectra of Cu 2p3/2 in all the samples
contained an obvious shake-up peak at 939–944 eV and a main peak
at 933.6 eV. It has been accepted that the presence of the shake-up
peak and a higher Cu 2p3/2 binding energy (933.0–933.8 eV) are two
major XPS characteristics of Cu2+, while a lower Cu 2p binding
3/2
energy (932.2–933.0 eV) and the absence of the shake-up peak are
characteristics of reduced copper [28]. Thus, the valence of Cu atom
in these samples should be +2. For the Ce 3d spectra of the three
samples (Fig. 3b), the six peaks associated with the four-valent Ce
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Table 2
XPS result and H2 uptake of the CuxCe1−xOy samples.

Sample Cu/(Cu + Ce) (mol%) H2 uptake (mmol/gcata)

Nominal XPS Nominal Actual

a new peak � is found in the H2-TPR profile, suggesting that the
peak � is due to the reduction of bulk CuO. It should be noted that
the � peak in the TPR profile for the Cu0.23Ce0.77Oy sample almost
disappears, indicating that a poor dispersion of CuO on the surface
of the catalyst.
Fig. 3. XPS of the CuxCe1−xOy samples: (a) Cu 2p, (b) Ce 3d, and (c) O 1s.

f0 can be seen [28]. The bands at 903.2–903.5 eV and 884–886 eV
epresented the 3d104f1 initial electronic state corresponding to
e3+ ions was not observed, indicating the valence of Ce atom was
4. In the case of O 1s (Fig. 3c), a main peak centered at 529.5 eV
nd a small shoulder can be seen. The peak at the binding energy
f about 529.5 eV can be seen as lattice oxygen of the oxides in the
ample, while the shoulder can be ascribed to the oxygen adsorbed
n the surface [28]. The XPS results indicate that the valence of the

ach element in the three samples was identical.

The surface composition, expressed as Cu/(Cu + Ce) molar ratio,
s shown in Table 2. In all cases, the surface Cu/(Cu + Ce) ratio is
igher than the nominal value, indicating not all the Cu2+ was

ncorporated into the CeO2 lattice. For the Cu0.06Ce0.94Oy and the
Cu0.06Ce0.94Oy 6 9 0.24 0.46
Cu0.13Ce0.87Oy 13 20 0.81 1.22
Cu0.23Ce0.77Oy 23 38 1.53 1.73

Cu0.13Ce0.87Oy samples, no diffraction peaks of CuO in the XRD pat-
tern were observed. Thus, it may be concluded that the highly
dispersed CuO and Cu2+ in the CeO2 coexist in the two samples,
which is further confirmed by the TPR measurement in the follow-
ing paragraph. As for the Cu0.23Ce0.77Oy, CuO phase was detected
by the XRD. So it is highly possible that three different CuO species,
highly dispersed CuO, Cu2+ in the CeO2 lattice, and bulk CuO, may
coexist in this sample.

The state of the CuO in the CuxCe1−xOy samples was fur-
ther investigated by H2-TPR measurement. The TPR profiles of
CuxCe1−xOy samples are shown in Fig. 4. Obviously, the reduction
behaviors of the CuxCe1−xOy samples depend on the composition.
The profiles of the Cu0.06Ce0.94Oy and the Cu0.13Ce0.87Oy samples
show two reduction peaks (� and �) in the range of 150–300 ◦C
and the area of � is always larger than that of peak �, indicating
there were two types of CuO in the samples. Although the pres-
ence of two reduction peaks for CuO–CeO2 with a low CuO content
is a common feature of CuO–CeO2 catalyst [29–33], the interpre-
tation for the peaks is different. Liu and Flytzani-Stephanopoulos
ascribed the low reduction temperature peak to the CuO clusters
strongly interacting with CeO2 and the high reduction temperature
peak to the larger CuO particles non-associated with CeO2 [30]. Luo
et al. believed that the low reduction temperature peak was due to
the reduction of highly dispersed CuO species on the surface of the
catalyst and the other peak corresponded to the reduction of Cu2+

penetrated into the CeO2 lattice [31].
In the present study, the XRD results did not show any diffraction

peaks of CuO in the CuxCe1−xOy mixed oxides at a low CuO content
and the XPS results indicated the enrichment of CuO on the surface
of the two samples. Thus, it is more likely that the peak � is due
to the reduction of finely dispersed CuO on the surface, the peak �
is due to the reduction of Cu2+ ions in CuxCe1−xOy solid solution.
For the sample Cu0.23Ce0.77Oy, in which bulk CuO becomes present,
Fig. 4. H2-TPR profiles of the CuxCe1−xOy samples.
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ig. 5. Light-off curves for acetone combustion over the as-prepared CuxCe1−xOy

amples. Acetone concentration = 1000 ppm and GHSV = 15 000 h−1.

The reduction temperatures of the two peaks for the
u0.06Ce0.94Oy and the Cu0.13Ce0.87Oy samples are almost the same,
hile those of the Cu0.23Ce0.77Oy sample are much higher. The dif-

erence of the crystallite size and the BET surface area among the
hree samples may be responsible for their redox behaviors. The
u0.23Ce0.77Oy sample has the largest crystallite size and the low-
st BET surface area, which may lower the reducibility of the sample
nd lead to the increase of the reduction temperature. In addition,
he finely dispersed CuO species that are easily reduced to metal-
ic Cu and the effect of hydrogen spillover on the metallic Cu can
lso result in the decrease of the reduction temperature of CuO
ncorporated into the CeO2 lattice [32]. The quantitative analysis
f the reduction peaks was further carried out and the results are
hown in Table 2. The data for the hydrogen uptake during the TPR
how that the amount of the consumed H2 is higher than the value
equired for the complete reduction of CuO to Cu, indicating the
eduction of CeO2 also took place alongside with the CuO reduc-
ion. This phenomenon may be related to the presence of metallic
u that may act as a catalyst for H2 dissociation [34], which can
rovide atomic hydrogen and thus facilitate the reduction of CeO2
t low temperature.

Fig. 5 shows the light-off curves for acetone combustion over
he as-prepared CuxCe1−xOy catalysts. It should be noted that no
y-product for the acetone oxidation was detected for the three
atalysts. The light-off curve is often characterized by two param-
ters, T50% and T90%. T50% is the temperature required to achieve
0% conversion and often used as an indicative of the relative activ-

ty of the catalysts, while T90% corresponds to the temperature for
0% conversion. Table 3 lists the values of these parameters for the
ombustion of 1000 ppm of acetone over the CuxCe1−xOy catalysts.
t is clearly observed that the activity of the CuxCe1−xOy strongly
epends on the Cu/Ce in the catalyst. Taking the T50% and T90% into
ccount, the Cu Ce Oy catalyst appeared to be the most active
0.13 0.87
atalyst with a steep conversion curve, on which the combustion
f acetone became appreciable at 180 ◦C, approaching 50% conver-
ion at 200 ◦C and quickly reaching above 95% conversion at 232 ◦C.
he catalytic performance of the Cu0.13Ce0.87Oy catalyst is compa-

able 3
50%, T90%, and apparent activation energy (AAE) of acetone combustion over the
uxCe1−xOy samples.

ample T50% (◦C) T90% (◦C) AAE (kJ/mol)

u0.06Ce0.94Oy 241 266 116
u0.13Ce0.87Oy 200 223 112
u0.23Ce0.77Oy 283 305 130
Fig. 6. Acetone conversion with pulse number in the pulse reaction of acetone over
the Cu0.13Ce0.87Oy catalyst in the absence of oxygen at 250 ◦C: (�) fresh catalyst; (©)
after aged under He at 500 ◦C for 1 h; (�) after reoxidized by O2 at 500 ◦C for 1 h.

rable to that of Pt/Al2O3, which could achieve the 95% conversion
of acetone 300 ◦C [35]. In the case of the Cu0.23Ce0.77Oy catalyst,
the obvious reaction started at 250 ◦C and a higher temperature
was required to achieve the 95% conversion of acetone. It appears
that the reactivity, the surface area, and the CuO content in the
CuxCe1−xOy samples cannot be briefly correlated.

Two possible mechanisms have been widely accepted now
for oxidation reactions: a suprafacial mechanism, which arises
from the interaction between surface oxygen and substrate, and
an intrafacial mechanism, which involves bulk oxygen migration
toward surface for the oxidation of the substrate [36]. Various
researchers have pointed out that the combustion of acetone over
transition metal oxide catalysts occurs by means of a Mars–van
Krevelen type mechanism [37,38]. In particular, Finocchio et al.
studied acetone combustion over CuO by FTIR and proposed a
Mars–van Krevelen type reaction mechanism [37]. Thus, it is highly
possible the acetone combustion over the CuxCe1−xOy catalysts
proceeds according to the Mars–van Krevelen mechanism, which
involves a redox cycle and is related to the mobility of the lattice
oxygen. The oxygen mobility in the crystalline framework is asso-
ciated to catalyst reducibility that can be studied by TPR: the lower
the TPR peak temperature, the higher the mobility of lattice oxygen.
Thus, a relationship between catalytic activity and reducibility may
be established when the catalyst undergoes a redox cycle.

Taken the TPR results into account, it can be concluded that the
mobility of the lattice oxygen in the samples is in the following
order: Cu0.13Ce0.87Oy ≈ Cu0.06Ce0.94Oy > Cu0.23Ce0.77Oy. So, it is rea-
sonable that the Cu0.23Ce0.77Oy shows the lowest catalytic activity
for the acetone combustion due to its relatively low mobility of
the lattice oxygen. For the Cu0.13Ce0.87Oy and the Cu0.06Ce0.94Oy

samples, the difference of the catalytic behavior may be related
to the surface structure. The results of the XPS and the TPR have
shown that the Cu0.13Ce0.87Oy has more highly dispersed CuO on the
surface than the Cu0.06Ce0.94Oy. Accordingly, it may be concluded
that the highly dispersed CuO on the surface is the active site for
the acetone combustion. However, further study is still needed to
clarify the exact role of highly dispersed CuO during the acetone
combustion over the catalyst.

In order to further understand the role of the lattice oxygen,
pulse reaction of acetone over the Cu0.13Ce0.87Oy catalyst in the

absence of oxygen was performed. As shown in Fig. 6, the acetone
conversion over the fresh catalyst decreased sharply with increas-
ing the pulse number, which is expected due to the consumption of
the lattice oxygen on the catalyst surface. After the deactivated cata-
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ison, the XRD of the fresh sample is also shown in Fig. 11. It can be
Fig. 7. Arrhenius plots of the CuxCe1−xOy catalysts for acetone combustion.

yst was aged under He at 500 ◦C for 1 h, the acetone conversion was
ncreased slightly, but is still lower than that of the fresh catalyst.
his phenomenon may be related to the migration of the sub-
urface oxygen to the catalyst surface at high temperature. After
he 9th pulse, the catalyst was reoxidized by O2 at 500 ◦C for 1 h
nd the pulse experiment was continued. The acetone conversion
as found to reach its original value at the 10th pulse, suggest-

ng the catalyst regained its original activity. These results indicate
hat the lattice oxygen from the Cu0.13Ce0.87Oy catalyst plays a very
mportant role in the acetone combustion, which further confirms
he Mars–van Krevelen mechanism.

Fig. 7 shows the Arrhenius-type plots for the acetone com-
ustion over the CuxCe1−xOy catalysts. The apparent activation
nergies (AAE) of the reaction for Cu0.06Ce0.94Oy, Cu0.13Ce0.87Oy,
nd Cu0.23Ce0.77Oy are 116, 112, and 130 kJ/mol, respectively. These
alues are in good agreement with the values reported for acetone
ombustion over manganese oxide (118–133 kJ/mol) [39]. As dis-
ussed in the H2-TPR, the reactivity in the reaction with hydrogen
f the lattice oxygen for the catalysts is in the following order:
u0.13Ce0.87Oy ≈ Cu0.06Ce0.94Oy > Cu0.23Ce0.77Oy. Thus, the AAE for
cetone combustion over the Cu0.13Ce0.87Oy and the Cu0.06Ce0.94Oy

amples is very close, while that of the Cu0.23Ce0.77Oy sample is

arger.

The effect of the acetone concentration on the catalytic perfor-
ance of the Cu0.13Ce0.87Oy catalyst for acetone combustion was

nvestigated. As shown in Fig. 8, when the acetone concentration

ig. 8. Effect of acetone concentration on the catalytic performance of the
u0.13Ce0.87Oy catalyst for the acetone combustion, and GHSV = 15 000 h−1.
Fig. 9. Effect of GHSV on the catalytic performance of the Cu0.13Ce0.87Oy catalyst for
the acetone combustion, acetone concentration = 1000 ppm.

was raised, a higher reaction temperature was required for the com-
plete conversion of acetone. The influence of space velocity on the
catalytic performance was also examined over the Cu0.13Ce0.87Oy

catalyst. As shown in Fig. 9, increased GHSV led to a lower ace-
tone conversion under a same reaction temperature, which may be
caused by the shorter retention time of acetone in the catalyst bed
under higher GHSV.

It is known that water is produced during the combustion of
VOCs and always has a detrimental effect on the catalyst struc-
ture. Hence, the endurance test was also carried out in this work to
evaluate the endurance of the Cu0.13Ce0.87Oy catalyst. The acetone
concentration was set at 1000 ppm and the reaction temperature
was set at 260 ◦C. The experimental results are shown in Fig. 10.
In the initial reaction time, the conversion of acetone slightly
decreased from 98.6% to 95.1% and kept constant during the fol-
lowing 12 h. After 35 h on stream, the acetone conversion sharply
decreased to 73%, suggesting an obvious deactivation of the cata-
lyst occurred. In order to understand the reason of the deactivation,
XRD was used to examine the catalyst tested for 36 h. For compar-
seen that the sample tested for 36 h showed obvious CuO diffrac-
tion peaks. It is an indication of the formation of bulk CuO, which
would inhibit the synergetic effect between the CeO2 and CuO [40].

Fig. 10. Evolution of acetone conversion at 260 ◦C with time-on-stream for the
Cu0.13Ce0.87Oy catalyst, acetone concentration = 1000 ppm, and GHSV = 15 000 h−1.
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ig. 11. XRD patterns of the Cu0.13Ce0.87Oy catalyst: (a) before test and (b) after tested
or 36 h.

hus, it can be concluded that the loss of the acetone conversion
ver the Cu0.13Ce0.87Oy catalyst mainly results from the decrease of
he CuO dispersion on the catalyst surface.

. Conclusions

CuxCe1−xOy (x = 0.06, 0.13, and 0.23) catalysts were prepared
y a simple combustion method. Structure analysis by XRD, XPS,
nd TPR measurements revealed that the presence of three differ-
nt CuO species: highly dispersed CuO, Cu2+ in the CeO2 lattice,
nd bulk CuO species. The distribution of Cu species in the
uxCe1−xOy samples strongly depends on the Cu content: highly
ispersed CuO and the Cu2+ incorporate into the CeO2 lattice
oexist at low Cu/(Cu + Ce) ratio, while bulk CuO also formed
esides the above two species at a higher Cu/(Cu + Ce) ratio.
he activity of the catalysts for acetone combustion was depen-
ent on the composition of the catalysts and the Cu0.13Ce0.87Oy

howed the highest catalytic activity. The pulse reaction of ace-
one in the absence of O2 reveals a possibility of the involvement
f a Mars–van Krevelen type mechanism in the acetone com-
ustion over the Cu0.13Ce0.87Oy catalyst. Both the GHSV and
he acetone concentration have effect on the catalytic perfor-

ance of the Cu0.13Ce0.87Oy catalyst. Though exhibited a highly
atalytic activity for acetone combustion, the Cu0.13Ce0.87Oy cat-
lyst had poor endurance in the catalytic combustion of acetone
ue to the formation of bulk CuO during the long-term test on
tream. Further work is still under way for the improvement
f the thermal stability of the CuxCe1−xOy catalyst for acetone
ombustion.
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