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Abstract

Ce—Cu composite oxide catalysts were prepared by a hard-template method (CeCu-HT) and a complex method (CeCu-CA). The
prepared Ce—Cu composite oxide catalysts were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM),
and Brunauer—Emmett-Teller (BET) analyses. The catalytic properties of the prepared Ce—Cu composite oxide catalysts were also
investigated by the catalytic combustion of toluene in air. XRD results showed that the synthesized Ce—Cu composite oxide catalysts
had different phase components and crystallinities but similar CeO,~CuO solid solution phases. Low-angle XRD, TEM, and BET
results indicated that the prepared CeCu-HT catalyst had a developed ordered mesoporous structure and a large specific surface area of
206.1 m? g~ . Toluene catalytic combustion results indicated that the CeCu-HT catalyst had higher toluene catalytic combustion
activity in air than the CeCu-CA catalyst. The minimum reaction temperature at which toluene conversion exceeded 90% for toluene
catalytic combustion on the CeCu-HT catalyst was 225 °C. The toluene catalytic combustion conversion on the CeCu-HT catalyst at
240 °C exceeded 99.3% with decreased toluene concentration in air to below 70 ppm. On the other hand, the toluene catalytic
combustion conversion on the CeCu-CA catalyst was only 92% even when the reaction temperature reached 280 °C. The differences
between the toluene catalytic combustion performances of the Ce—Cu composite oxide catalysts prepared by different methods can be
attributed to their discrepant compositions and structures.
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1. Introduction

Volatile organic compounds (VOCs) are major compo-
nents of air pollutants that exist as a wide variety of species
with complex compositions. These compounds can signifi-
cantly harm human health and the environment. Phenyl
compounds (e.g., benzene, toluene, xylene, ethylbenzene,
etc.) are an important type of VOCs. These stable
compounds are extensively applied in different fields, such
as the petrochemical, motor fuel, paint, plastic, medical,
steel, and detergent industries [1]. These phenyl com-
pounds exhibit high carcinogenicity and toxicity to the
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central nervous system, and are thus gaining considerable
attention worldwide [2,3]. Many countries have established
atmospheric quality standards for benzene, toluene, ethyl-
benzene, and xylene. For example, on December 1, 2000,
the European Union set the average concentration limit for
benzene in air as 5 pg m™>. On January 1, 2006, the value
was changed to 1 pg m~>. According to the World Health
Organization, the average exposure concentration limit for
toluene in the atmosphere is 8.21 pg m > [3].

The treatment methods of phenyl compounds are gen-
erally divided into two categories: a recovery method that
uses nondisruptive technology, and a method that uses
destructive technology. The latter generally involves the use
of chemical or biological techniques to transform phenyl
compounds into carbon dioxide, water, and other nontoxic
or less toxic compounds. The treatment techniques include
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direct combustion, catalytic combustion, biodegradation,
plasma oxidation, and photocatalytic oxidation. Among
these techniques, catalytic combustion, which is used to
treat low-concentration phenyl compounds, requires a
temperature that is far below that required for direct
combustion. Catalytic combustion, which has high purifica-
tion efficiency and low energy consumption, does not
generate secondary pollution. Thus, this method is consid-
ered as one of the most effective treatment methods
for the elimination of phenyl compounds from air [4]. The
catalytic combustion technology used to treat phenyl
compounds in air has become a research hotspot in
environmental catalysis and has thus been extensively
studied. For the catalytic combustion of phenyl compounds,
the core issue is the design and development of catalytic
materials. In recent years, researchers have focused on noble
metal catalysts [5-9]. These noble catalysts exhibit high
activities for the catalytic combustion of low-concentra-
tion VOCs in the atmosphere. However, these catalysts
are expensive, have limited availability, and have low
CO, selectivity at the reaction temperatures. Consequently,
transition metal catalysts are attracting increasing
attention because of their low cost and high activity for
the catalytic combustion elimination of VOCs in air [10-12].
Transition metal oxides are functional materials that
have been extensively studied in the field of material science.
In catalysis, composite metal oxide catalysts exhibit
higher catalytic performance than single metal-oxide
catalysts.

Transition metal oxide catalysts, which are synthesized
by conventional preparation methods, can only weakly
adsorb and activate reactant molecules because of their
small specific surface area (<30m?>g~!), low porosity,
and irregular pore size distribution. With the rapid devel-
opment of mesoporous materials, studies on the synthesis
of mesoporous metal oxide catalysts and their catalytic
performances are progressing because of the large specific
surface area and developed porous structure of these
catalysts. Mesoporous single metal-oxide catalysts have
been prepared and successfully used in CO catalytic
oxidation, [13-15]. However, reports on the catalytic
elimination of phenyl compounds from air using composite
metal oxide mesoporous catalysts are limited. Therefore,
research on mesoporous or ordered mesoporous composite
metal-oxide catalysts for the catalytic combustion of
phenyl compounds has important implications for meso-
porous catalysts, phenyl compounds catalytic elimination,
and environmental protection.

This study aims to synthesize Ce—Cu composite oxide
catalysts with different structural properties. The synthesized
Ce—Cu composite oxide catalysts were used to catalyze the
elimination of toluene from air. The performances of the
Ce—Cu composite oxide catalysts on the catalytic elimination
of toluene were examined. The prepared Ce—Cu composite
oxide catalysts were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), and
Brunauer—Emmett—Teller (BET) analyses.

2. Experimental
2.1. Catalyst preparation

In a typical synthesis of mesoporous Ce—Cu oxide
catalyst by the hard-template method, 1.0 g each of
CG(NO3)3'6H20 and Cu(NO;)26H20 (I/lce/ncu mole
ratio=3.0) was dissolved in 20 mL of ethanol. KIT-6
mesoporous silica was then added. The silica template
was prepared according to the procedure described by
Ryoo et al. [16]. The mixture was stirred at room
temperature until a dry powder was obtained. The powder
was then slowly heated to 400 °C and calcined at that
temperature for 2.0 h. The impregnation procedure was
repeated, followed by calcination at 500 °C for 3 h. The
resulting samples were treated three times with 2 M NaOH
to remove the silica template. Afterwards, the samples
were centrifuged, washed several times with water and
ethanol, and then dried at 100 °C in air. The obtained
product was designated as CeCu-HT.

In a typical complex-method synthesis of Ce—Cu oxide
catalyst, Cu(NO;),-6H->O, Ce(NH,4)»(NO3)s, and citric
acid (CA) (nce/ncy molar ratio=3.0; nca/nce+cuyy molar
ratio=1.8) were dissolved in a certain amount of deionized
water. The mixture was then stirred at 80 °C until the
deionized water completely evaporated. Afterwards, the
sample was dried in an oven at 100 °C for 10 h, slowly
heated to 550 °C, and calcined at that temperature for 3 h.
The CuO-CeO, composite oxide catalyst was then
obtained and designated as CeCu-CA.

2.2. Catalyst characterization

2.2.1. XRD characterization

X-ray diffraction (XRD) patterns were recorded on a
Rigaku D/Max-2500/PC diffractometer with a rotating
anode using Ni filtered Cu-Ko (as radiation source
(2=0.15418 nm) radiation at 40 kV of a tube voltage and
200 mA of a tube current. The data of 26 from 20° to 80°
range were collected with the step size of 0.02°at the rate of
5°min .
2.2.2. TEM analysis

Transmission electron microscopy (TEM) was per-
formed using a Tecnai G* Spirit microscope operating
with an acceleration voltage of 120 kV. For the TEM
measurement, the samples were prepared by ultrasonica-
tion in ethanol, evaporating a drop of the resultant
suspension onto a carbon-coated copper grid.

2.2.3. BET characterization

Adsorption and desorption isotherms were collected on
Autosorb-6 at 77 K. Prior to the measurement, all samples
were degassed at 473 K until a stable vacuum of ca. 5 m Torr
was reached. The specific surface areca was assessed using the
Brunauer—Emmett-Teller (BET) method from adsorption
data in a relative pressure range from 0.06 to 0.10. The total
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pore volume, V;, was assessed from the adsorbed amount of
nitrogen at a relative pressure of 0.99 by converting it to the
corresponding volume of liquid adsorbate.

2.3. Catalytic activity measurement

Catalytic tests of all catalysts were carried out in a
continuous flow fixed-bed quartz tubular reactor (i.d.
6 mm) under atmospheric pressure. The quartz tube
reactor containing 50 mg catalyst was placed inside a
tubular furnace. The air was passed downward through
the reactor containing the catalyst bed, while electronic
mass flow controller (D07-7A/ZM, China) was used to
control air flow rate. The feed gas was obtained by
bubbling air through a saturator, which contains toluene
in liquid phase, kept at 0 °C to achieve the feed gas mixture
consisting of gaseous toluene (1.0 vol.%) and the feed gas
was led over the catalysts at a flow rate of 55 mL min~ ',
equivalent to a gas mass space velocity of 66,000 mL g~'
h~!. Catalytic activity tests were performed at temperature
range of 180-270 °C, which was measured using a thermo-
couple projecting into the catalyst bed. The reaction
temperature was monitored by a temperature program-
mable controller (UGU, model 708P, China) at a heating
rate of 2°Cmin~"' until given temperature. Before each
test, the catalyst bed was heated to the preconcerted
temperature point at a heating rate of 10 °C min~', and
then the feed gas was switched to the catalyst bed and
stabilized for 120 min to recording the date for the effluent
gas interval 5 min. The quantity of toluene in the feed gas
and reaction products gas were monitored by using on-line
gas chromatograph (GC 689011), equipped with a FID.

3. Results and discussion
3.1. XRD characterization

The XRD patterns of the CeCu-CA and CeCu-HT
catalysts are shown in Fig. 1. In the XRD pattern of the
CeCu-CA catalyst, eight intense and sharp diffraction
peaks appear at 28.56°, 33.12°, 47.46°, 56.32°, 59.14°,
69.44°, 76.66°, and 79.14°, which are associated with the
fluorite-like structure of the CeO, crystalline phase [17].
At the same time, two relatively weak diffraction peaks of
the CuO crystalline phase can be observed at 35.54° and
38.72° [18]. However, in the XRD pattern of the CeCu-HT
catalyst, four weak, broad diffraction peaks appear at
28.56°, 33.12°, 47.46°, and 56.32°, which are characteristic
of the CeO, crystalline phase with a fluorite-like structure.
When 20 exceeds 60°, the diffraction peaks of the CeO,
crystalline phase almost disappear corresponding to those
in the pattern of the CeCu-CA catalyst. The XRD peaks
corresponding to the CuO crystalline phase are not
observed in the XRD pattern of the CeCu-HT catalyst.

Different CuO phases are known to exist in CuO—-CeO,
catalysts. For example, Cu>* species enter the CeO, lattice
to form a solid solution. Well-dispersed CuO species and
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Fig. 1. XRD patterns of CeCu-HT and CeCu-CA catalysts.

CuO-CeO, solid solution can also coexist in a catalyst
system [19]. As aforementioned, Ce and Cu species in the
CeCu-CA catalyst system mainly exist in the crystalline
phase of their normal metal oxide (CuO and CeO,).
However, the CuO-CeO, solid solution is obtained
because of the dissolution of a large amount of CuO
species in the CeO, lattice. Only a few highly dispersive
CuO crystalline particles are found on the surface of the
CuO-CeO, catalyst compared with the CeCu-CA catalyst.
In the CeCu-HT catalyst system, the XRD peaks of other
crystalline phase are not significant except for the weak
and broad peaks of the CeO, crystalline phase. These
results indicate that the CuO species may be completely
dissolved in the CeO, lattice to destroy the integrated CeO,
lattice, or that the CuO and CeO, crystalline phases exhibit
high dispersion in this catalyst system. The “embedded-
model” solid solution, also called the Cu—Ce—-O composite
oxide system, can be formed by “oxide—oxide” interactions
in the CuO-CeO, solid solution catalyst system [19]. The
results imply that CuO and CeO, species in the CeCu-HT
catalyst system do not exist in the form of simple metal
oxides but in the form of Cu-Ce-O composite oxides. In
the CeCu-HT catalyst system, the Ce—O and Cu—O bonds
are weakened because of the strong interaction between
CuO and CeO,. These weak metal-oxygen bonds can
easily crack to produce active oxygen species. Therefore,
the catalyst composition and active component distribu-
tion can be improved using different preparation methods.
The change in the chemical bonds can radically affect the
performance of the composite metal oxide catalysts.

The low-angle XRD peak of the CeCu-CA catalyst,
which shows in Fig. 1 illustration, was not be observed at
the 0.5° to 5.0° range. However, the low-angle XRD of the
CeCu-HT catalyst has a sharp intense peak at 20=0.98°,
which corresponds to the (211) plane. According to
previous reports [20], the prepared CeCu-HT catalyst has
an ordered mesoporous structure.
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3.2. TEM analysis

The TEM images of the prepared CeCu-HT and CeCu-
CA catalysts are shown in Fig. 2. The prepared CeCu-HT
catalyst exhibits a developed mesoporous structure with a
pore size of approximately 56 nm. On the other hand, the
prepared CeCu-CA catalyst exhibits an aggregated struc-
ture with a distinct particle size and shape. The particle size
diameter ranges from 50 nm to 250 nm.

The hard template KIT-6 reportedly displays a three-
dimensional ordered mesoporous structure [16]. Fig. 2
shows that the CeCu-HT catalyst, which was prepared
using KIT-6 as a hard template, can be a very effective
replica of the KIT-6 structure to form an ordered meso-
porous structure. The result is consistent with the low-
angle XRD analysis. This structure of KIT-6 can be filled
by metal oxides and formed by removing the template.

CeCu-HT

50 nm

CeCu-CA

Fig. 2. TEM images of CeCu-HT and CeCu-CA catalysts.

Therefore, the porous structure of the prepared CeCu-HT
catalyst can be attributed to the skeleton structure of KIT-6,
whereas the skeleton structure of the prepared CeCu-HT
catalyst can be attributed to the porous structure of the
KIT-6 hard template. During catalyst preparation, the used
KIT-6 template is vital to porous structure formation and
pore size adjustment. The prepared CeCu-HT catalyst pore
size can be directly affected by the skeleton structure size of
the used template. The prepared CeCu-HT catalyst exhibits
a developed porous structure, which can enhance the
contact probability of catalysts with the reactant molecules.
The porous structure can also result in an uneven surface
force. These performances can improve the adsorption and
activation of the reactant molecules on the prepared CeCu-
HT catalyst. The prepared CeCu-CA catalyst does not
develop a porous structure but forms a large aggregated
structure. The surface force appears saturated. These factors
are unfavorable to reactant adsorption and activation on
the CeCu-CA catalyst. The surface active components and
the interactions between components can generally be
affected by the microscopic structure of a multicomponent
composite oxide catalyst [20]. The catalytic performances
can be affected by the surface active components and
structural properties. Therefore, the catalytic activities of
the prepared CeCu-HT and CeCu-CA catalysts clearly
differ.

3.3. BET analysis

The nitrogen adsorption—desorption isotherms of the
prepared CeCu-HT and CeCu-CA catalysts are shown in
Fig. 3. The adsorption—desorption isotherm of the CeCu-
HT catalyst is type IV based on the IUPAC classification
[21]. Within a relatively low pressure range (P/Py < 0.55),
the adsorption of the sample is limited on a single
molecular layer without hysteresis [22]. When P/P, ranges
from 0.55 to 0.75, the adsorption isotherm is convex
shaped, indicating the high affinity of the adsorbates to

300
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Fig. 3. N, adsorption—desorption isotherms of CeCu-HT and CeCu-CA
catalysts.
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the CeCu-HT catalyst. When P/P, ranges from 0.75 to
0.95, the adsorption isotherm shows a sudden, drastic
change attributed to the capillary condensation as the
adsorbance of the nitrogen molecules sharply increases
[22]. At the same time, the N, adsorption isotherm of the
CeCu-HT catalyst does not coincide with the desorption
isotherm. A type of H3 hysteresis loop also forms within
the studied pressure range, which is mainly associated with
the distinct porous structure of the catalyst [23]. Type IV
adsorption is a typical characteristic of mesoporous transi-
tion metal oxide catalysts prepared by ordered mesoporous
hard-templating methods [24-26] and is consistent with the
TEM and low-angle XRD characterization results. The
specific surface area of the CeCu-HT catalyst calculated by
the BET equation is 206.1 m* g~ "'.

For the CeCu-CA catalyst, the N, adsorption—
desorption isotherms are almost straight lines and the N,
adsorption capacity is very low. When P/P, exceeds 0.5,
the N, adsorbance does not exceed 20 mL g~ '. This result
demonstrates that the catalyst has a very weak affinity with
adsorbed gas molecules as well as a weak adsorption
capacity for gas molecules. Gas molecules can be adsorbed
by solid materials because of the uneven forces on the
surface of solid materials. The low N, adsorption capacity
of the CeCu-CA catalyst can be attributed to the very
small interface, low porosity, and rare uneven forces on the
surface of the catalyst for N, adsorption [22]. This result
well agrees with the agglomerated structure from the TEM
image. The specific surface area of the CeCu-—CA catalyst
calculated by the BET method is only 23.5 m” g~ '. There-
fore, the ordered mesoporous CeCu-HT composite oxide
solid solution catalyst with a large specific surface area can
be synthesized by hard templating. The ordered mesopor-
ous structure and large specific surface area can enhance
the adsorption capacity for the reactant molecules, which
leads to improved catalytic properties [22,23].

3.4. Catalytic activity test

The CeCu-HT and CeCu-CA catalysts were prepared by
hard-templating and complex methods at a Ce/Cu molar
ratio of 3.0, respectively. The catalytic activity was eval-
uvated by the catalytic combustion of 1.0% toluene
(by volume) in air. The relationship between the reaction
temperatures and the catalytic combustion conversion of
toluene is shown in Fig. 4.

The CeCu-HT and CeCu-CA catalysts exhibit high
catalytic combustion activity for toluene. However, the
catalytic combustion activity of the CeCu-HT catalyst is
higher than that of the CeCu-CA catalyst. During toluene
catalytic combustion, the minimum reaction temperature
at which toluene conversion exceeds 90% (7o) of the
CeCu-HT catalyst is 225 °C. The toluene removal rate
exceeds 99.3% with decreased toluene concentration in air
to below 70 ppm at 240 °C. However, the Tyq of the CeCu-
CA catalyst reaches 280 °C. The catalytic combustion
conversion of toluene is only 72% even though the
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Fig. 4. Relationship between reaction temperature and toluene catalytic
combustion conversion on CeCu-HT and CeCu-CA catalysts.

reaction temperature is 260 °C. The catalytic combustion
temperature of toluene is below 300 °C over the CeCu-HT
and CeCu-CA catalysts. The catalytic combustion activity
for toluene over the CeCu-HT catalyst is clearly superior
to that over the precious metal catalysts Pd [11] and Ru
[12]. These results indicate that the CeCu-HT catalyst is a
cheap and efficient catalyst that can be specifically used for
the elimination of toluene from air.

The catalytic performance of catalysts in the combustion
reaction of organic pollutants is a comprehensive property
exhibited by the chemical composition and structure of the
catalyst. The XRD results show that the CeO,—CuO solid
solution is the major component of the CeCu-HT and
CeCu-CA catalysts. A small amount of the CuO phase is
also present in the CeCu-CA catalyst. The CeCu-HT
catalyst has a poor oxide crystalline phase structure, and
negligible amounts of the CuO phase are detected. TEM
and BET results reveal many differences between the
CeCu-HT and CeCu-CA catalyst structures. The CeCu-
HT catalyst has a developed ordered mesoporous structure
and a large specific surface area of 206.1 m*> g~'. On the
other hand, the CeCu-CA catalyst has a massive structure
with a specific surface area of only 23.5m?g~ ' The
differences between the compositions and structures of
the CeCu-HT and CeCu-CA catalysts may be the primary
reason for their discrepant toluene catalytic combustion
activities in air. The prepared CeCu-HT catalyst has high
toluene catalytic combustion activity, which can be attrib-
uted to the developed ordered mesoporous structure and
large specific surface area.

CeO, materials have high oxygen-storage and -release
capacities. The mutual transformation of the Ce**/Ce® ™
couple promotes the cycle of oxygen storage and release,
which ensures that the catalyst surface has rich active
oxygen species [27-31]. Thus, the CeCu-HT and CeCu-CA
catalysts with CeO, as the matrix show high toluene
catalytic combustion activity in air. In the CeO,—CuO
solid solution, the Cu®™ species substitute for the
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segmental Ce*t species in the CeO, crystal lattice to
produce oxygen vacancies. Strong interactions are gener-
ated between the CuO and CeO, species. The Cu—O and
Ce—O bonds are weakened, which results in the fracturing
of “metal-oxygen” bonds in appropriate reaction condi-
tions to generate active oxygen species. Thus, the CeO,—
CuO solid solution displays higher reducibility than the
CeO, or CuO species. The catalytic oxidative activity of
the CeO,—CuO solid solution is also considerably higher
than that of CuO or CeO, [32]. During catalytic oxidation
reaction, the adsorption and activation of O, molecules
benefit from the existence of weak “metal-oxygen” bonds,
which can produce active oxygen species for the oxidation
reaction to promote the toluene catalytic combustion
reaction in air. The CeCu-HT catalyst has a higher toluene
catalytic combustion activity than the CeCu-CA catalyst,
which can be attributed to the complete dissolution of the
CuO species in the CeO, lattice to form the CeO,—CuO
solid solution. The interaction between CeO, and CuO
also significantly improves. On the other hand, the porous
structure and large specific surface area of the CeCu-HT
catalyst increase the catalyst adsorption capacity for gas
reactant molecules. This finding is confirmed by the N,
adsorption—desorption isotherm results from the BET
characterization. Therefore, the reactant molecules (e.g.,
toluene and O, molecules) can be more easily adsorbed by
the CeCu-HT catalyst than by the CeCu-CA catalyst. The
catalyst has a high adsorption capacity for reactant
molecules and can activate these reactant molecules, which
results in enhanced catalytic properties. At the same time,
the CeCu-HT catalyst has a larger specific surface area
than the CeCu-CA catalyst. The increased contact area
with the reactant molecules significantly improves the
adsorption and activation abilities of the CeCu-HT cata-
lyst. The prepared CeCu-HT catalyst with an ordered
mesoporous structure significantly promotes the migration
and diffusion of the reactant and product molecules onto
the surface or into the porous CeCu-HT catalyst structure.
Therefore, during the catalytic combustion of toluene in
air, the superior composition and structure of the CeCu-
HT catalyst are responsible for the higher catalytic activity
of this catalyst than that of the CeCu-CA catalyst.

4. Conclusions

Templating methods were successfully used to prepare
composite oxide catalysts with a porous structure. The
ordered mesoporous KIT-6 was used as the hard template
to prepare a CeCu-HT catalyst with a large specific surface
area of 206.1 m* g~ ! and an ordered mesoporous structure
with an aperture of 5-6nm. The CeCu-HT -catalyst
exhibits high metal-oxide dispersion and a uniform
CeO,—CuO solid solution phase. The CeCu-CA catalyst,
which was prepared by the complex method, has a weakly
porous structure and low specific surface area of
23.5m?g~'. The CeCu-HT catalyst has higher toluene
catalytic combustion activity in air than the CeCu-CA

catalyst. To of the catalytic combustion of toluene on the
CeCu-HT catalyst is 225 °C. The toluene catalytic combus-
tion conversion exceeds 99.3% with decreased toluene
concentration in air to below 70 ppm at 240 °C. The
catalytic combustion conversion of toluene is only 92%
on the CeCu-CA catalyst even when the reaction tempera-
ture reaches 280 °C. The differences between the toluene
catalytic combustion performances of CeCu-HT and
CeCu-CA can be attributed to their discrepant composi-
tions and structures. The CeCu-HT catalyst, which has a
large specific surface area and a developed ordered meso-
porous structure, has high potential for toluene removal
from air.
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