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a b s t r a c t

The metal oxides CuMnCe and CeY washcoats on cordierite were prepared using an impregnation
method, and then used as support for the active Pt component to prepare the Pt/CuMnCe and Pt/CeY
monolithic catalysts for the deep oxidation of VOCs. In comparison with the Pt/CeY, CuMnCe, and CeY
monolithic catalysts, the Pt/CuMnCe monolithic catalyst shows an excellent performance for toluene,
ethyl acetate, and n-hexane oxidation and the T90% is low to 216, 200 and 260 �C, respectively. The active
components Pt/PtO and CuMnCe result in a better synergetic interaction, which promote the catalyst
reducibility, increase the oxygen mobility, and enhance the adsorption and activation of organic
molecules.

© 2018 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.
1. Introduction

Environmental problems, especially air pollution is a global
concern. Reducing the amount of volatile organic compounds
(VOCs) contamination is an important issue for environmental
protection.1 VOCs include a wide range of compounds, such as
oxygenates, aromatics, and halogenated hydrocarbons, which can
not only destroy the ozone layer, but also cause persistent and
cumulative influence on human health and the ecological envi-
ronment.2,3 Catalytic combustion is as a potent method of con-
trolling emissions of VOCs due to its high destructive efficiency, low
operating cost, and low secondary pollution.4,5 Hence, developing
catalysts with high activity, high universality, and good stability is
necessary for VOCs catalytic combustion.

The commonly used catalysts for this application are supported
noble metals (mainly Pt and Pd) and transition metal (i.e., Cu, Co,
Ce, and Mn) oxides.6,7 The selection of catalyst depends on a
number of factors, such as the nature of the pollutants. Organic air
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pollutants in industrial exhaust gases are usually mixtures of
several compounds with different characteristics. Noble metal or
transition metal catalysts cannot effectively oxidize various organic
compounds simultaneously at low temperature and may cause
secondary pollution to the environment. Researchers showed that
Pd and Pt exhibit higher activity toward hydrocarbons and aro-
matics.8 The noble metal active sites of Pt/PtO can readily adsorb
and activate aromatic hydrocarbon molecules and show high ac-
tivity, low light-off temperature, and good selectivity to CO2.9e11

However, noble metal catalysts are less active for the combustion
of oxygenated compounds and cannot be completely oxidized at
low temperature. On the contrary, transition metal oxides are more
active in the oxidation of oxygenated compounds than noble
metals.3 Among the metal oxides catalysts, copper,12e14 man-
ganese,15e18 and their mixed oxides have been widely used in the
catalytic combustion of VOCs. Our previous work18 reveals that the
synergy between Cu, Mn, and Ce enhances the catalytic activity;
CueMneCe ternary oxides can complete the oxidation of various
oxygenated compounds under 220 �C. The M�O (e.g. Cu, Ce, Mn,
Co) band is the active phase of such metal oxides. Thus, the active
oxygen combined with themetal is directly involved in the reaction
and easily adsorbs and activates oxygen-containing compounds.19

However, metal oxide catalysts are less active in the oxidation of
aromatic hydrocarbons than noble metals and have undesirable
thermal stability.
eserved.
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Noble metal catalysts commonly have a synergistic effect with
the transition metal oxide support, due to electron transfer be-
tween the noble metal and transition metal oxide.20e24 A typical
example is the Au/TiO2 catalyst, through the synergy between Au/
TiO2 interface and TiO2 resulting in efficient oxidation of CO.20

Researchers showed that other transition metal oxides as a sup-
port for the noble metal catalysts can also improve the catalytic
activity, such as Au/ZnO,21 Pt/FeOx,22 Pd/Fe3O4

23 and Ag/MnOx
24

catalysts. Therefore, the “synergy” between the noble metal and
the transition metal or the support can not only reduce the cost of
catalyst but also improve its catalytic performance.

In addition, due to the high pressure drop of powder catalysts at
high flow rates, the implementation of catalysts in industry most
widely used is the monolithic catalysts, such as ceramic or metallic
honeycomb monoliths.25,26 In this work, a double-active-site Pt/
CuMnCe monolithic catalyst was prepared using an impregnation
method, which combined the catalytic merits of noble metal and
transition metal catalysts. In comparison with the Pt/CeY, CuMnCe,
and CeY monolithic catalysts, the Pt/CuMnCe monolithic catalyst
showed higher activities for the combustion of toluene, ethyl ace-
tate and n-hexane. This superior activity can be ascribed to the
synergy between Pt and CuMnCe, which enhanced the reducibility
of the catalyst.

2. Experimental

2.1. Monolithic catalyst preparation

A commercial cylindrical cordierite honeycomb (MgO$
Al2O3$SiO2) with 10 mm diameter and 50 mm length was used as
the substrate.

A mixed solution of copper nitrate, manganese nitrate, and
cerium nitrate dissolved in distilled water was prepared at a molar
ratio of 1:2:4. The same moles of citric acid were added into the
nitrate solution. The cordierite monolith was immersed in this
solution for 1 h. It was dried at 110 �C for 2 h and then calcined at
500 �C in air for 3 h. The monolith washcoated with CuMnCe was
labeled as CMC/CH. For comparison, the CeY/monolith was also
prepared using the same method by using cerium nitrate and
yttrium nitrate at a molar ratio of 4:1. The monolith washcoated
with CeY was labeled as CeY/CH. The contents of the CuMnCe and
CeY washcoats were approximately 3.6 wt%e3.9 wt% in the
CuMnCe/monolith and CeY/monolith.

The Pt supported on the CuMnCe/monolith, designated Pt/CMC/
CH catalyst, was impregnated with 10 mL aqueous solution of
H2PtCl6$6H2O at a concentration of 0.2 g/L. Then the catalyst was
dried at 110 �C for 2 h and calcined at 500 �C for 3 h. The Pt/CeY/
monolith was also prepared using the same method and
was designated Pt/CeY/CH. The content of Pt was approximately
0.02 wt% in the Pt/CMC/CH and Pt/CeY/CH.

2.2. Powder catalyst preparation

A mixed solution of copper nitrate, manganese nitrate, and
cerium nitrate dissolved in distilled water was prepared at a molar
ratio of 1:2:4. Then citric acid equimolar to the metal nitrates
was added to the nitrate solution. The resulting solution was
stirred and dried, and then calcined at 500 �C for 3 h. For com-
parison, the CeY mixed oxide was also prepared using the same
method.

The CuMnCe mixed oxide was impregnated with an aqueous
solution of H2PtCl6$6H2O to control Pt loading at 0.02 wt%. After
stirring, the catalyst was dried at 110 �C for 2 h and calcined at
500 �C for 3 h. The Pt/CeY powder catalyst was also prepared using
the same method.
2.3. Catalyst characterization

The scanning electron microscopy (SEM) characterization was
carried out on a HitachiS-4700 II apparatus to get the surface profile
of the samples.

Transmission electronmicroscopic (TEM) images of the catalysts
were obtained on a FEI Tecnai G2 F30 S-Twin apparatus operated at
300 kV. The energy dispersive X-ray (EDX) analysis was used to
record elemental composition in a selected area of the specimen.

X-ray diffraction (XRD) patterns were collected in a 2q range
from 10� to 100� with a step interval 0.02� on an ARLSCINTAG
X’TRA powder diffractometer.

H2-temperature programmed reduction (H2-TPR) was tested on
an Autochem 3010E (Zhejiang Fine-Tech Instruments, China). A
desired amount of sample (100 mg) was placed in a quartz reactor,
pretreated in a flow of Ar gas at 200 �C for 2 h, and cooled to 50 �C. A
gas mixture of H2 (5%) and Ar (95%) was then passed (30 mL/min)
through the reactor. The temperature was increased from 50 �C to
900 �C at a heating rate of 10 �C/min. A TCD detector was used at the
outlet of the reactor to measure the volume of hydrogen consumed
during reduction.

The residual Pt content was determined using a UV-2600
spectrograph by following the external standard method. The
actual Pt content was calculated using Eq. (1) as follows:

DwPt ¼
ð0:2� CPtÞ � 0:01

mmonolith
(1)

where, CPt represents the concentration of residual Pt; mmonolith
represents the weight of the monolithic catalyst after loading Pt.

The cohesive ability of the active phase on the cordierite
honeycomb was performed by an ultrasonic vibration cleaner.
The samples were subjected to ultrasonic cleaning by being
immersed in water inside a glass vessel. After ultrasonic cleaning
for 30 min at 40 kHz, the samples were dried, calcinated, and
weighed.

2.4. Catalytic experiments

Catalytic reaction was conducted in a fixed-bed quartz tube
reactor with an inner diameter of 17 mm. The concentration of
VOCs in air was 2000 ppm and the gas hourly space velocity (GHSV)
was 5000 h�1. The conversion of VOCswas analyzed using an online
GC 1620 gas chromatograph equipped with an FID detector.
Moreover, the reaction by-products and the selectivity of CO2 of
different catalysts were identified using GC-MS analysis during the
light-off tests.

3. Results and discussion

3.1. Pt/CMC and Pt/CeY washcoat characterization

The cohesive ability of the washcoat on the substrate is an
important criterion for the life of monolithic catalysts. An ultrasonic
test was employed to test adherence. The weight losses of the
monolithic catalysts are listed in Table 1. The mass losses of all the
oxide catalysts are less than 0.5 wt%. This result indicates that the
active phase firmly anchored onto the substrate and has tight
inosculationwith the substrate. The EDX pattern is demonstrated in
Table 1 and Fig. 1. For the Pt/CMC/CH catalyst, the surface ratio of
the metal ion is proportional to that of the dipping solution. This
result is consistent with our previous study that the metal ions in
the solution are non selectively adsorbed onto the cordierite sur-
face.18 However, for the Pt/CeY/CH catalyst, the surface ratio of the



Table 1
Physicalechemical analysis of the Pt/CMC and Pt/CeY monolithic catalysts.

Catalyst Du (%) Pt contenta (wt%) Analyte Surface ion content of compounds (at%)

Pt/CMC/CH 0.27 0.023 Cu 14.58
Mn 26.37
Ce 57.84
Pt 1.2

Pt/CeY/CH 0.23 0.024 Ce 68.92
Y 28.75
Pt 2.31

a The content of Pt compared with the weight of monolithic catalyst.

Fig. 1. (a) Photos and SEM images of the Pt/CeY/CH and Pt/CMC/CH catalysts; (b, c) TEM images and EDX spectra of the Pt/CeY/CH (A) and Pt/CMC/CH (B) catalysts; (d) XRD patterns
of Pt/CMC (1), CMC (2), Pt/CeY (3), CeY (4) powder catalysts.

Fig. 2. The adsorption performance of H2PtCl6$6H2O for the CMC and CeY washcoats
(constant temperature water-bath: 70 �C, time: 150 min). Fig. 3. H2-TPR profiles of Pt/CMC/CH, Pt/CeY/CH, CMC/CH, and CeY/CH catalysts.
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metal ions are 68.72 and 28.75, respectively. This result indicates
that the Y ions preferably adhered to the cordierite than the Ce ions.

The adsorption performance of H2PtCl6$6H2O for the CMC and
CeY washcoats must be taken into account in practical applications.
As is shown in Fig. 2, at 60 min, the adsorption quantity of CMC and
CeY washcoats reaches 70%. After 150 min, the adsorptive capacity
is more than 90% and no washcoat is dissolved during the
impregnation. This outcome indicates the strong interaction be-
tween the metal ions and cordierite support.

3.2. Structure and texture properties of the catalysts

The appearance of the supported Pt and mixed oxides catalysts
is shown in Fig. 1. As can be seen in the figure, a uniform catalytic
Fig. 4. Light-off curves of toluene (a), ethyl acetate (b) and n-hexane (c) catalytic combustion
oxidation of toluene (a0), ethyl acetate (b0) and n-hexane (c0) (from room temperature to co
layer of mixed oxides covering the substrate is formed. The SEM
images of the Pt/CMC/CH and Pt/CeY/CH catalysts show that the
metal oxide particles aggregated in clusters of different sizes and
geometry and adhered to the cordierite surface. The TEM images
show that the metal ions of Pt/CMC/CH and Pt/CeY/CH catalysts
uniformly distributed on the substrate surface. This uniform dis-
tribution facilitates the dispersion of the active phase and the
improvement of the catalytic activity.

To eliminate the interference of the strong diffraction peak of
the cordierite, XRD patterns were prepared using the Pt/CMC, Pt/
CeY, CMC, and CeY powder catalysts. As shown in Fig. 1, the main
peaks between 10� and 100� are consistent with the cubic ceria
phase (c-CeO2, fluorite-like structure of CeO2 at 28.8�, 33.4�, 47.6�,
and 56.6�, JCPDS 43-1002).2 The diffraction peaks of PtO, CuOx,
over the different monolithic catalysts; MS tested curves over the Pt/CMC/CH catalytic
mplete oxidation temperature at 3.5 �C/s).



Fig. 5. Durability of the Pt/CMC/CH catalyst for the oxidation of toluene, ethyl acetate,
and n-hexane at 240, 220, and 300 �C, respectively.
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MnOx, and YOx are not detected. This result indicates that a ceria-
based solid solution structure was formed by the doping of Cu,
Mn, and Y ions.26e28 The noble metal Pt and excess Cu, Mn, and Y
are highly dispersed on the surface of CeO2 as oxides or their mixed
oxides.29 According to available reports,30,31 the mixed structure of
Cu, Mn oxides, and PtO disperses on the surface of the ceria-based
solid solutionwith the function of activating organic molecules and
transporting active oxygen.

3.3. Redox properties of the catalysts

To investigate the influence of doping Pt on the redox prop-
erties of metal oxides, the H2-TPR profiles of the different catalysts
were investigated and are shown in Fig. 3. The Pt/CMC/CH and
CMC/CH catalysts show two peaks centered at about 200 and
225 �C, which can be assigned to the reduction of the surface
oxygen of ceria.29 The peaks also indicated that Ce was partially
substituted for Mn, and Cu formed an excellent ceria-based solid
solution structure. For the CeY/CH catalyst, three peaks appear
centered at about 390, 470, and 750 �C. The peak at 470 �C can be
assigned to the reduction of surface CeO2, and the peak at 390 �C
is possibly due to a further reduction of Ce4þ. The high tempera-
ture peak at 750 �C can be attributed to the reduction of bulk CeO2

to Ce2O3.28,29,31 In comparison with the CeY/CH catalyst, the redox
capacity of CMC/CH is significantly improved, which can be
assigned to the presence of such a mixed structure of Cu1.5Mn1.5O4
and CeOx over CueMneCe-based catalysts.32 The addition of Pt
promotes the reduction of surface CeO2. This effect can be ascribed
to the hydrogen spillover from the Pt particles onto the CuMnCe
and CeY mixed oxides. Furthermore, the presence of ceria en-
hances the reduction of platinum particles. This mutual interaction
leads to the excellent reactivity of mixed oxides for the oxidation
of volatile organics.31

3.4. Catalytic activities

The conversion of VOCs as a function of reaction temperature
over the different monolithic catalysts is shown in Fig. 4(aec). The
T50% for the Pt/CMC/CH catalyst is low to 200 �C. A lower T50%
temperature probably means less formation of by-products.8 In
comparisonwith the Pt/CeY/CH, CMC/CH, and CeY/CH catalysts, the
Pt/CuMnCe/CH catalyst shows an excellent performance for
toluene, ethyl acetate, and n-hexane oxidation with T90% is low to
216, 200, and 260 �C, respectively. Their excellent activity can be
reasonably attributed to the synergy between Pt and CuMnCe.
Many researchers show that the kinetics of the oxidation of VOCs
(toluene, ethyl acetate and n-hexane) over Pt/CMC/CH can be
expressed using the MVK model.33e35 Organic molecules are
readily adsorbed on Pt surface, and Pt and CueMn mixed structure
are the main active site as oxydehydrogenation center, especially
the noble metal Pt has strong activation ability of CeH band. The
adsorbed VOCs react with oxygen on the catalyst surface, resulting
in the reduction of oxygen vacancies.19 However, the ceria-based
solid solution structure with the function of storage and trans-
porting active oxygen (surface and lattice oxygen) can provide
sufficient lattice oxygen to further active VOCs. Moreover, the
hydrogen spillover from the Pt particles onto the CuMnCe mixed
oxides can also promote the activation of VOCs.

To discover the by-products and measure the selectivity of CO2,
all the organic compounds formed during the light-off tests over
the different catalysts were analyzed using MS (shown in
Fig. 4(a0-c0)). As expected, the formation of organic by-products is
not observed during the toluene, ethyl acetate, and n-hexane
oxidation. The MS results show that the CO2 selectivity is very high,
and the ignition curve can be represented by following either the
decrease of the VOCs signal or the increase of the CO2 signal.36

Moreover, prolonged catalytic tests were conducted for toluene,
ethyl acetate, and n-hexane combustion over Pt/CMC/CH. As shown
in Fig. 5, an excellent catalytic activity is observed during the re-
action and no obvious deactivation occurs. This result suggests
good stability of the catalyst for industrial use.

4. Conclusions

The Pt/CuMnCe monolithic catalyst with double active sites Pt
and CueMneCe were prepared using a simple impregnation
method and used for the catalytic removal of VOCs. The impreg-
nated phases show excellent adhesion to the monoliths. In com-
parison with the Pt/CeY/CH, CMC/CH, and CeY/CH catalysts, the Pt/
CuMnCe/CH catalyst displays good catalytic performance in the
oxidation of oxygen-free and oxygenated compounds. This superior
activity can be ascribed to the formation of a ceria-based solid so-
lution, the highly dispersed Pt and CuMnCe mixed oxides, and the
synergy between Pt and CuMnCe, which enhances the reducibility
of the catalyst.
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