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Abstract

A series of the Ce;_,Cu,O,_,/Al,O5/FeCrAl catalysts (x = 0—1) were prepared. The structure of the catalysts was characterized using
XRD, SEM and H,-TPR. The catalytic activity of the catalysts for the combustion of methane was evaluated. The results indicated that in the
Ce;_,Cu,0,_,/Al,05/FeCrAl catalysts the surface phase structure were the Ce; ,Cu,O,_, solid solution, a-Al,O3 and y-Al,Oj3. The surface
particle shape and size were different with the variety of the molar ratio of Ce to Cu in the Ce; _,Cu,O,_, solid solution. The Cu component of
the Ce;_,Cu,O,_,/Al,03/FeCrAl catalysts played an important role to the catalytic activity for the methane combustion. There were the
stronger interaction among the Ce,_,Cu,O,_, solid solution and the Al,O; washcoats and the FeCrAl support.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The catalytic combustion of the methane and volatile
organic compounds represents a family of new technology in
improvements of energy efficiency and air pollution
prevention. Nowadays, most of the combustion catalysts
are supported noble metal catalysts, or transition metal oxide
catalysts [1-2]. Recently, the structured monolithic catalysts
and reactors, especially that of use the metal as the catalyst
supports, have gained considerable attention due to greatly
reduced pressure drops and more favorable heat transfer
properties compared to conventional packed-bed reactors
loaded with catalyst pellets [3-5]. Kucharczky and co-
workers found that in the monolithic Pd-based catalysts on
heat-resisting FeCrAl alloy foil support palladium was
deposited either onto pure aluminium oxide (Pd/Al,O5) or
onto Al,O3; modified with SiO, (Pd/Al,05-Si0,) or with
7ZrSi04 (Pd/Al,05-ZrSi0O4) and that the Al,Oz and the
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modification of Al,O3 washcoats were important for the
active form of the palladium [6]. Artizzu et al. found that
copper oxide deposited onto high surface area magnesium
aluminate spinel with the cordierite as the support is very
active for methane combustion at high GHSV [7]. Liu and
Flytzani-Stephanopoulos found that the Cu—Ce-O system
was one of the most active catalyst systems for the total
oxidation [8]. The aim of this study is to examine the activity
of Ce;_,Cu,0,_, (x=0-1) solid solution based FeCrAl
alloy foils monolithic catalysts with Al,0; washcoats for the
methane catalytic combustion and to understand the
structure of the Ce,_,Cu,0,_,/Al,O3/FeCrAl catalysts.

2. Experimental
2.1. Catalysts preparation
The monolithic catalysts were prepared using the FeCrAl

alloy foils (OC404, Sandvik Steel, Sweden) as supports. A
three-step procedure was used to deposit Al,O3 layers and
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metal oxide solid solution layers: (1) the foils were cleaned
in ethanol, acidic, and basic solution, and then, were
calcined at 950 °C for 15 h; (2) a boehmite primer sol was
used as first washcoat layers to improve the adhesion
between the metal oxide solid solution layers and the
oxidized metallic support; (3) the mixture slurry of the
Ce;_,Cu,O,_, (x=0-1) solid solution, which were pre-
pared using the urea-nitrate combustion method [9], and ~y-
Al,O5 was deposited on the first washcoat layers. Finally, the
Ce;_,Cu,O,_,/Al,05/FeCrAl metal support structured
catalysts were prepared. The weight of metal oxide solid
solution layers and Al,O; layers are ca. 5 wt.% and ca.
10 wt.%, respectively.

2.2. Catalysts characterization

The surface phase structure of the coatings was measured
by X-ray powder diffraction (XRD) using a Rigaku D/Max
2500 VB2+/PC diffractometer with Cu Ko radiation. The
morphology of the samples was observed by Cambridge
Instruments Streoscan 250 MK3 scanning electron micro-
scope (SEM). Temperature programmed reduction (TPR)
experiments were performed using a Thermo Electron
Corporation TPD/R/O 1100 Series Catalytic Surfaces
Analyzer equipped with a TCD detector. The coating
adhesion was measured by an ultrasonic method. The weight
loss of the washcoat layers was less than 2 wt.%.

2.3. Catalytic activity measurements

The catalytic activity was measured using a conventional
quartz flow reactor (i.d., 6 mm; length, 300 mm) at
atmospheric pressure. The test was performed with
cylindrical monolithic catalysts, which are made up of
several cylinders in different diameter and 50 mm in length.
Methane combustion involved a gas mixture of 2 vol.% of
CH, in air, with a gas hourly space velocity (GHSV) of 5200;
10,400 and 20,800 ml/g (cat + Al,O3) h. The reaction of
methane combustion was stabilized for 20 min, and the
outlet products were measured with gas chromatography
(Beijing East & West Electronics Institute, GC-4000A). In
every case, carbon dioxide and water were the only reaction
products detected along the whole experiment.

3. Results and discussion
3.1. Fresh catalysts characterization

Fig. 1 shows the XRD patterns of FeCrAl metallic
support and Ce;_,Cu,0,_,/Al,O3/FeCrAl monolithic cat-
alysts. It can be seen that the characteristic peaks of FeCr (260
is 44.3° and 64.6°, JCPDS 34-0396) and a-Al,O5 (20 is
25.5°, 35.0°, 37.6°, 43.2°, 52.4°, 57.3°, 66.3° and 68.0°,
respectively (JCPDS 88-0826, Fig. 1A). It is indicated that,
after the heat treatment, a-Al,O5 is formed on the FeCrAl
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Fig. 1. XRD patterns of the metallic support pre-oxidized and the fresh
monolithic catalysts: (A) FeCrAl foil pre-oxidized at 950 °C for 15 h; (B)
Ce0,/Al,03/FeCrAl; (C) CepoCug 10;.¢/Al,03/FeCrAl; (D) CeogCug,0.
]_8/A1203/F6CTA1; (E) CC()_7CUO_30]_7/A1203/F6CIA1; (F) CC()_ﬁCU()_40]»6/
Al,O3/FeCrAl; (G) Ce(s5Cugs0; s/Al,O5/FeCrAl; (H) Ce4Cup¢O; .4/
A1203/FCC1'A1; (I) CC()_3CU()_7O]»3/A1203/FCCI'A1; (J) CC()_2CU()_301_2/
Al,O3/FeCrAl; (K) Cep Cug 90 1/Al,O3/FeCrAl; (L) CuO/Al,O3/FeCrAl
catalysts: () FeCr; (¥) Ce;_,Cu,0,_, solid solution; (@) y-Al,O3; (#) a-
Al,O3.

surface due to the segregation and oxidation of aluminium.
The characteristic peaks of Ce;_,Cu,0,_, solid solution in
the catalysts can be seen at 28.7°, 33.1°, 47.6° and 56.5°,
respectively. However, the intensity of the peaks of
Ce;_,Cu,O,_, is different with the molar ratio of Ce to
Cu. In practically, no peaks of CuO, which, in general, are
the most intensity peaks at 35.5 and 38.8 (JCPDS 45-0937),
is detected in the CuO/Al,O5/FeCrAl catalyst (Fig. 1L).
Suggesting that the molar ratio of Ce to Cu influences
strongly to the surface phase structure of the Ce;_,Cu,O,_,
in the Ce;_,Cu,O,_,/Al,O3/FeCrAl catalyst.

The morphology of FeCrAl metallic support and
Ce;_,Cu,0O,_,/Al,03/FeCrAl monolithic catalysts were
shown in Fig. 2. It was found that the whiskers of the
Al,O5 were formed when the FeCrAl metallic support was
calcined at 950 °C for 15 hin air (Fig. 2A). It is similar to the
literature [10,11]. For Ce;_,Cu,O,_,/Al,O3/FeCrAl cata-
lysts, the particle shape and size of the Ce;_,Cu,O,_, are
different with the molar ratio of Ce to Cu. When Ce
component is higher or lower, the particle size is bigger
(Fig. 2B-D, J-L). However, the molar ratio of Ce is 0.7-0.3,
the particle size is smaller (Fig. 2E-I). Indicating that the
dispersancy of the Ce,_,Cu,0,_, solid solution in y-Al,O3
depends on the molar ratio of Ce to Cu of the Ce; _,Cu,O,_,.

3.2. Activity of monolithic Ce;_,Cu,O,_,/Al,O3/FeCrAl
catalysts

The catalytic activity for methane combustion was
evaluated at temperature from 400 to 750 °C and the results
were shown in Figs. 3-5. It was found that the catalytic
activity of the catalysts depended strongly on the molar ratio
of the Ce and Cu in the Ce;_,Cu,O,_, solid solution in



374 F. Yin et al./Catalysis Today 105 (2005) 372-377

{

18KV 26

Fig. 2. SEM images of the metallic support pre-oxidized and the fresh monolithic catalysts: (A) FeCrAl foil pre-oxidized at 950 °C for 15 h; (B) CeO,/Al,03/
FeCrAl; (C) Ceo_9Cuo,101_9/A1203/FeCrAl; (D) Ceo_gcuo_zol_g/Aleg,/F@CI'Al; (E) Ce0_7Cu0_3O1_7/A1203/FeCrAl; (F) CeO_GCu0_401_6/A1203/FeCrAl; (G)
CeOA5Cu0'5O1‘5/A1203/FeCrA1; (H) CCO‘4CHOA6OIA4/A1203/FCCI'A1; (I) CCOA3CU0'701'3/A1203/FCCI'A1; (J) Ceo'zcu()‘go1‘2/A1203/F6CI'A1; (K) CeOAICUO.QOI.l/

Al,O3/FeCrAl; (L) CuO/Al,O5/FeCrAl catalysts.

selective GHSV and the reaction conditions. When the
GHSYV was 5200 ml/g (cat + Al,O3) h, the Ce;_,Cu,O,_,/
Al,O3/FeCrAl catalysts (x = 0.8-0.6) had the best catalytic
activity. The temperature of methane combusted completely
was at ca. 550 °C (Fig. 3). When the GHSV was increase, the

temperature of methane combusted completely became
higher. For example, the GHSV was 10,400 ml/g (cat + -
Al,O3) h, the temperature of methane combusted comple-
tely was at ca. 600 °C for the Ce;_,Cu,0,_,/Al,O3/FeCrAl
catalysts (x = 0.8-0.7) (Fig. 4). The GHSV was 20,800 ml/g
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Fig. 3. Methane conversion over the Ce;_,Cu,0,_,/Al,O3/FeCrAl cata-
lysts. GHSV = 5200 ml/g (cat +Al,05) h.
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Fig. 4. Methane conversion over the Ce;_,Cu,0,_,/Al,03/FeCrAl cata-
lysts. GHSV = 10,400 ml/g (cat + Al,O3) h.
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Fig. 5. Methane conversion over the Ce;_,Cu,0, ,/Al,03/FeCrAl cata-
lysts. GHSV = 20,800 ml/g (cat + Al,O3) h.

(cat + Al,O5) h, the temperature of methane combusted
completely was at ca. 650 °C for the Ce;_,Cu,0,_,/Al,05/
FeCrAl catalysts (x =0.8) (Fig. 5). However, the CeO,/
Al,O5/FeCrAl catalyst had the lowest activity in all case.
Suggesting that the molar ratio of the Ce and Cu in the
Ce;_,Cu,O,_,/Al,03/FeCrAl catalysts (x =0-1) plays an
important role to the catalytic activity of the catalysts for the
methane combustion.

From Figs. 3-5, it is found that the catalyst of higher
copper components have better catalytic performance under
some conditions. It is indicated that the copper oxide species
are more active than the ceria oxide species in the
Ce,_,Cu,0O,_,/Al,03/FeCrAl catalysts. Gellings and Bouw-
meester had given some important relationship between
catalytic behaviour and solid state properties of the oxides
catalysts and the oxygen flux may alter the relative presence
of different oxygen species on the catalyst surface [12].
Hence, a suitable molar ratio of the Ce and Cu in the
Ce;_,Cu,0O,_,/Al,03/FeCrAl catalysts may be advanta-
geous for the copper oxide species.

3.3. H,-TPR measurements

TPR profiles of the Ce;_,Cu,O,_,/Al,O3/FeCrAl cata-
lysts were presented in Fig. 6. It is found that there is the
more difference with the molar ratio of the Ce and Cu in the
catalysts. For the CuO/Al,05/FeCrAl catalyst, the peaks of
reduction are observed at ca. 302, 501 and 705 °C and the
peak at ca. 302 °C is the biggest. However, with increase of
Ce component in the Ce;_,Cu,O,_,/Al,05/FeCrAl cata-
lysts, the peaks at 302 and 501 °C shift to the more higher
temperature and the consumption of H, become the less. The
peak at 705 °C shift to the lower temperature and the
consumption of H, become obviously the larger. It is
indicated that the Ce component in the catalysts can
influence the temperature of reduction and the consumption
of H,. From 300 to 600 °C, when the Ce component is lower,
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Fig. 6. TPR patterns of the Ce,_,Cu,O,_,/Al,03/FeCrAl catalysts.
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Fig. 7. TPR patterns of the Ce;_,Cu,O,_, solid solution.
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Fig. 8. TPR patterns of the Ce;_,Cu,O,_,/Al,03.

the consumption of H, is more. With the Ce component
increased, the consumption of H; is less and less. Suggesting
that the oxide species of the consumption of H, from 300 to
600 °C play an important role to the methane catalytic
combustion.

For comparison, the H,-TPR of the pure Ce,_,Cu,O,_,
and the Ce;_,Cu,0,_,/Al,O3; were measured. The TPR
profiles were shown in Figs. 7 and 8. It is found that both the
temperature of reduction and the consumption of H, are
obviously dissimilarity. In the pure Ce,_,Cu,O,_, samples,
CuO powder have three peaks of the consumption of H, at
ca. 295, 363 and 492 °C, respectively. With increase of Ce
component, the peak at ca. 295 °C disappears. The peak at
ca. 363 °C shift to the lower temperature and the
consumption of H, become the less. The peak at ca.
492 °C shift to the lower temperature and the consumption
of H, become rapidly less. CeO, powder have two peaks of
the consumption of H at ca. 520 °C and 892 °C. It is shown
that the amounts of Ce component influence upon oxidation
properties of the Ce;_,Cu,O,_, solid solution and there are

the synergistic reaction between the copper and ceria in the
Ce;_,Cu,O,_, solid solution [13,14]. In the Ce,_,Cu,O,_,/
Al,O5; samples, CuO/Al,O; have three peaks of the
consumption of H, at ca. 188 °C, 292 °C and 746 °C,
respectively. With increase of Ce component, the peak at ca.
188 °C disappears. The peak at ca. 292 °C shift to the higher
temperature and the consumption of H, become the less. The
peak at ca. 746 °C shift to the less temperature at the more
Ce component and the consumption of H, become bigger.
Ce0O,/Al,03 have three peaks of the consumption of H, at
ca. 506, 538 and 690 °C, respectively. It is shown that both
the Ce component of the Ce;_,Cu,0,_, solid solution and
Al,O; influence upon oxidation properties of the
Celfxcllez,x.

Based on the above the H,-TPR results of the
Ce_,Cu,0O,_,/Al,05/FeCrAl, the Ce;_,Cu,O,_, and the
Ce,_,Cu,0,_,/Al,03, suggesting that there are the stronger
interaction among the Ce;_,Cu,0,_, solid solution and the
Al,O5 washcoats and the FeCrAl support. These change the
redox performance of the samples and affect the catalytic
activity of the catalysts.

4. Conclusions

Ce;_,Cu,O,_, (x =0-1) solid solution based monolithic
catalysts on supports FeCrAl alloy foils, with Al,O3
washcoats, were active for the catalytic combustion of
methane. The particle shape and size of the Ce;_,Cu,O,_,
solid solution and the catalytic performance of the catalysts
depended on the ratio of the Ce and Cu in the Ce;_,Cu,O,_,.
The H,-TPR properties of the Ce; Cu,O, ,, the
C61 ,XCUXOQ,X/AIQOj; and the Cel ,XCUXOQ,X/A1203/FecrA1
shown that there were the stronger interaction among the
Ce;_,Cu,O,_, solid solution and the Al,O; washcoats and
the FeCrAl support.
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