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Abstract

Mn-substituted Ca–La–hexaaluminate rod-like nanoparticles (Ca1�xLaxMnAl11O19�a) with high surface area ranging from 47 to
80 m2/g for catalytic combustion of methane have been prepared using alumina sol as the (NH4)2CO3 coprecipitation precursor and
a supercritical drying (SCD) method. Ca substitution gave rise to the maximum combustion activity (T10% = 459 �C) at x = 0 owing
to the highest surface area. Meanwhile, Ca substitution affects the oxygen sorption property and the oxidation state of Mn ions in
the hexaaluminate lattice. Ca0.6La0.4MnAl11O19�a catalyst with high catalytic activities was obtained owing to the excellent performance
of activating oxygen.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hexaaluminate materials are attractive as combustion
catalysts for gas turbine applications, due to the high ther-
mal stability associated with their peculiar layered structure
that consists of c-Al2O3 spinel block intercalated by planes
(mirror planes) in which the largest cations are located [1–
4]. The large cation plays an important role on the catalytic
activity and thermal stability. Several compositions have
been investigated [5–7]. Nevertheless, La–Ca composition
has been rarely reported, hence further research on the
catalysts is necessary.

Since hexaaluminate with high catalytic activities were
prepared by adopting reverse microemulsion-mediated syn-
thesis method [8–10], much attention has been paid to syn-
thesis of with high surface area. We attempt to develop a
practical and cost-effective synthesis method to prepare
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mesoporous catalysts with high surface areas. The hexaalu-
minate-based catalysts have been prepared using alumina
sol [11] as the (NH4)2CO3 coprecipitation precursor and
a supercritical drying (SCD) method [12].

In this report, Ca1�xLaxMnAl12O19�a (x = 1, 0.8, 0.6,
0.4, 0.2, 0) hexaaluminate nanoparticles were prepared
and the catalytic activities for methane combustion were
investigated. Moreover, N2-adsorption, X-ray diffraction
(XRD), TEM, temperature programmed reduction (TPR)
of hydrogen and temperature programmed desorption
(TPD) of oxygen were used to study the structural and
morphological properties.

2. Experimental

2.1. Preparation of the catalysts [12,13]

Mn-substituted hexaaluminate-based catalysts have
been prepared using alumina sol in place of aluminum
nitrate as the (NH4)2CO3 coprecipitation precursor and a
supercritical drying (SCD) method. The mixed appropriate
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Table 1
The properties of the Ca1�xLaxMnAl11O19�a catalysts

Catalyst SBET (m2/g) Vpore (cm3/g) dpore (Å)

CaMnAl11O19�a 79.5 0.139 70.1
Ca0.8La0.2MnAl11O19�a 52.3 0.094 72.0
Ca0.6La0.4MnAl11O19�a 70.7 0.117 66.2
Ca0.4La0.6MnAl11O19�a 55.5 0.099 71.5
Ca0.2La0.8MnAl11O19�a 47.2 0.082 69.9
LaMnAl11O19�a 55.8 0.111 80.1
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amounts of manganese, lanthanum, calcium nitrates and
alumina sol solution was poured into a well-stirred con-
tainer with an ammonium carbonate solution at 60 �C to
form the hexaaluminate precursor precipitate. The slurry
was aged for 10 h at 60 �C, and then filtered, and washed
with distilled water. The filter cake was then dried under
supercritical conditions of ethanol (260 �C, 8.0 MPa).
Finally, the aerogel was calcined in a muffled furnace at
1200 �C for 5 h in air.

2.2. Catalyst characterization

The surface area and the pore size distribution of the dif-
ferent catalysts were determined by nitrogen adsorption at
77 K on a Micrometrics ASAP 2010 instrument. The sur-
face area was determined according to the Brunauer–
Emmett–Teller theory and the analysis of the diameter
and the hole volume were carried out.

The crystal phases of the various catalysts were detected
by X-ray diffraction, on a Shimadzu Diffractometer XD-
3A.The operation parameters were: Cu Ka radiation, Ni
filter, 30 mA, 40 kV, 2h scanning from 5� to 80� with the
scanning speed of 4�/min.

The morphology and size of the catalysts were studied
using a transmission electron microscopy (HITACHI-
8100IV) with a voltage of 200 kV. The test samples were
prepared by its suspension on the copper net.

Temperature programmed reduction (TPR) of hydrogen
was measured in a flow system. A known amount (50 mg)
of sample was pretreated in an argon stream (35 ml/min)
up to 300 �C for 30 min at a rate of 10 �C/min and subse-
quently cooled down to room temperature. Then a mixture
of 10 vol% H2 in Ar was admitted onto the samples and
temperature was raised at a rate of 10 �C/min up to
920 �C. Hydrogen consumption amount was detected by
a TCD.

Temperature programmed desorption (TPD) of oxygen
was measured in the same apparatus. A known amount
(50 mg) sample was pretreated in an oxygen stream
(50 ml/min) at 800 �C for 1 h and subsequently cooled to
room temperature. Then a helium stream (35 ml/min)
was introduced into the system and temperature was raised
at a constant rate of 10 �C/min up to 920 �C. Desorbed
oxygen in the effluent gas was detected by the TCD.

2.3. Activity tests

The reaction of methane combustion was carried out in
a conventional flow system under atmospheric pressure.
Catalyst (0.8 ml) (20–40 mesh) was loaded in a quartz reac-
tor (i.d. 10 mm), with quartz fiber packed at the end of the
catalyst bed. A mixture gas of 4 vol% O2 and 1 vol% CH4

(nitrogen as balance) was fed into the catalyst bed at
GHSV = 15,000 h�1. The inlet and outlet gas compositions
were analyzed by on-line gas chromatography with a
packed column of carbon molecular sieve and a thermal
conductivity detector.
3. Results and discussion

3.1. Surface area and pore size distribution

The surface area and pore volume as well as average
pore diameter of the Ca1�xLaxMnAl11O19�a catalysts are
summarized in Table 1. The Ca1�xLaxMnAl11O19�a cata-
lysts with high surface area in the range between 47 and
80 m2/g were obtained. The CaMnAl11O19�a catalyst pos-
sesses the highest surface area. The surface area changed
with the replacement of Ca2+ with La3+, probably due to
the variation of the thickness of the planar crystals and
the crystal size. Meanwhile, the average pore diameters
varied from 66 to 80 Å, showing the introduction of large
cation in the mirror plane has some effect on the structure
of the internal pores inside the alumina network.

3.2. Crystalline phases

The XRD patterns of the Ca1�xLaxMnAl11O19�a cata-
lysts are shown in Fig. 1. The single hexaaluminate phases
were formed when x varies from 0.2 to 1, while a-Al2O3

and alumina-rich magnetoplumbite hexaaluminate phases
[JCPDS 83-0270] were observed in the crystalline phases
of the CaMnAl11O19�a catalyst. The hexaaluminates tend
to form with the replacement of Ca2+ with La3+. It is obvi-
ous that higher valence can promote the formation of
hexaaluminate more effectively. Meanwhile, the catalysts
showed broad diffraction peaks, indicating the catalysts
were composed of fine particles.

3.3. Microstructure analysis

Fig. 2 presents the TEM results of the catalysts. The cat-
alysts are composed of rod-like particles, which are 5–
20 nm in diameter and 50–150 nm in length. The dimension
increases with the replacement of Ca2+ with La3+, leading
to the decrease of the surface area. Moreover, small
amount of granular particles are observed, which probably
correspond to the a-Al2O3 crystal. The results are consis-
tent with those of the XRD analysis.

3.4. TPR measurements

The TPR profiles of the Ca1�xLaxMnAl11O19�a cata-
lysts are shown in Fig. 3. The main reduction peaks around
400 �C corresponds to the reduction of the Mn3+ ions



Fig. 1. XRD patterns of the Ca1�xLaxMnAl11O19�a catalysts: (a) x = 0; (b) x = 0.2; (c) x = 0.4; (d) x = 0.6; (e) x = 0.8 and (f) x = 1; (d)
La-hexaaluminate (s) Ba0.717Al11O17.282 (,) a-Al2O3.

Fig. 2. TEM photographs of the catalysts: (a) CaMnAl11O19�a and (b) Ca0.6La0.4MnAl11O19�a.
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Fig. 3. TPR under hydrogen of the Ca1�xLaxMnAl11O19�a catalysts.
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locating in an Al interstitial site near the mirror plane,
which is attributed to the most reactive Mn species
[14,15]. The lowest temperature and maximum area are
present for the Ca0.6La0.4MnAl11O19�a catalyst, showing
the catalyst possesses the highest ability of activating
oxygen and Mn3+ content. On the contrary, the highest
temperature and minimum area are for the
Ca0.4La0.6MnAl11O19�a catalyst, showing the lowest ability
of activating oxygen and Mn3+ content.

3.5. O2-TPD

TPD profiles of oxygen from the Ca1�xLaxMnAl11O19�a

catalysts are shown in Fig. 4. Two main desorption peaks
around 150 �C and 750 �C are present. The first peak prob-
ably corresponds to physically adsorbed oxygen on the cat-
alyst surface, while the latter corresponds to the lattice
oxygen. Arai concluded that oxygen species desorbed at
high temperature are related to the oxidation/reduction
of Mn ion [5]. From the difference of the peak location
and area, it is inferred that the nature of the large cation
in the mirror plane can affect the activity and the content
of lattice oxygen. When compared to the peak location of
the Ca1�xLaxMnAl11O19�a catalysts, the lowest tempera-
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Fig. 4. TPD profiles of oxygen from the Ca1�xLaxMnAl11O19�a catalysts.

Table 2
Catalytic activity expressed as T10%, T50% and T90% in �C and as intrinsic
activity (10�5 mol CH4 converted per hour and per square meter)

Catalyst T10%

(�C)
T50%

(�C)
T90%

(�C)
Intrinsic
activity
at 500 �C

CaMnAl11O19�a 459 564 641 6.0
Ca0.8La0.2MnAl11O19�a 472 573 661 8.2
Ca0.6La0.4MnAl11O19�a 461 567 647 7.5
Ca0.4La0.6MnAl11O19�a 536 666 750 2.6
Ca0.2La0.8MnAl11O19�a 475 598 687 7.8
LaMnAl11O19�a 565 690 820 1.8
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ture is present for the Ca0.6La0.4MnAl11O19�a catalyst,
showing that the Ca0.6La0.4MnAl11O19�a catalyst possesses
the most active oxygen. Nevertheless, the smallest area is
present for the CaMnAl11O19�a catalyst, showing the cata-
lyst has lowest content of lattice oxygen. The results
revealed that the content of the lattice oxygen increase with
the replacement of Ca2+ with La3+, probably due to the
increased defectiveness in the hexaaluminate lattice.

3.6. Catalytic combustion of methane

The catalytic activities for methane combustion over the
Ca1�xLaxMnAl11O19�a catalysts are shown in Fig. 5. The
catalysts were highly active except the LaMnAl11O19�a cat-
alyst. The T10%, T50% and T90% corresponding to 10%,
50%, and 90% conversion are reported in Table 2. The low-
est ignition temperature (T10%) and the lowest complete
conversion of methane temperature (T90%) were obtained
at x = 0, indicating the CaMnAl11O19�a catalyst possesses
the highest catalytic activity owing to the highest surface
area. Meanwhile, the Ca0.6La0.4MnAl11O19�a catalyst pos-
sesses the high catalytic activity owing to the best perfor-
mance of activating oxygen. On the contrary, the
Ca0.4La0.6MnAl11O19�a catalyst possesses the lowest cata-
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Fig. 5. Catalytic combustion of CH4 over the Ca1�xLaxMnAl11O19�a

catalysts.
lytic activity due to the lowest ability of activating oxygen
and content of lattice oxygen. From above, it can be con-
cluded that the lattice oxygen plays an important role in
catalytic reaction. The intrinsic activities of the
Ca1�xLaxMnAl11O19�a catalysts (mol CH4 converted per
hour and per square meter) are also given in Table 2 [16].
The maximum value was obtained at x = 0.2.

4. Conclusions

Mn-substituted Ca–La–hexaaluminate rod-like nano-
particles with high surface area in the range between 47
and 80 m2/g have been prepared using alumina sol as the
(NH4)2CO3 coprecipitation precursor and supercritical
drying (SCD) method. The CaMnAl11O19�a catalyst
possesses the highest catalytic activity owing to the highest
surface area. The nature of the large cation in the mirror
plane can affect the Mn2+/Mn3+ redox process. The
Ca0.6La0.4MnAl12O19�a catalyst with high catalytic activi-
ties was obtained owing to the excellent performance of
activating oxygen.
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