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Series of cation-substituted barium hexaaluminates, BaMAl;;Oy_,, (M = Cr, Mn, Fe, Co, and
Ni), were investigated as catalysts for high-temperature combustion. Cation-substituted barium
hexaaluminates showed high sintering resistance and retained a large surface area above 10 m%/g
even after heating at 1300°C. Transmission electron microscopic observation revealed that aniso-
tropic crystal growth is the reason for the high heat resistance of the hexaaluminate. Manganese-
substituted barium hexaaluminate, BaMnAl;;O_,, was most active for CH,4 combustion. From
temperature-programmed desorption of oxygen and thermogravimetric analysis of oxidation states
of substituted cations, it was concluded that the catalytic activity was accelerated by oxygen
sorption accompanied by reduction—oxidation of M in the hexaaluminate lattice. Accordingly, the
catalytic activity of BaMAl;;0,,., is approximately regulated by the difference between the heats
of formation of sesquioxides of M from monoxide, i.e., (AHAMO;,5) — AHAMO)), which is mini-
mum at M = Mn. The catalytic activity of the BaMn,Al,_,0;s_, system was measured as a function
of Mn content. However, the large area and high catalytic activity were obtained only when the
amount of Mn was small enough to not destroy the single phase of hexaaluminate. Retention of

large surface area is the most prominent feature for high-temperature catalytic combustion.
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INTRODUCTION

In the past several years, much interest
has arisen in the new application of cata-
lytic combustion to gas turbines operated
above 1300°C (/-3). The use of catalysts
facilitates controllable combustion of vari-
ous fuels, less emission of pollutants, and
high efficiency of energy recovery. Despite
many advantages, the main problem is still
how to fabricate a heat-resistant catalyst.
Noble metal catalysts, such as Pd and Pt,
which are mainly used for combustion be-
low 1000°C, should be excluded because of
high volatility above 1300°C (4). Thus,
there has been much interest in metal oxide
catalysts because some of them have suffi-
cient heat resistance for high-temperature
applications. Some perovskite-type oxides
are known to be very active oxidation cata-
lysts (5—7). However, sintering at high tem-
peratures accompanies the serious de-
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crease in surface area (8). Dispersion of
active metal oxides on support materials is
necessary to obtain a large reaction surface
at high temperatures. Barium hexaalumi-
nate, BaAl;0;s, derived from mixed metal
alkoxides, is known to retain the large sur-
face area above 1400°C that is suitable for a
heat resistant support (9, 10). The surface
area of BaAl;0 (ca. 10 m%/g) is 10 times
larger than that of Al,Oj; after calcination at
1600°C. The crystal structure of BaAl;;0y
is a ‘“‘layered aluminate type’” which is
known as B-alumina and magnetoplumbite
types (11, 12). Since other hexaaluminates,
such as SrAl;;O, CaAl;Oyy, and LaAly,
0,7, also show the same property (9, 13),
the high heat resistance seems to originate
from the crystal structure.

We have previously discussed a method
of introducing active components for com-
bustion into the hexaaluminate matrix (/4).
The surface area significantly decreased at
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high temperatures with the solid-state reac-
tion in perovskite oxide supported on
BaAl;;0. On the other hand, cation-
substituted barium hexaaluminates, Ba
MAl“O]g_a (M = Cr, Ml’l, Fe, CO, and Nl),
generally retain surface areas as large as
that of BaAl;Oy9. Since the hexaaluminate
structure is thermally stable, deactivation
was prevented even at high temperatures.

This study reports on the heat resistance
and catalytic activity of the cation-substi-
tuted BaAl;;0,s. Particularly, the Mn-sub-
stituted system was investigated as the best
catalyst of this series. The heat resistance
and catalytic activity were characterized by
microscopic observation and oxygen sorp-
tion properties, respectively.

EXPERIMENTAL

Catalyst preparation. Series of cation-
substituted as well as unsubstituted barium
hexaaluminates, BaMAI;;O;,_, (M = Al,
Cr, Mn, Fe, Co, and Ni) were prepared by
the hydrolysis of metal alkoxides. Barium
isopropoxide (Ba(OC;H;),) was obtained by
reaction between Ba metal (99%, Kishida
Chemical) and 2-propanol in a nitrogen
stream. Calculated amounts of Ba(OC;H7),
and AI(OC;H;); (99%, Kishida Chemical)
were dissolved in 2-propanol and were kept
in 80°C for 5 h. An aqueous solution of ace-
tate or nitrate of transition metals was
added to the alcoholic solution of metal alk-
oxides. The precipitate thus formed with
gelation was evaporated to dryness. All
samples were calcined at 1300°C prior to
their use for catalytic reaction. The crystal
structures of calcined samples were deter-
mined by X-ray diffraction (Rigaku Denki,
4011) with CuKea radiation. The specific
surface areas of calcined samples were
measured by the BET method using N, ad-
sorption.

Transmission electron microscopy
(TEM). A transmission electron micro-
scope (JOEL, JEM-2000FX) was used for
imaging, energy dispersive X-ray spectros-
copy (EDS, Tracor Northern TN-2000),
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and selected area diffraction in TEM mode
operating at 200 kV,

Catalytic combustion of methane. Cata-
lytic activities were measured in a conven-
tional flow system under atmospheric pres-
sure. Catalysts were fixed in a quartz
reactor by packing alumina beads at both
ends of the catalyst bed. A gaseous mixture
of methane (1 vol%) and air (99 vol%) was
fed to the catalyst bed at a flow rate of
48000 cm?® h~! (space velocity = 48000 h—1).
The methane conversion in the effluent gas
was analyzed by on-line gas chromatogra-
phy. The combustion activity is expressed
as temperatures, Tio% and 7o, at which
conversion levels of 10 and 90%, respec-
tively, are attained.

Temperature-programmed  desorption
(TPD) of oxygen. Temperature-pro-
grammed desorption (TPD) of oxygen was
measured in a flow system. Prior to the
measurement, the sample was treated in a
oxygen stream (50 ml/min) at 800°C for 1 h
and subsequently cooled to room tempera-
ture. After evacuation, helium was intro-
duced into the system and the sample was
heated at a constant rate of 10°/min in a He
stream (50 ml/min). Desorbed oxygen in ef-
fluent gas was detected by a TCD cell.

Thermogravimetry (TG). The oxidation
states of transition elements (Mn, Fe, Co,
and Ni) in the hexaaluminate structure
were determined by thermogravimetry
(Shimadzu DT-40) equipped to a flow sys-
tem. Prior to measurement, a sample was
heated at 1000°C in dry air to remove physi-
sorbed water and then cooled to room tem-
perature. After evacuation, the sample was
heated again at a constant rate of 10°/min in
a H, stream (30 ml/min) up to 1100°C. The
weight loss of the sample corresponds to
the degree of reduction.

RESULTS

Surface, Area, Crystal Structure, and
Microstructures

After calcination at 1300°C, cation-sub-
stituted samples (BaMAl;,0yy_,) were com-
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posed of hexaaluminate phase, but the un-
substituted single oxides were hardly
detected by X-ray diffraction. Since tran-
sition metal ions occupy Al sites in the
hexaaluminate structure, the diffraction
lines shifted to angles lower than those of
BaAl;;O5. The surface areas of Ba
MAI,;Oy_,, which were lowered by the
substitution, were still large, ranging be-
tween 10 and 15 m¥g (Table 1).

Figure 1la shows TEM photographs of
BaMnAl,,Oyy_, after calcination at 1300°C.
The sample consisted of highly dispersed
planar crystallites 100-200 nm in diameter
and ca. 20 nm thick. The crystal orientation
was determined by selected area diffraction
(SAD) as shown by ““x’” in Fig. la. The
planar facets have orientations parallel to
the (001) plane of the hexaaluminate struc-
ture. The crystal habit is the same as unsub-
stituted BaAl;;0, in which the crystal
growth is strongly suppressed along the ¢
axis as reported previously (/5). Mn-substi-
tution in the hexaaluminate lattice was evi-
denced by the EDS spectrum taken from
one of the crystals (Fig. 1b). The chemical
composition calculated from integration of
the spectrum agreed with that of the start-
ing material.

Catalytic Activities for Methane
Combustion

Combustion activities of the cation-sub-
stituted samples are summarized as 7o
and Tggg in Table 1. When an empty reactor
packed with alumina beads was submitted
to the reaction, combustion appears to be
initiated by the radical formation at the sur-
face of alumina beads and to progress
through chain reaction in the gas phase, as
can be characterized by the high initiation
temperature (7o5) and the steep rise in CHy
conversion. The combustion behavior over
unsubstituted and Co-, Ni-, or Cr-substi-
tuted samples is similar to that of the empty
reactor, since the catalytic activities of
these transition metal ions appear to be
very small in the hexaaluminate lattice.
However, the initiation temperatures were
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TABLE 1

Surface Areas and Methane Combustion
Activities of BaMAIl; O,

M Surface Tio® Toos’
area‘ °C) (°C)
m?/g
Al 15.3 710 730
Cr 15.7 700 770
Mn 13.7 540 740
Fe 11.1 560 780
Co 15.2 690 720
Ni 11.1 710 770
Thermal reaction¢ 810 860

@ After calcination at 1300°C.

¢ Temperatures at which conversion levels are
10 and 90%.

¢ An empty reactor packed with alumina beads.

significantly lowered by employing the cat-
alyst with large surface area which is effec-
tive in promoting the radical reaction. The
Fe- and Mn-substituted samples catalyti-
cally initiate the reaction at lower tempera-
ture (T1yz; = 540-560°C). The lowest Ty
values (540°C) was attained by BaMn
Al;0y9-,, which also showed relatively
high activity at a high conversion level
(T50). Table 1 indicates that the low Ty
value is not always obtained for the sam-
ples with high catalytic activity. This is be-
cause the overall reaction over active cata-
lysts (M = Mn, Fe) was limited by the mass
transfer at the high conversion level. The
reaction products were carbon dioxide and
water except for carbon monoxide, which
was dominant when the radical reaction
took place.

The catalytic activity of Mn-substituted
hexaaluminate is compared to that of
perovskite-type oxide, LaCoO;, which is
known as one of the active combustion cat-
alysts. Table 2 shows the rates of methane
oxidation at 500°C which are expressed per
unit surface area and per catalyst mass. The
activity per unit surface area is notably low
for BaMnAl,;0,_,, whereas the activities
of the two catalysts are comparable per unit
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FiG. 1. TEM micrograph (a) and EDS spectrum (b) of BaMnAl,;01s_, after calcination at 1300°C. A
Cu peak is from microscope grids.
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TABLE 2

Relative Catalytic Activity of BaMnAl;;O_,
and LaCoQ; at 500°C

Reaction rate

Per unit Per unit mass
surface area (mol g7t h™})
(molm2hY)
BaMnAl, 0y, 0.012 0.169
LaCoO;, 0.351 0.105

mass. This means that the high catalytic ac-
tivity of BaMnAl;,0s_, results from the
large surface area. As was observed by
TEM, the planar crystallites with large as-
pect ratio correspond to the large reaction
surface per unit mass, which appears to be
quite effective for catalytic combustion.

Temperature-Programmed Desorption
(TPD) of Oxygen

Figure 2 shows TPD profiles of oxygen
from BaMAI;;O9_,. The rate of oxygen de-
sorption was plotted as a function of cata-
lyst temperature. Oxygen desorption was
observed for cation-substituted samples but
not for BaAl;O up to 1000°C. The cata-
lysts can be classified into two groups from
their desorption patterns. Oxygen desorp-
tion from the first group, with M = Cr, Co,
and Ni, was extremely small. The catalysts
in this group showed low catalytic activity
for methane combustion (Table 1). The sec-
ond group, i.e., Mn- and Fe-substituted
systems, is active for CH, combustion. A
large amount of oxygen was desorbed at
high temperatures (>500°C). The desorp-
tion from BaFeAl;;09_, started at about
600°C and the peak of the desorption rate
was located above 900°C. The desorption
from the BaMnAl,;0yy-, sample was rather
small and was located at a low temperature
(850°C). These results indicate that the cat-
alytic activity of hexaaluminate catalysts is
related to the large amount of oxygen,
which is bonded to the substituted cations
in the hexaaluminate lattice.
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Oxidation State of M in BaMAl;,01s_,,

In order to determine the oxidation states
of M, the weight loss accompanied by re-
duction of BaMAI;;0s_, was measured by
in situ thermogravimetry (TG). With heat-
ing up to 1100°C in a H, flow, Fe, Co, and
Ni ions are reduced into their metallic
states, and only Mn is reduced into the di-
valent state. Thus, reduction of cation-sub-
stituted hexaaluminate is expressed as

BaMAl”Olgw + (15 - n - (I)Hz i
MO, + BaAl;;0;75 + (1.5 — n — «)H,0,

where n = 0 for M = Fe, Co, and Ni and
n = 1.0 for Mn. The initial oxidation state
of M is calculated from the weight loss and
the final oxidation states after reduction
from the equation

oxidation state = 2n + 2AW(714.12
+ M, + 16n)/[16W(1 — AW/W)],

04 Al
0.2

04l Co
02

-1

_‘IK

04 Ni
0.2

Oatcr
0.2

Desorption rate/ pmol—Oz-g

O4lFe
0.2}

04 Mn
0.2

0 __/\___/_'
0 200 400 600 800
Temperature!°C

F1G. 2. TPD profiles of oxygen from BaMAI;;Oy_,.
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TABLE 3
Average Oxidation State of M in
BaMAth]g,ﬂ
M Average oxidation state
Cr 3.0
Mn 2.4
Fe 3.0
Co 2.1
Ni 2.0

where AW is the weight loss, W, the initial
sample weight, and M,,, atomic weight of
M. The average valence states of M thus
calculated are listed in Table 3. Although
BaCrAl;,09_,, is too stable to be reduced
by H, up to 1100°C, the oxidation state of
Cr is thought to be +3.0 as reported for
LaMgAl,,_,Cr, O by Vivien et al. (16). Co-
balt and nickel are both in the divalent
state, but Fe is in the trivalent state. The
average oxidation number of Mn (+2.4) in-
dicates the mixed valence state of Mn?** and
Mn3* in the hexaaluminate lattice.

Surface Area and Combustion Activity of
BaMnxAIIZ—x019—a

The crystal structure of the Mn-substi-
tuted system was investigated by X-ray dif-
fraction as a function of atomic fraction of

0568}
)
£
c
~ 0564f
14}
056012
0 10 20 30 40 50

x in BaMny Alj2-xO19-a.

F1G. 3. The lattice constant of BaMn,Al;_ Oy, af-
ter calcination at 1300°C.

MACHIDA, EGUCHI, AND ARAI

o o

(8]

Surface area/m g_1

O 1 1 1 L 1
0 10 20 30 40
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Fi1G. 4. The surface area of the BaMn,Al;;-, O
system after calcination at 1300°C.

Mn in BaMn,Al,;_,09_,. The lattice con-
stant of the hexaaluminate structure in-
creased with substitution of Mn ions for
AP sites at x < 3.0 (Fig. 3). Further addi-
tion of Mn at x > 3.0 did not change the
lattice constant, but a second phase,
BaAl;O4, appeared. The result indicates
that the samples at x < 3.0 are homoge-
neous solid solutions of hexaaluminate but
those at x > 3.0 are mixtures of hexaalumi-
nate phase and BaAl,O,.

Figure 4 shows the change in surface
areas of BaMn,Al;;_ Oy, calcined at
1300°C. Although the surface area de-
creased unvaryingly with x, the decrease
was gradual at x < 2.0. At this composition,
the sample consisted of the hexaaluminate
phase. In contrast, the surface area was
steeply reduced as the second phase of
BaAl,O, precipitated at x > 2.0.

The catalytic activity for methane com-
bustion over BaMn,Al,_,Oy9_, is tested as
a function of x in Fig. 5. The initiation tem-
perature of combustion was reduced with
the partial substitution of Mn up to x = 2.0.
However, the catalyst became less active,
especially at the high conversion level, with
a further substitution at 2.0 < x < 4.0 be-
cause of the significant decrease in surface
area.
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FiG. 5. Catalytic combustion of methane over
BaMnXAhngO;gnaI

X Surface area/m?® - g~!
—_— 0 15.3
@ 1.0 13.7
[ ] 2.0 10.4
O 4.0 0.9
DISCUSSION

Relation between Large Surface Area and
Crystal Structure

The crystal structure of hexaaluminate
belongs to B-alumina or magnetoplumbite
type. Barium hexaaluminate is classified as
B-alumina type in Fig. 6 (17, 18). This struc-
ture consists of oxygen in close-packed

= 3

#.
¢
Ped
(4

Magnetoplumbite

Mirror plane
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spinel blocks separated by mirror planes
along the ¢ axis. The mirror planes contain
large cations such as Ba’" and loosely
packed oxygen. The layered crystal struc-
ture of hexaaluminate is retained for Ba
MAI;0s_, in which one Al site per double
spinel block is occupied by an M ion.
TEM observation revealed that Mn-sub-
stituted hexaaluminate was obtained as pla-
nar crystallite in which the flat surface ori-
ented parallel to the (001) plane. This
anisotropic shape of the crystallites sug-
gests that crystal growth along the ¢ axis is
strongly suppressed compared to that along
the direction normal to the ¢ axis;i.e., crys-
tal growth by stacking of each spinel block
along the ¢ axis is very slow. Such crystal
morphology is also reported for barium
hexaaluminate (/5) and is a common fea-
ture of hexaaluminate-related compounds.

Catalytic Properties for
High-Temperature Catalytic
Combustion

High catalytic activity is an indispensible
factor for ignition to occur at the lowest
possible temperature. At high tempera-
tures, however, the surface reaction pro-
ceeds so immediately that the overall reac-
tion is limited by the mass transfer of
reactants to the catalyst surface from the
gas phase. Maintaining the large surface
area of combustion catalysts is important in

B-Alumina

7)Ba eA,M OO

Fi1G. 6. Crystal structures of hexaaluminates.



384

Fe Al
= 3.0} -
. Cr
o
5]

L]

@ O Mn
C

9

3 Co

2 20N

o

0 -50 -100 -150 -200
AHZ(MO; 5)-AH§MO)/ k Jmol”

F1G. 7. Relation between the oxidation state of M in
BaMAIl,,0y_, and (AHMO,5) — AHMO)).

promoting the reaction under the mass
transfer limitation. Large surface area is
also effective in initiating the reaction over
less active catalysts (M = Al, Cr, Co, and
Ni) as can be seen from a comparison with
the reaction in an empty reactor (Table 1).
In these systems, the combustion proceeds
via homogeneous gas-phase reaction initi-
ated by radical formation at the catalyst
surface. The large surface area appears to
significantly promote the radical formation.

These results conclude that the large sur-
face area plays an important role in cata-
lytic and homogeneous combustion. Both
the catalytic activity and the large surface
area are indispensable to the high-tempera-
ture catalytic combustion, but no materials
reported so far satisfy these requirements
when used at high temperatures. The Mn-
substituted hexaaluminate is the first mate-
rial which attains simultaneously the cata-
lytic activity and the heat resistance
necessary to maintain a large surface area.

Relation between Catalytic Activity and
Oxidation State of M

Determination of the oxidation states of
transition elements, M, from in situ TG
measurements was the first quantitative
analysis of the present system, although
those in the LaMALI;,0,, single crystal have
already been studied (/9, 20). Table 3
shows that all the transition elements were
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in di- or trivalent states. The sequence of
the oxidation states appears to be related to
the bonding strength between metal and ox-
ygen, which is roughly estimated as the
standard heat of formation of oxides,
AH?MO),). The heat of MO, formation de-
creases with increasing the number of 3d
electrons. In the metal cations of interest,
only divalent, trivalent, or mixed valence
states are considered to be possible. Figure
7 shows the relation between the average
oxidation state of M and (AH{(MO,s) —
AH{MO)). In this case, AH(CoO; s) is cal-
culated from the Born—-Haber cycle by as-
suming that the lattice energy of Co0,0; is
equal to that of Fe,0s. It is apparent that Co
and Ni with low (AH§(MO, s) — AH}MO))
prefer the divalent state, but Fe and Cr with
high (AH}MO,5) — AHZMOQ)) prefer the
trivalent state in the hexaaluminate. Man-
ganese ions are in the intermediate state be-
tween 2.0 and 3.0 as shown in Table 2. The
trivalent Mn ions were also observed in sin-
gle-crystal La-hexaaluminate by ESR and
absorption spectra when the sample was re-
duced with H, and subsequently annealed
in air (19). This result is consistent with the
quantitative analysis of the present study.
The catalytic activities of BaMAl;;Oyo_,
were reflected by their TPD profiles (Fig.
2). Oxygen species, which were desorbed
from the Mn- and Fe-substituted samples
above 500°C, appear to be active for meth-
ane combustion. The oxygen desorption ac-
companies the reduction of transition ele-
ments, M, in the hexaaluminate lattice
because no desorption peaks appeared
without metal substitution. The oxygen de-
sorption from BaMAl;05_, (M = Mn, Fe)
corresponds to the partial reduction of M3+
to M2*. Since reduced Mn or Fe species
(divalent state) are reoxidized easily in O,
flow, an exothermic peak was observed
when the catalyst was heated in air after
TPD measurement. As for systems of M =
Cr, Co, and Ni, amounts of oxygen desorp-
tion were as small as that from unsubsti-
tuted barium hexaaluminate. This result in-
dicates that the oxidation states of these
ions (Cr3t, Co?*, and Ni?") are too stable in
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FiG. 8. Relation between the catalytic activity of
BaMAI,;,O_, and (AH}MO, ;) — AHYMO)).

the hexaaluminate lattice to contribute to
the redox cycle.

A sequence of catalytic activity (7gs) of
BaMAIl,,0, (Table 1) is apparently differ-
ent from that of the single oxide of M. A
correlation between catalytic oxidation ac-
tivity of single metal oxides and the heats of
formation of the oxides has been proposed
by several researchers (2/-24). Here, we
assume that the catalytic oxidation of meth-
ane proceeds via the following reduction/
oxidation cycle of M between di- and triva-
lent in the hexaaluminate lattice:

MO + 30, — MO s
MO, s + $#CH; — MO + {CO, + iH,0

The reversibility of the reduction/oxidation
cycle between MO and MO, 5 can be esti-
mated by (AHf(MO;s) — AH{MO)). The
catalytic activity (7o) of BaMAI, O, is
plotted against this parameter in Fig. 8. It is
apparent that the activity is well summa-
rized by a volcano-like relation with
(AHMO, 5) — AH}(MO)). The relation in-
dicates that the reduction of MO, 5 into MO
is the slowest step in methane oxidation
over the catalysts located on the right arm.
Thus, catalytic activity decreases with the
increasing stability of MO, s states. In con-
trast, the oxidation of MO into MO, is
rather difficult and the catalytic activity de-
creases with the increasing stability of MO
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states in the left arm of Fig. 8. Based on this
volcano-like relation, manganese ions play
a key role in the reduction/oxidation cycle
with the lowest energy, and this will proba-
bly be very effective in methane oxidation.

Structural Modification of the
Mn-Substituted System

In order to enhance catalytic perfor-
mance, we have examined the dependence
of Mn-content on surface area and on cata-
lytic activity. A variety of transition ele-
ments are easily incorporated into hexa-
aluminate as has been reported by Laville
and Lejus (25), but the solubility limits have
not been studied so far. The Al sites in bar-
ium hexaaluminate cannot be replaced
completely by Mn (Fig. 3). The BaMn,
Al- O sample consists of single hexa-
aluminate at x < 3.0 and of a mixture of
hexaaluminate and a BaAl,O4like phase at
x > 3.0 after calcination at 1300°C. The sur-
face area of BaMn, Al Oy, strongly de-
pends on the crystalline phase. With in-
creasing Mn content, the surface area
decreased gradually at x < 2.0, but the pre-
cipitation of the second phase significantly
lowered the surface area. The crystallite
sizes of the two phases obtained by X-ray
line broadening analysis of BaMn,
Al;; ,O9_, were 10-50 nm for the hexa-
aluminate and 100 nm for the BaAl,O,-like
phase (Fig. 9). Although the hexaaluminate
structure is effective in retaining a large
surface area, BaAl,O, does not contribute
to this effect (9). Thus, cation substitution
in barium hexaaluminate does not lead to
any serious reduction of surface area when
the single phase of hexaaluminate is re-
tained.

The combustion activity of the BaMn,
Alj;_Op_, system also depends on the
composition as shown in Fig. 5. At x < 3.0,
the catalytic activity increased with Mn
content because of the increase in popula-
tion of the active sites, which contribute to
the reduction/oxidation reaction. However,
the catalytic activity is appreciably lowered
by the decrease in surface area at x > 3.0
where the second phase with large crystal-
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Fic. 9. Average crystallite sizes of BaMn,Al;;-,
015, obtained from the line broadening analysis of X-
ray diffraction. (@) BaAl,;O¢-like phase; (O) BaAl,Oy-
like phase.

lite size appeared. Since the relative activ-
ity per unit surface area is rather low in Mn-
substituted hexaaluminate, as was revealed
in Table 2, Mn content, x, should be low
enough to retain a large surface area.

CONCLUSION

The present study revealed that the cat-
ion-substituted hexaaluminates possess the
potential heat resistance of a high-tempera-
ture combustion catalyst. The large surface
area after calcination at 1300°C is caused by
the suppression of crystal growth along the
¢ axis as was shown by electron micros-
copy. The Mn-substituted hexaaluminate
provides the best catalytic activity for
methane combustion only when the single
phase of hexaaluminate is retained. The
catalytic activity of cation-substituted
hexaaluminates seems to be related to the
reduction/oxidation behavior of transition
elements in the crystal lattice. The reduc-
tion/oxidation cycle of manganese, which is
reversible between di- and trivalent states
in the hexaaluminate lattice, leads to high
catalytic activity for methane combustion.
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