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metals have b-Al2O3 or magnetoplumbite-type crystal
Mn-substituted hexaaluminate compounds have been investi- structure as shown in Fig. 1 (6–8). This structure consists

gated as catalysts for high temperature combustion above of alternate stacking of a spinel block with close packed
10008C. In this study, changes of crystalline phase and catalytic oxide ions and a mirror plane with the large cation along
properties of Sr12xLnxMnAl11O192a (Ln 5 Pr, Nd, Sm, Gd) were the c axis. b-Al2O3 and magnetoplumbite-type structures
investigated. Two kinds of hexaaluminate phases existed as have different atomic arrangements in the mirror plane
equilibrium phases in the unsubstituted sample, the Ln ions

from each other. Depending on an ionic radius and/or awere preferentially soluble in one of these phases. Accompanied
valence of the mirror plane cation (9), a hexaaluminatewith the dissolution, unequilibrium LnAlO3 phase was some-
compound possesses one of these structural types. In thetimes formed for high x samples. The amount of this phase
previous studies, it has been revealed that oxygen diffusiondecreases with an increase in temperature and/or ionic radius

of Ln. The surface area of the samples generally decreased along the 'c direction is faster in a hexaaluminate crystal
with increasing extent of Ln substitution. Catalytic activity for than that along the Ic direction. Therefore, mirror planes
methane combustion at low conversion level was improved by are expected as a preferential diffusion route of oxide ion
the substitution.  1996 Academic Press, Inc. (10, 11). The crystal growth along the Ic direction should

be, therefore, suppressed to crystallize in thin plate-like
morphology. Due to this anisotropic crystal shape and mass

INTRODUCTION
diffusion, a large surface area can be maintained at high
temperatures.A great number of combustors have produced vast

Partial cation substitution by some transition metals (Co,amounts of energy for industry and living uses by flame
Ni, Cr, Fe, and Mn) for the Al site in the hexaaluminatecombustion of hydrocarbon fuel. As the temperature of
lattice provides high catalytic activity for the oxidation offlame combustion is raised in order to attain high efficiency,
hydrocarbon. The partial substitution of Mn leads to thenitrogen oxide emission becomes significant enough to
highest catalytic activity (12). The catalytic activity, whichcause atmospheric pollution, especially acid rain. In order
is brought about by the redox cycle of Mn, can be furtherto suppress the nitrogen oxide emission from combustors,
improved by partial substitution for the mirror plane cationthe catalytic combustion method has attracted special in-
by the cation with approximately equal ionic radius toterest recently (1–4). Catalytic combustion can be classified
that of host cation (13). Mn and La ions in the strontiumfrom the operation temperature into low, middle, and high
hexaaluminate lattice occupy the Al and Sr sites, respec-temperature types. Among them, the information on high
tively, as expressed by Sr0.8La0.2MnAl11O192a , which is at-temperature catalytic combustion above 10008C is insuffi-
tractive as a high temperature combustion catalyst with itscient because of a lack of catalyst materials in use at such
high catalytic activity and surface area at high tempera-temperatures.
tures. In the present study, crystalline phase, surface area,It was found previously that BaO ? 6Al2O3 prepared by

alkoxides hydrolysis can maintain a surface area of about and catalytic activity for methane combustion of
10 m2g21, which is higher than Al2O3 , even at 16008C. The Sr12xLnxMnAl11O192a (Ln 5 Ce, Pr, Nd, Sm, and Gd) were
high thermal resistance of this compound is quite useful investigated in order to improve thermal resistance and
for high temperature catalyst supports (5). Hexaaluminate catalytic activity. Particularly, changes of the crystalline
compounds containing alkali, alkaline earth, or rare earth phase of Pr-substituted sample by cation substitution was

observed in detail as a function of calcination temperature
and composition.1 To whom correspondence should be addressed.
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B in the analyzed volume, respectively, and kAB is a propor-
tionality factor. Values of kAB used for calculation were
kSrAl 5 3.0502, kPrAl 5 2.6779, kMnAl 5 1.2882. The spec-
trum lines of SrKa (13.84–14.30 keV), PrLa (4.84–5.18
keV), MnKa (5.74–6.00 keV), and AlKa (1.38–1.58 keV)
were used for calculation. The correction for overlapping
peaks and a background was performed by fitting the ob-
tained spectra using standard spectra measured respec-
tively for SrCO3 , Pr6O11 , metallic Mn, and Al.

Measurements of Catalytic Properties

The surface areas of calcined powders were determined
by the BET method using nitrogen adsorption at 77 K.

FIG. 1. Crystal structure of magnetoplumbite and b-alumina. Catalytic activities were measured in a conventional flow
system under atmospheric pressure. Catalysts were fixed
in a quartz reactor by packing alumina beads at both ends
of the catalysts bed. A gaseous mixture of methane (1EXPERIMENTAL
vol%) and air (99 vol%) was fed to the catalyst bed at a

Sample Preparation flow rate of 48,000 cm3hr21 (space velocity 5 48,000 hr21).
The methane conversion in the effluent gas was analyzedManganese-substituted hexaaluminates Sr12xLnxMn
by on-line gas chromatography.Al11O192a (Ln 5 Ce, Pr, Nd, Sm, Gd; x 5 0, 0.2, 0.4,

0.6, 1.0) were prepared by hydrolysis of composite metal
RESULTS AND DISCUSSIONalkoxides. Calculated amounts of Sr metal (98%, Kishida

Reagents Chemicals) and Al(OC3H7)3 (99%, Kishida Re-
Crystalline Phase of Samples Calcined at 12008C

agents Chemicals) were stirred in 2-propanol (99.5%, Kis-
In our previous studies, Mn-substituted hexaaluminatehida Reagents Chemicals) until dissolution was completed

samples with various mirror plane cations, A0.8A90.2MnAl11and kept at about 808C for 3 hr in a dry N2 atmosphere.
O192a (A 5 Ba, Sr; A9 5 K, Ca, Sr, La), prepared byAfter a mixed aqueous solution of manganese nitrate and
hydrolysis of metal alkoxides were investigated as the cata-lanthanum nitrate was dropped to the alcoholic solution
lysts for combustion of methane after calcination at 13008Cwith the molar ratio of water/metal alkoxyl group 5 1, the
for 5 hr (13). The catalytic activities were markedly im-resulting precipitate thus formed with gelation was aged
proved in the low-conversion region when the combinationfor several hours and evaporated to dryness. Then the
of A and A9 is Ba and K or Sr and La. In both cases, thepowder was thermally decomposed at 5008C and subse-
ionic radii of A and A9 are very close but the valences arequently calcined in air.
different. The ratio of ionic radii, Ri.r. defined as follows

Measurements of Crystalline Phase was 0.93 or 0.96, respectively, for Ba–K and Sr–La couples.

The thermally decomposed precursor of Sr12xPrxMn
Ri.r. 5 ionic radius of A9/ionic radius of AAl11O192a (x 5 0, 0.2, and 0.4) was calcined for 5 hr at

1200, 1400, and 16008C in air. The crystal structures of
calcined samples were determined by X-ray diffraction Ba0.8K0.2MnAl11O192a and Sr0.8La0.2MnAl11O192a can be

generally obtained as single phases of BaAl12O19-type b-(Rigaku, RINT1400) with CuKa radiation. The sample
calcined at 14008C was observed by a JEM 2000FX trans- Al2O3 structure and a single phase of SrAl12O19-type mag-

netoplumbite-type structure, respectively. In this study, Srmission electron microscope (TEM) operated at 200 kV.
The energy-dispersive X-ray (EDX) spectra were recorded and Ln (Ce, Pr, Nd, Sm, or Gd) with close ionic radius to

Sr, were respectively chosen as A and A9 cations.for several hexaaluminate crystallites by using Tracor
Northern TN2000 installed on the microscope. The concen- Table 1 shows the crystalline phase of Sr12xLnxMn

Al11O192a (x 5 0, 0.4, and 1.0) determined by X-ray diffrac-tration ratio of components was calculated by using the
equation from the spectra (14), tion. In XRD pattern of unsubstituted sample (x 5 0),

strong peaks assigned to SrAl12O19 , and weak peaks as-
signed to SrAl4O7 appeared. Most of diffraction peaksCA/CB 5 kABIA/IB,
assigned to SrAl12O19 were observed as doublets.

In the case of Ce-substituted sample (Ln 5 Ce), thewhere CA and CB are the concentration (wt%), IA and IB

are the characteristic X-ray intensities of element A and CeO2 phase existed as an impurity in addition to the
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TABLE 1
Surface Area and Crystalline Phase of Sr–Hexaaluminates Substituted

by Lanthanide Cation in the Mirror Plane Calcined at 12008C

Surface area
Sample Ri.r.

a (m2g21) Crystalline phaseb Ip/Ih
c

SrMnAl11O192a — 20.8 SA6(2phase) 1 SA —
Sr0.6Ce0.4MnAl11O192a 0.93 10.7 SA6 1 CeO2 —
Sr0.6Pr0.4MnAl11O192a 0.91 14.9 SA6 1 P 11
Sr0.6Nd0.4MnAl11O192a 0.91 18.6 SA6 1 P 21
Sr0.6Sm0.4MnAl11O192a 0.89 15.3 SA6 1 P 25
Sr0.6Gd0.4MnAl11O192a 0.87 16.8 SA6 1 P 22
PrMnAl11O192a — 12.5 SA6 1 P 1 a 18
NdMnAl11O192a — 11.1 SA6 1 P 1 a 32
SmMnAl11O192a — 6.3 SA6 1 P 1 a 48
GdMnAl11O192a — 6.6 P 1 a —

a Ratio of ionic radii between Sr and Ln in Sr0.6Ln0.4MnAl11O192a .
b SA6 5 SrAl12O192a , SA 5 SrAl4O7 , P 5 perovskite-type LnAlO3 , a 5 a-Al2O3 .
c Intensity ratio of LnAlO3 (100)/hexaaluminate (110).

SrAl12O19 phase. The intensity of the CeO2 phase increased preparation of the present samples is effective in achieving
homogeneous dispersion of each element at the atomicwith an increase in substitution (x 5 0.1–0.4). Ionic radius

of Ce31 is 1.18 A8 and Ri.r. is 0.93. It is reported by Iyi et level. Even though the sample was prepared by hydrolysis
of metal alkoxides, the unequilibrium perovskite phaseal. (9) that the only mono-, di-, and trivalent ions with

ionic radii above 1.10 A8 can be accommodated in the coexisted with the hexaaluminate phase, as shown in Table
1. The formation of the cation-substituted hexaaluminatemirror plane of the hexaaluminate compounds. Although

this value implies high solubility of Ce in the lattice, Ce was simultaneously accompanies the formation of the perov-
skite phases. Although lanthanide cations with ionic radiialmost insoluble in the hexaaluminate lattice, supposedly

because of tetravalent Ce ions. This result agreed with the close to that of the host cation (Sr) were selected as the
substituent, partial substitution of ions with smaller Ri.r.experimental data reported by Yamashita et al. (15). The

Ce-substituted sample was, therefore, excluded from the resulted in larger content of the impurity phase.
following discussion.

Crystalline Phases of Samples CalcinedOther lanthanide cations were soluble in the hexaalumi-
at Various Temperaturesnate lattice, and their X-ray diffraction patterns were simi-

lar to each other. As for the sample at x 5 0.4, the hexa- The crystalline phases and their ratio strongly depended
aluminate phase and LnAlO3 perovskite phase coexisted. on x. The unequilibrium perovskite phase became abun-
As the amount of substitution increased from x 5 0.4 to dant as Ri.r. value became small. Detailed observation was
x 5 0.6, the diffraction peaks of the perovskite phase were made for the drastic change of the relative amount of two
intensified and a weak a-Al2O3 line was also observed. kinds of hexaaluminate phases at x 5 0–0.4. Since the
When Pr, Nd, and Sm were wholly substituted (x 5 1.0), phases formed by substitution were almost similar irrespec-
a Ln–hexaaluminate phase was formed. In contrast, the tive of the kind of Ln, Pr was selected as a substituent and
Gd–hexaaluminate lines were so weak that they were hid- is expected to be the most soluble because of its close ionic
den in the background in the Gd-substituted sample at radius to Sr.
x 5 1.0. The main crystalline phases in this sample were XRD patterns of Sr12xPrxMnAl11O192a (x 5 0–1.0) cal-
perovskite-type GdAlO3 and a-Al2O3 . Here we defined a cined at 1200, 1400, and 16008C are shown in Figs. 2, 3,
relative peak intensity, Ip/Ih , of impurity LnAlO3 phase and 4, respectively. The unsubstituted sample (x 5 0) cal-
to that of hexaaluminate. cined at 12008C consisted of two kinds of hexaaluminate

phases and SrAl4O7 as previously described. The peak
Ip/Ih 5 intensity of LnAlO3 (100)/ intensities of the two hexaaluminate phases were approxi-

mately the same. Hereinafter the phases that appeared atintensity of SrAl12O19 (110)
lower and higher diffraction angles are expressed as phase
A and phase B, respectively.The Ip/Ih value tended to increase with a decrease in Ri.r.

(Table 1). After calcination at 12008C, the relative amount of phase
A decreased in comparison with phase B at x 5 0.2 andGenerally the hydrolysis of metal alkoxides used for the
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FIG. 2. X-ray diffraction patterns of Sr12xPrxMnAl11O192a calcined
FIG. 4. X-ray diffraction patterns of Sr12xPrxMnAl11O192a calcined

at 12008C. h SrAl12O19 (hh doublet), s SrAl4O7 , d PrAlO3 , n a-Al2O3 .
at 16008C. h SrAl12O19 (hh doublet), ¶ characteristic peak of Sr3Al32O51 ,
d PrAlO3 .

PrAlO3 was also observed. Ionic radius of Pr is 1.16 A8 in
the trivalent state. Iyi et al. (9) have reported that Pr is
quite soluble as a mirror plane cation of the magneto-
plumbite-type hexaaluminate. Therefore, it is suggested
that the perovskite type oxide, PrAlO3 , is an unequilibrium
phase which should disappear after prolonged calcination.
The formation of the lanthanide (Y, Nd, Pr, Sm, Gd, or Dy)
perovskite compounds is kinetically easy. With a further
increase in x up to x 5 1.0, the diffraction peak of PrAlO3

was intensified.
In the case of Sr12xPrxMnAl11O192a calcined at 14008C,

PrAlO3 did not exist at x 5 0.2. However, above x 5 0.4,
the unequilibrium PrAlO3 phase was formed, as well as in
the case of calcination at 12008C. The peak intensity of this
perovskite phase increased with an increase in x. Although
phase A and B had almost equal diffraction peak intensity
at x 5 0 after calcination at 12008C, the peak of phase A
was stronger than that of phase B at x 5 0 after calcination
at 14008C. In XRD patterns of Sr12xPrxMnAl11O192a , phase
A was absent at x 5 0.4 after calcination at 12008C, whereas
this phase could be observed at x % 0.4 after calcination
at 14008C. It is expected that phase A is more stable than
phase B at high temperatures.

When Sr12xPrxMnAl11O192a were calcined at 16008C,FIG. 3. X-ray diffraction patterns of Sr12xPrxMnAl11O192a calcined
at 14008C. h SrAl12O19 (hh doublet), s SrAl4O7 , d PrAlO3 , n a-Al2O3 . PrAlO3 was observed only at high Pr concentration (x 5
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FIG. 5. Chemical composition of Sr12xPrxMnAl11O192a crystallite, (a) x 5 0, (b) x 5 0.2, (c) x 5 0.4, d Pr-poor crystallite.

0.6 and 1.0) since high calcination temperature facilitated phase A decreased and phase B increased with increasing
x in agreement with XRD results. The EDX analysis obvi-the dissolution of Pr in the hexaaluminate phases. The

peak of phase A became even more strong than that of ously indicated that the crystallites are classified into two
groups with different Pr contents. The Pr-poor crystallitesphase B at x 5 0 after calcination at 16008C. The coexis-

tence of two hexaaluminate phases was seen only at x % were denoted in the figure by the closed circles. The Sr/
Al ratio decreased obviously only for phase B with increas-0.2. With increasing x, phase B became dominant in the

sample as well as those calcined at lower temperatures. A ing x. This decrease suggests that Pr ions preferentially
substituted in the hexaaluminate crystal with poor Mn con-characteristic peak for x 5 0.2, 0.4, and 0.6 at 2u 5 ca. 308

could be assigned to Sr3Al32O51 with a hexagonal struc- centration. In contrast, the Sr/Al ratio of Mn-rich crystal-
lites was almost unchanged irrespective of x. The increaseture. This compound is not described in the phase dia-

gram of the SrO–Al2O3 system (16). The composition of Mn/Al ratio in phase B with x results from charge
compensation. The excessive charge accompanied with thecan be rewritten as Sr1.125Al12O19.125 . It is expected that

Sr1.125Al12O19.125 is a hexaaluminate phase in which excess substitution of Pr31 for the Sr21 site may be compensated by
introducing divalent Mn at the Al site of the spinel block.cations existed in the mirror plane in comparison with the

spinel block. Most of the peaks of this compound appeared At x 5 0.4 the number of Mn-rich crystallites decreased
and the Mn-poor crystallites tended to possess unique Mn/at the same diffraction angles as those of SrAl12O19 .
Al and Sr/Al ratios as shown in Fig. 5c. The Sr concentra-

Chemical Composition of the Crystallite tion of these crystallites decreased naturally by Pr substitu-
tion. The Mn concentration of these crystallites in Fig. 5cXRD measurements indicated that the substitution of
further increased in comparison with that in Fig. 5b. ThesePr brings about preferential formation of phase B. Consid-
results indicate that the high solubility of Pr into hexaalum-ering the ionic size, the lattice is expected to shrink as Pr
inate requires the increase in concentration of Mn. Theis substituted for Sr. In order to confirm the preferential
Mn concentration in phase B is supposed to be close tosubstitution of Pr into phase B, the chemical composition
the nominal composition of Sr0.6Pr0.4MnAl11O192a .of each crystallite in Sr12xPrxMnAl11O192a (x 5 0, 0.2, and

0.4) calcined at 14008C was analyzed by EDX as shown in
Surface Area of Sr12xLnxMnAl11O192aFigs. 5a–5c. XRD patterns of three samples used in this

analysis are shown in Fig. 3, in which changes in amount At the inlet of a catalytic combustor, the kinetics of the
chemical reaction at the surface of the catalyst is mostof the two kinds of hexaaluminate phases were discernible.

The crystallites at x 5 0 were separated from their com- important in controlling the rate of combustion because
of the low reaction temperature. The reaction rate is en-position into Mn-rich and Mn-poor groups (Fig. 5a). This

result agreed with the previous report (13). The Mn-rich hanced with a rise in temperature so that the overall pro-
cess is limited by the rate of mass transport to the surface.crystallites were larger in number than the others. It is

thought that the Mn-rich and Mn-poor crystallites corre- As the exothermic surface reaction proceeds further, the
catalyst temperature rises to initiate the radical reactionspond to phase A and phase B, respectively, judging from

the ratio of diffraction peak intensity in Fig. 3. at the down stream within the catalyst bed, where the gas-
phase reactions concurrently proceed with the catalyticAs shown in Fig. 5b, the number of the Mn-rich crys-

tallite in the sample at x 5 0.2 was significantly smaller reactions to complete the combustion. In the heavy load
catalytic combustors with a fast gaseous flow at high tem-than in the sample at x 5 0 (Fig. 5a). This indicates that
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TABLE 2
Surface Area of Sr12xLnxMnAl11O192a after

Calcination at 12008C

Surface area (m2 g21)

Ln x 5 0 x 5 0.2 x 5 0.4 x 5 0.6 x 5 1.0

Ce 20.8 13.4 10.7 — —
Pr 20.8 20.6 14.9 17.7 12.5
Nd 20.8 17.8 18.6 16.9 11.1
Sm 20.8 17.7 15.3 13.9 6.3
Gd 20.8 17.6 16.8 13.7 6.6

FIG. 6. Dependence of surface area of Sr12xPrxMnAl11O192a with x
after calcination at 14008C.peratures, e.g., gas turbine and boiler, combination of both

heterogeneous and homogeneous combustion of fuel is
required. The rate of heterogeneous reaction on a catalyst

Catalytic Activities on CH4 Combustionsurface is regulated by mass transport to the catalyst sur-
face in a high-temperature region. The radical which in- The catalytic activities for CH4 combustion over
duces the homogeneous gas phase combustion is generated Sr12xLnxMnAl11O192a (Ln 5 Pr, Nd, Sm, and Gd; x 5 0,
on the catalyst surface. Therefore, the large surface area 0.2, 0.4, 0.6, and 1.0) calcined at 12008C were investigated
of the catalyst is naturally desirable. as summarized in Table 3. The Ce-substituted sample was

The specific surface area of Sr12xLnxMnAl11O192a after excluded because of its small solubility in the hexaalumi-
calcination for 5 hr at 12008C is summarized in Table 2. nate lattice. In this table, T10% and T90% represent the tem-
The specific surface area of every substituted sample was peratures at which methane conversion of 10% and 90%
smaller than that of unsubstituted sample (x 5 0). Among are attained, respectively. For T10% , the reaction rate was
them, the specific surface area of the Ce-substituted sample greatly influenced by the catalytic activity at the surface
was markedly smaller than those of other lanthanide-sub- at the low conversion level. However, the reaction rate at
stituted samples, probably because of the coexisting CeO2 high conversion level (90%) was strongly influenced by the
phase. In the Sm- and Gd-substituted samples, the specific mass transport to the surface of the catalyst. As shown in
surface area decreased with increasing x. In the case of Table 3, T10% values of the partially substituted samples
Pr- and Nd-substituted samples, the specific surface area (x ? 0), except for the sample of Ln 5 Sm at x 5 1.0, was
possessed a maximum or minimum value with x. The XRD lower than that of unsubstituted sample. Although the
intensity of the impurity phase, LnAlO3 , increased mono- catalytic activity was generally improved by Ln substitu-
tonically with an increase in x. These changes in specific tion, no large difference in catalytic activity could be seen
surface area did not result only from the coexisting impu- among samples with different lanthanide cations and with
rity phase, but also from the change of sintering character different x. The sample which attained the highest catalytic
and/or the low crystallization temperature of these activity was Sr0.6Nd0.4MnAl11O192a . The catalytic activity
samples. of this sample was comparable to that of Sr0.8La0.2Mn

Surface Area of Sr12xPrxMnAl11O192a Calcined at 14008C

The specific surface area of Sr12xPrxMnAl11O192a cal- TABLE 3
cined at 14008C for 5 hr was measured by the BET method Catalytic Activity of Sr12xLnxMnAl11O192a

a

for Methane Combustionas a function of x (Fig. 6) to find the relation with the
crystalline phase in Fig. 3. The specific surface area de-

T10% (8C), T90% (8C)b

creased with an increase in x at x % 0.6. It is probable that
this decrease in specific surface area corresponds to the Ln x 5 0 x 5 0.2 x 5 0.4 x 5 0.6 x 5 1.0
decrease in peak intensity of phase A in Fig. 3. In other

Pr 550, 770 520, 770 520, 770 530, 770 520, 810words, Pr-rich phase B has a smaller specific surface area
Nd 550, 770 520, 820 500, 770 520, 780 520, 770than Pr-poor phase A. The specific surface area of the
Sm 550, 770 520, 770 520, 780 510, 780 570, 870sample corresponded well to the aspect ratio (width/thick-
Gd 550, 770 530, 820 540, 780 520, 780 —, —

ness) of the crystallite (13). Therefore, the crystallite of
phase B appears to possess a smaller aspect ratio than a All samples are calcined at 12008C.

b Reaction conditions; CH4 1 vol%, air 99 vol%, S. V. 5 48,000 hr21.phase A.
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Al11O192a , which was previously reported to be an active • Two kinds of hexaaluminates (phase A and B), which
are different in manganese content and unit cell size, coex-catalyst (13). In contrast, T90% values of partially substi-

tuted samples were higher than that of unsubstituted sam- isted in SrMnAl11O192a (x 5 0).
• Lanthanide cations, except for Ce, were preferentiallyple. The decrease in catalytic activity in the high conversion

level appears to correspond to small surface areas of the substituted into phase B with a smaller lattice size than
phase A. This substitution accompanied the increase ofpartially substituted samples. The differences in T90%

among various Ln-substituted samples with different x Mn concentration in the lattice.
• Pr, Nd, and Sm could be soluble even at x 5 1.0 intowere also small.

In our previous report (13), the catalytic activity of the a Sr site in mirror plane in the equilibrium state. However,
partial precipitation of the impurity perovskite phase oc-sample with Ln 5 La correlated well with its surface area.

But clear correlation was unobservable in the present case. curred simultaneously, which was promoted by substitu-
tion of Ln ions with different radius with that of Sr.It is suggested that these results were due to the formation

of the second phase in the substituted samples. La ions • Gd could be soluble into the hexaaluminate lattice at
0 , x # 0.6.are easily dissolved into hexaaluminate lattice almost com-

pletely. In contrast, the essential surface area of hexaalumi- • The hexaaluminate phase was retained after substitut-
ing Pr, Nd, Sm, or Gd for Sr; the catalytic activity fornate could be measured for the Ce-, Pr-, Nd-, Sm-, and Gd-

substituted samples due to the precipitated second phase of methane combustion was improved in the low-temperature
region, which was supposed to be related with both theLnAlO3 or CeO2 .

Iyi et al. have reported that some hexaaluminate com- concentration of the defect structure and the oxidation
state of Mn.pounds contain Frenkel defects in the crystal lattice of

b-alumina and magnetoplumbite structures (9, 17). The
defective unit cell includes an interstitial Al31 in the spinel ACKNOWLEDGMENT
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