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Abstract

Catalytic combustion of methane has been investigated for the application to gas turbines. As the combustion is operated
at high temperatures and high space velocity, heterogeneous reaction and surface-initiated gas phase reaction proceed
concurrently. Thermal resistance to maintain large surface area is, therefore, requested to attain high combustion efficiency
above 1000°C. Hexaaluminate compounds were effective in maintaining large surface area. On the other hand, palladium
catalysts were generally employed for the combustion of methane below 1000°C. The prototype catalyst combustors were
successfully tested with their high combustion efficiency and low NO, emission by using Pd based- and/or hexaaluminate

catalysts.
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1. Introduction

Catalytic combustion of hydrocarbons has
been investigated extensively so far for the reac-
tion temperature below 1000°C. The catalytic
combustion around or above 1000°C has not
been investigated satisfactorily because of the
lack of heat resistant catalysts, however, the
catalyst materials being operated at such high
temperatures has been attracting attention re-
cently for application to natural gas fueled gas
turbines [1,2). The combustion temperature for
gas turbine can be reduced by using an active
catalyst without deteriorating combustion effi-
ciency and also stable combustion becomes pos-
sible even for a fuel lean condition. The most
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attractive advantage of the catalytic combustion
is the reduction of thermal NO, emission as
shown in Fig. 1. For the normal flame combus-
tion, the temperature in the combustion zone
reaches above 1500°C where thermal NO, is
produced by the reaction between N, and O,.
Therefore, the selective catalytic reduction
(SCR) catalyst is placed at the outlet of the
exhaust gas. The catalytic combustion, however,
significantly reduces the operation temperature;
thus, thermal NO, is scarcely produced. The
combustion becomes more stable as compared
to the flame combustion even in the lean burn
condition, therefore, high efficiency can be at-
tained. From these characteristics, the catalytic
combustion at high temperatures has been at-
tracting great interests as well as that at low and
medium temperatures. In this paper, recent de-
velopments in high temperature catalytic com-
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Fig. 1. Schematic profiles of temperature and NO, emission in a
combustor.

bustion are summarized, especially focusing on
the research of catalyst materials.

2. Reaction characteristics of catalytic com-
bustion

We have been developing hexaaluminate-re-
lated compounds for application to high temper-
ature combustion [3-5]. For the combustion
catalysts operated at a high space velocity, a
large catalyst surface is a desired factor to attain
high conversion at a short contact time. Espe-
cially at high temperatures, the number of active
site and, hence, the large active surface area is
important, since, the activity of each catalytic
site is already enhanced. However, for the com-
bustor with extremely high feed rate, compli-
cated combustion process should be taken into
account since the effect of mass diffusion ap-
pears seriously. It is generally known that the
activity of catalytic combustion follows the tem-
perature dependence shown in Fig. 2. In the low
temperature region, the surface reaction over a
catalyst enhances the conversion exponentially
with a rise in temperature. In the medium tem-
perature region, however, the increase in cat-
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Fig. 2. Temperature dependence of overall reaction rate in cat-
alytic combustion.

alytic activity is suppressed, since, the mass
diffusion of the reactant to the active surface
becomes rate limiting. At high temperatures, the
conversion rises up very sharply and the gas
phase radical combustion proceeds concurrently
with the surface reaction. The sharp rise in
conversion is characteristic for the gas phase
reaction.

The temperature dependence of catalytic
combustion is strongly affected by the space
velocity of the reaction, since, the reaction is
operated with a very high flow rate. The com-
bustion curve like Fig. 2 could be reproduced
experimentally by diluting an active catalyst
with inactive alumina beads (Fig. 3).
Sryslay,MnAl;0,_, (SLMA) was used as
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Fig. 3. Catalytic combustion of methane over SLMA and a-Al,0;
mixtures. Reaction condition; CH,, 1 vol-%; air, 99 vol.-%;
SV=48000h"".
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the catalyst with high thermal stability. The
catalytic properties of this sample will be ex-
plained later. In this experiment, the volume of
the catalyst bed and gas flow rate were fixed,
but the volume fractions of SLMA and alumina
were subject to change. In the case of high
content of SLMA (80 vol.-%), the combustion
initiated from low temperature (< 500°C); then,
the activity monotonously increased with a rise
in temperature. The increase in activity became
gradual only in the high conversion region above
80%, corresponding to the mass diffusion con-
trolled region. As the fraction of SLMA de-
creased, the conversion was generally lowered
in low and medium temperature regions. In the
case of 12 vol.-% SLMA, the slope of the
activity curve becomes very gradual in the con-
version range between 40% and 60%, in which
the mass diffusion to the catalyst began to con-
trol the rate of the reaction. Then, the activity
again increased very steeply at higher tempera-
tures. This means that surface-initiated gas phase
reaction started. It is noted that the temperature
for the 100% conversion was high for reaction
with a high catalyst content (35-80 vol.-%)
than that with a high dilution rate (0—6 vol.-%).

These results indicate that the high activity
and high surface area are requested for the
catalyst to initiate and stabilize combustion. But
the sole catalytic process is insufficient; i.e., the
combination of the catalytic and gas phase com-
bustion is effective in attaining high combustion
efficiency and stable combustion, since the ac-
tivity curve rose up quite steeply for the gas
phase homogeneous reaction. Since the dilution
of the active catalyst is regarded as operation at
high space velocity, the surface catalytic reac-
tion and concomitant surface-initiated gas phase
reaction is operative in the practical case at
space velocity of 500000 h~! or higher. How-
ever, for the material research on catalytic activ-
ity and thermal stability such a severe reaction
condition is difficult to achieve in the small
scale reactor. The basic properties of catalyst
materials are, therefore, obtained at SV = 48 000
h™! in the present study.

3. Catalyst materials for high temperature
combustion

3.1. Activity and thermal stability of mixed ox-
ide catalysts

As mentioned above, the mass diffusion pro-
cess to the catalyst surface significantly influ-
ences the rate of combustion. A large active
surface area per volume of catalyst is, therefore,
naturally requested to treat a vast amount of
fuel. Table 1 summarizes the surface area of
several heat resistant oxides to look for the
candidate for a catalyst support. It is noted that
the system BaO-Al,O, attained the largest sur-
face area after heating at 1450°C.

Metal dispersed catalysts have been known to
be active in the low and middle temperature
regions. When a metal-supported oxide with a
large surface area is used as a catalyst at high
temperatures above 1000°C, the catalyst under-
goes sintering and /or evaporation of the metal-
lic component. From these reasons, a catalyst
material for the high temperature application
preferably consists of an equilibrium phase with
a uniform composition. The active component is
doped directly in the lattice of the structural
material which retains large surface area even at
high temperatures.

We have developed the hexaaluminate-based
compounds as catalysts for high temperature

Table 1

Surface areas of mixed oxides after calcination at 1450°C
Support Surface area /m? g~
AlL,O, 14

(Ba0)y, (A1,05)y4 45

(Mg0), (A1,05),5 1.2
(Zr0,)0,(A1,04)g 1.0

Zro, 0.8

(MgO)O I(ZI'OZ )049 03

(Ca0), (2r0,)y 6 09

(A1,04), (Z10,)q 5 0.5

MgO 9.6

(A1;05),,(Mg0), 1.0

(810, )y, (Mg0) o 1.3

(Cr,0,), (Mg0)g o 1.5
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combustion based on the above consideration.
The composition dependence of surface area of
the system Ba—Al oxide is shown in Fig. 4.
Powders of y-Al,O, and BaCO; were mixed
with a predetermined ratio and subsequently
heated at 1450°C. The X-ray diffraction pattern
indicated that all the samples after heating at
1450°C consisted of the equilibrium phase, i.e.,
single phase of a-alumina, BaO-6Al,0,, and
BaO-Al,0, for x=0, 0.14 and 0.5, respec-
tively, and the mixture of them between these
compositions. The surface area was maximum
at x = 0.14, at which the single phase of barium
hexaaluminate, BaO-6Al,0,, is the equilib-
rium. It is surprising that the melting point of
Al, O, is significantly higher then that of BaO-
6A1,0,, but the surface area was smaller for
AlLO,.

The surface area of alumina significantly de-
creased with increasing calcination temperature
as shown in Fig. 5. The decrease is related with
the phase change from - into a-alumina. The
surface area of BaO—6Al,0, was larger than
Al,O;, but was much influenced with the
preparation procedure of the powder. The sur-
face area of BaO—-6Al,0; was large when this
material was prepared from alkoxides hydroly-
sis. The difference in surface area between two
preparation routes is due to the mixing of Ba
and Al components in the precursor state. For
the sample obtained by powder calcination, an
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Fig. 4. Surface areas of (BaO),(Al,0,),_, system calcined at
1450°C.
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Fig. 5. Temperature dependence of surface areas of
(Bao)o,m(Aleg)o'gﬁ and A1203.

intermediate Ba—Al,O, phase appeared. During
the course of the intermediate phase formation,
the surface area was reduced significantly by
grain growth before the hexaaluminate forma-
tion was completed. Therefore, mixing at the
atomic level is requested in the precursor state
by employing alkoxides-hydrolysis process.

3.2. Analysis of sintering behavior of hexaalu-
minate

A series of hexaaluminate compounds crys-
tallize in B-alumina or magnetoplumbite struc-
ture. Both of these structures consist of alterna-
tive stacking of a spinel block and a mirror
plane along the ¢ direction. A closed packing
layer of oxygen is located in the spinel block,
however the packing in the mirror plane and
along the ¢ direction is relatively loose. These
two crystal structures, being different in the
coordination of mirror plane, are regarded as
hexagonal layered structures. The anisotropic
nature of this crystal strongly affects the kinet-
ics of crystal growth and diffusion, as explained
below.

The electron microscopic analysis revealed
that the hexaaluminate powder prepared by hy-
drolysis of the alkoxides crystallized in platelike
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Fig. 6. TEM photograph of SrygzLay,MnAl;0,4_, calcined at
1300°C.

microcrystals. The size of the powder is 30 nm
in thickness and 200 nm in diameter. The plate-
like crystals were also observed for the sample
derived from powder mixture; however the sam-
ple contains granular-shaped and amorphous
crystals. The granular and amorphous crystals
observed in the calcined powder mixture are the
unreacted particle or intermediate phases. The
composition among the micro-crystal is not uni-
form in the sample from the powder mixture.
The high resolution image was obtained for the
crystal from the alkoxides process (Fig. 6). The
layered structure was obvious from the high
resolution image observed from the parallel di-
rection to the basal plane of the microcrystal.
The high resolution image from the basal plane
indicated the hexagonal structure of this crystal.
The crystals was grown to the kinetically favor-
able direction which is normal to (001), but the
growth along this direction is thermodynami-
cally unfavorable since deviation of aspect ratio
from unity results in the large surface energy.
High thermal resistance of this series of com-
pounds appears to be strongly related with this
anisotropic bulk diffusion [6]. The mass transfer
rate along the ¢ direction is very slow as men-
tioned, but the crystal growth to the a or b
direction is also unfavorable because it accom-
panies the increase in surface energy. The stable
high surface area, therefore, is common prop-
erty for the series of hexaaluminate which crys-

tallizes in magnetoplumbite and B-alumina
structures. The surface area after heating at
elevated temperatures is dependent on the kind
of A site cations and their substitution in these
structures. The highest sintering resistance at
elevated temperatures could be attained by
SrygLlay,Al,0,9,- Mn-substituted Sr-La
hexaaluminate is, therefore, used for the practi-
cal application to high temperature combustion.

4. The active component for combustion re-
action

For low and medium temperature combus-
tion, precious metal and transition metal per-
ovskite-type oxides were known as active
species. The activities of oxidation reaction for
single oxide catalysts have been reported to
follow the volcano-shaped pattern versus the
heat of oxide formation. The activity is maxi-
mum for a precious metal catalyst generally, but
decreases with either increasing or decreasing
heat of oxide formation, —AHfo. the metals
with low heat of formation are inactive for
adsorption of oxygen. As for the metals with
high heat for oxide formation, bonding between
metal and oxygen is too strong to be used for
the combustion reaction. The activity of high
temperature combustion also appears to obey
this relationship, but the summit of volcano is
expected to shift to high —AH? side as com-
pared with the low temperature reaction since
the bonding between metal and oxygen is weak-
ened with a rise in temperature.

For the hexaaluminate compounds with Ba or
Sr, Mn is revealed to be most active for the
combustion reaction. The Mn ions are substi-
tuted for the Al sites in the hexaaluminate lat-
tice. Fig. 7 shows the volcano for the cation
substituted Ba-hexaaluminate, BaMAl,,0,,_,
for combustion of methane which is plotted vs.
the enthalpy for formation of single oxide MO,
from MO. The Mn-substituted hexaaluminate is
located at the summit. The metals in the left
foot region favor the divalent state in the hexaa-
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Fig. 7. Correlation of the catalytic activity with AH(MO, ;)~
AHP(MO) in CH, oxidation. (a) Temperature at which conver-
sion level is 10%. Reaction condition; CH,4, 1 vol.-%; air, 99
vol.-%; SV, 48000 h™'.

luminate lattice, whereas those in right foot
region are in trivalent state. Only in the case of
Mn and Fe, the cations are in mixed valence
state of 3 + and 2 + [4].

5. Activity of Pd catalyst for methane com-
bustion

Palladium catalysts have been most popularly
employed as combustion catalysts of natural
gas. As for the catalytic combustor for gas
turbines, they are used for the initiator of hybrid
combustion or the front zone catalyst of the
series arranged honeycombs, since their quite
low light off temperature is very attractive. The
catalytic activity of cation-doped hexaaluminate
was not so high as Pd catalyst or some per-
ovskite-type oxides. But the thermal stability is
superior for hexaaluminate to the Pd or per-
ovskite-based catalysts. Pd/cordierite is the
popular combustion catalyst due to its very high
thermal shock resistance resulting from the low
thermal expansion of the support material.
However, the thermal stabilities are not high
enough due to its low melting point.

We have investigated Pd-supported hexaalu-

minate and alumina based catalysts for methane
combustion [7]. The surface area of hexaaliumi-
nate is generally smaller in exchange for the
better thermal stability than the alumina cata-
lyst, so the ignition temperature for Pd/ hexaa-
luminate was higher than Pd/Al,O, due to
poor dispersion of palladium. However, modifi-
cation of catalytic activity is possible by select-
ing the component cations in the mixed oxide
support. The temperature dependence of
Pd/SLA (SLA: Sr,gla,,Al,,0,9,) and
Pd/SLMA are shown in Fig. 8. The oxidation
of methane started from ca. 300°C. The activity
of Pd/SLA rose up sharply below 700°C, how-
ever at 700°C the slope of the activity curve
turned to negative. The activity decrease was
revealed to be related with the oxidation state of
Pd. The oxidized state of Pd, i.e., PdO, is more
active than the metallic state of Pd. Although
the activity abruptly drops with the phase transi-
tion from PdO to Pd, the activity of metallic Pd
also increased at higher temperatures. To apply
Pd to the combustion catalyst such unstable
behavior has to be taken into account depending
on the reaction condition. In the case of Pd
supported on SLMA, however the activity in-
creased smoothly and monotonously with in-
creasing temperature. The activity at low tem-
peratures should be determined by Pd, whereas
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Fig. 8. Catalytic combustion of methane over Pd/SLA and
Pd/SLMA. O Pd/SLA calcined at 1000°C; a Pd/SLA calcined
at 1200°C; @ Pd/SLMA calcined at 1000°C; a Pd/SLMA
calcined at 1200°C; Reaction condition; CH,, 1 vol.-%; air, 99
vol.-%; SV; 48000 h™'.
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Table 2
Surface areas and catalytic activity over Pd (1.1 wt.-%)/Al,0;-
MO calcined at 800°C

M Surface area /m? g~

! Catalytic activity *

TI0O T30 T70 T90

- 1393 340 370 420 500
Co 30.0 340 390 500 700
Cr 334 420 500 580 680
Cu 20.6 470 530 600 680
Fe 133 460 540 740 900
Mn 16.3 430 520 630 750
Ni 63.9 310 370 440 510

* Temperature at which conversion level is 10%, 30%, 70% and
90%, respectively. Reaction condition; CH,, | vol.-%; air, 99
vol.-%; SV, 48000 h™".

that at high temperatures is governed by the
hexaaluminate support. This behavior of Pd and
Mn-substituted hexaaluminate implies that base
metal oxides are more efficient at high tempera-
tures as compared with precious metal catalysts.

Another important aspect of the Pd for com-
bustion catalyst is to maintain high dispersion of
metal oxide on the support. The activity of PdO
quite depends on the surface area of metal. The
kind of support strongly affects the oxidation
activity of the Pd catalyst through the dispersion
of Pd. The additive effect of transition metal
oxide to alumina support is summarized in Table
2. The addition of the transition metal oxides
always led to a decrease in surface area, there-
fore the catalytic activity is lowered with this
addition in most cases. Addition of Ni to alu-
mina also accompanies the decrease in surface
area, but the activity was almost the same as the
case of Pd/Al,O,. It has been revealed from
the X-ray line broadening analysis that the dis-
persion of Pd is quite high on NiO-Al,O,
support.

6. Application of catalytic combustion to gas
turbine

Recently, some groups are reported on the
application of catalytic combustion to gas tur-
bines [8,9]. These studies accelerate the research

for practical application to clean and efficient
combustors. Most of the catalytic combustors
for gas turbine adopt hybrid combustion of het-
erogeneous catalytic reaction and homogeneous
gas phase reaction. The relative contribution of
two processes is different depending on the
researchers. The catalytic reaction is used for
the ignition and stabilization of combustion and,
to attain high combustion efficiency, the rapid
increase in conversion for homogeneous reac-
tion is desirable. One typical construction of
catalytic combustor is shown in Fig. 9 [8]. The
catalyst is used to heat up the gaseous mixture
and pre-mixed unburned fuel and combustion
gas was then reacted by homogeneous reaction.
This design limits the maximum temperature of
the catalyst zone and therefore the catalyst deac-
tivation by high temperature is minimized. High
combustion efficiency and low emission of NO,
was attained.

The hexaaluminate so far mentioned was em-
ployed for the test apparatus for 160 kW proto-
type combustor gas turbine by cooperative work
of Kobe Steel, Osaka Gas, and Catal. Chem.
Inc., Far East (Fig. 10) [9]. The combustor
consisted of 7 series arranged catalyst honey-
combs with different activities and thermal sta-
bilities depending on the temperature and con-
version level at each location. Precious metals
carrying cordierite honeycombs were set in the
front zone. The temperature in this zone A—C is
below 800°C in the operation condition but the

F2 F3 [secondary fuel]
l} Compressed Air

Catalyst B\‘,’!,’Eﬁ’
To —>
Turbine

Gas Phase
Combustion Zone

Fig. 9. Schematic illustration of hybrid catalytic combustor [8].
Z1, pre-heating zone; Z2, mixing zone; Z3, honeycomb catalyst;
Z4, gas phase combustion zone; A1-A4, air inlet; F1-F3, fuel
inlet.
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Cell Honeycomb
number lengthimm)

Catalyst

A Pd/AlzQ3/Cordierite  200/in2 20
B,C,D,E SrosLao2MnAli1iO19 300in? 20x4
FG SroeLao2MnAliOte  300in®  20x2

Fig. 10. Schematic illustration of catalytic combustor using hexaa-
luminate catalysts [9].

high activity is necessary to initiate the combus-
tion. The middle and back zone catalysts were
hexaaluminate honeycombs. The series arranged
structure was employed to avoid the crack of
honeycomb due to the longitudinal temperature
gradient. It was also proposed for relieving the
radial thermal stress that each columnar honey-
combs were cut into segmented sectors. The
reaction temperature rises up from the inlet to
outlet monotonously. In the down stream re-
gion, high thermal stability becomes the more
important property rather than catalytic activity.
The honeycombs heated at different calcination
temperature were used to achieve this purpose.

The final temperature at the outlet zone G
reached to 1200°C. The combustion efficiency
higher than 99% and NO, emission less than 40
ppm are maintained at a catalyst outlet tempera-
ture of around 1000°C. To achieve high com-
bustion efficiency, the control of catalytic activ-
ity and conversion at each reaction zone is
necessary.
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