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Abstract

Several hexaaluminate-related materials were prepared via hydrolysis of alkoxide and powder mixing method for high tem-
perature combustion of CHand GHg, in order to investigate the effect of the concentration of the fuelgr@ HO on NG,
emission and combustion characteristics. Among the hexaaluminate catalysts,5MnAl11019_o prepared by the alkox-
ide method exhibited the highest activity for methane combustion and lope@ssion capability. NQemission at 1500C
was increased linearly with £Oconcentration, whereas water vapor addition decreaseded@ssion in CH combustion
over the Sgglap2MnAl11019_ catalyst. In the catalytic combustion o§ldg over the Sgglag2MnAl110:9_o catalyst, the
amount of NQ emitted was raised in the temperature range between 1000 and@ B8&n the GHg concentration increased
from 1 to 2 vol.%. It was found that NQemission in this temperature range was reduced effectively by adding water vapor.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction systems, owing to its feasibility of low NQemission
and high combustion efficiendl—4]. Besides the ap-
Catalytic combustion of hydrocarbons has been ex- plications of such large scales, small scale applications
tensively investigated as a clean and efficient combus- fired with various kinds of fuels other than natural gas
tion technology. The number of applications of this will be of great importance in the near future, since
technology is increasing in commercial scales; for in- co-generation systems, for example microgas turbine
stance, domestic heating appliance, chemical processsystems, will be widely introduced as a distributed
heaters, catalytic burners, catalytic cleaner for exhaust power generation system. Even when various kinds
gas and volatile organic compounds, and so on. So far, of fuels are catalytically combusted in small scales,
high temperature catalytic combustion of natural gas the features of low N@emission and high combus-
above 1000C has been intensively studied for com- tion efficiency must be retained. In combustion of
mercial applications to gas turbine power generation hydrocarbons, which are free of nitrogen-containing
compounds, N® can be formed mainly due to two
mponding author. Tel#81-75-753-5718; distinct mechanisms, thermal N@nd prc_)mpt NQ@
fax: +81-75-753-3352. [5]. Thermal NQ formation is significant in the tem-
E-mail address: eguchi@scl.kyoto-u.ac.jp (K. Eguchi). perature range more than 158D and highly sensitive
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to temperature and oxygen concentration. Prompt were prepared via hydrolysis of metal alkoxide and
NO, is considered to be released in fuel-rich flame powder mixing method.a-Al203 heat-treated at

by rapid reaction between radicals and nitrogen via 1400°C for 5h were used as a reference catalyst in
intermediates such as cyanides. The reaction betweencombustion tests. A transparent 2-propanol solution
radicals and M to produce HCN was referred to as of metal alkoxides was obtained by stirring a sto-

the key step for the prompt NOformation [6]. In ichiometric mixture of strontium or barium (98%,
general, the reaction characteristic of prompt,N© Kishida Chemical) and AI(OCH(Ck)2)s (98%,
relatively insensitive to temperatufé]. Kishida Chemical) at 80C for 3h in a nitrogen

Hexaaluminate-related compounds have been pro-stream. An aqueous solution of La(Nf-6H,O
posed as a material of high heat resistaftell]. (97%, Kishida Chemical) and Mn(Ng»-6H20 (98%,
The hexaaluminate compounds have the unique layerKishida Chemical), and either La(Ng@-6H,O or
crystal structure consisting of the alternative stacking Mn(NQOz3)2-6H20, was added to the alcoholic solution
of a spinel block and a monatomic layer including of the metal alkoxides, which resulted in precipitate
large cations such as Ba, Sr, or La. They retain rel- formation by hydrolysis of the metal alkoxides. The
atively large surface area >2(rg, after heat treat-  precipitate was dried and then decomposed ar&00
ment even at the temperatures more than T2D0  The resulting precursor was calcined at 12G0for
Retaining high surface area at high temperatures is5h in air. Powder mixing method was applied to
of importance for high temperature combustion cata- prepare SgLap2MnAl11019_. A stoichiometric
lysts, since catalytic materials are sufficiently active mixture of commercial powders, MnGO SrCG;,
at the high temperatures, and therefore the number ofLa;O3, and AbO3 (Kishida Chemical) was mixed
active sites determines the combustion characteristics.and ground in a ball mill for 24 h and then calcined
This heat-resistant feature is closely related to the at 1200°C for 5h in air.
planar morphology of the hexaaluminate microcrys-  The surface area of the catalysts was measured by
tals, of which crystal growth along [00 1] is strongly the BET method with Madsorption (Shimadzu, Gem-
suppressed. Partial substitution for the Al-site in the ini 2375), and the crystalline phases were identified
hexaaluminate lattice by some transition metals, such by X-ray diffraction (Rigaku, RINT1400).
as Mn and Fe, leads to enhancement in the catalytic
activity for methane combustion without lowering 2.2. Catalytic activity test
the surface area. One of the successful designs in
the hexaaluminate catalyst ispgtag2MnAl11019_ Catalytic activity of the hexaaluminate catalysts
prepared via alkoxide methdd?]. As these active  for methane combustion was investigated by using
species are well dispersed in the hexaaluminate lat- a conventional plug-flow reactor operated at atmo-
tice, severe volatilization or mutual migration of the spheric pressure. The hexaaluminate catalysts were
active species can be avoided. This work aims to pelletized, crushed, and sieved to 10-20 mesh. The
investigate NQ emission characteristics in catalytic sieved catalysts (1 ml) were fixed in a quartz tube by
combustion of methane or propane over several typespacking quartz wool and alumina beads at the end
of hexaaluminate materials prepared via hydrolysis of of the catalyst bed. In the catalytic activity test of
metal alkoxide and solid-state reaction. The effect of the hexaaluminate materials, a gaseous mixture of
the concentration of the fuels, oxygen, and water va- 1vol.% CH;,;, 99vol.% air was fed to the quartz tube
por was examined for NOemission and combustion  at a space velocity of 48000h. The gas composi-
characteristics. tion of the feed was varied in methane and propane
combustion tests over &lag2MnAl11019-, pre-
pared via alkoxide method as follows: @ldr CsHsg,

2. Experimental
1-3vol.%; @, 2-20vol.%; HO, 0-6vol.%; N,

2.1. Catalyst preparation balance. The effluent gas was analyzed by on-line
non-dispersive infrared (NDIR, Shimadzu, GT-7000)
Hexaaluminate catalysts such ag &rag>MnAl11 and gas chromatography (Shimadzu, GC-8A) to mea-

O19_«, ShglLag2Al12019_,, and BaMnAL1019 . sure the concentration of hydrocarbons, CO and.CO
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NO, emission characteristics in catalytic combus-

tion over the hexaaluminate catalysts were evaluated in

the temperature range of 900-16@) A conventional
flow-type reactor made of an alumina tube (Nikkato,
SSA-A) was used for NQemission tests by packing
the sieved catalysts of 6 ml fixed with perforated alu-

mina plates at the both ends of the catalyst bed. The

inlet gas with the same composition as used in the

combustion tests was fed to the reactor at a space ve-

locity of 6000 lrl. NO, concentration at the reactor

outlet was measured by a chemi-luminescense method

(Shimadzu, NOA-305A).

3. Results and discussion

3.1. Methane combustion and NO, emission
characteristics over hexaaluminate materials

The crystalline phases of hexaaluminate were iden-
tified by the XRD measurements forggt-ag 2MnAl 11
O19_4 prepared via alkoxide hydrolysis and solid-state
reaction, SgglLag2Al12019-., and BaMnA}1019_4:
hereafter abbreviated to SLMA(a), SLMA(b), SLA,
and BMA, respectively. The BET surface area of the
hexaaluminate materials is summarizedTable 1,
along with that ofa-Al,03 calcined at 1400C for

5h. The samples prepared via the alkoxide method,

SLMA(a), SLA, and BMA, displayed a high BET sur-
face area larger than ca. 15ty whereas SLMA(b)
showed a low surface area of 0.6fp By the
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Fig. 1. Catalytic combustion of methane over hexaaluminate mate-
rials anda-Al,03: @, Sipglag2MnAl11019  prepared via alko-
xide hydrolysis (SLMA(a));O, St glag2MnAl11019  prepared

via solid-state reaction (SLMA(b)J;], BaMnAl11019_« (BMA);

A, Sipglag2Al12019-« (SLA); v, a-Al,03. Reaction conditions:
CHa, 1vol.%; air 99vol.%; space velocity, 48 000"

nate phase, giving rise to the decrease in the surface
area of SLMA(b). On the other hand, by the alkoxide
method, since fine grain particles were obtained with
almost the same composition as in the stoichiometric
liquid mixture, the hexaaluminate phase was attained
without forming such an intermediate phase. Once
the hexaaluminate phase was formed, sintering of the
facets was prevented due to the low growth rate of
the hexaaluminate materials at elevated temperatures
[12]. Consequently, a large surface area was main-
tained for the hexaaluminate materials prepared via

solid-state reaction, an intermediate phase such asthe alkoxide method.

BaAl,O4 was formed at first, and then it transformed
into the hexaaluminate phagE3]. Thus, it is highly

likely that growth of grain particles proceeded during
transformation of the intermediate to the hexaalumi-

Table 1
BET surface area of hexaaluminate catalysts anil 03

Material BET surface

area (Mg?)
Srp.sLap2MnAl11019 o prepared via 17.5
alkoxide hydrolysis (SLMA(a))
SrpsLap2MnAl11019-« prepared via 0.6
solid-state reaction (SLMA(b))
BaMnAl11019-o (BMA) 14.9
Srp.gLag 2A112019-« (SLA) 25.8
a-Al»03 3.1

Fig. 1 shows methane combustion profile over the
hexaaluminate materials andAl,03. SLMA(a) and
BMA appeared to be active for methane combustion:
CHz combustion over SLMA(a) and BMA started at
around 400C, and complete combustion of Gkas
attained at 900C. SLMA(a) showed higher activ-
ity than BMA in the temperature range from 500 to
700°C. Compared to these hexaaluminate catalysts
prepared via alkoxide method, SLMA(b) exhibited
low methane conversion, especially in low tempera-
ture range. It is probable that the small surface area of
SLMA(b), as summarized iffable 1, resulted in the
low activity for CH; combustion. On the other hand,
a steep rise in Cldconversion up to 100% was ob-
served at 700 and 80C for SLA anda-Al,O3, re-
spectively. This profile is typical for the homogeneous
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Fig. 2. NO, emission characteristics in catalytic combus-

tion over hexaaluminate materials andAl,Os: @, Shglag,
MnAIl;11019-« prepared via alkoxide hydrolysis (SLMA(a));
O, Smsglag2MnAl11019  prepared via solid-state reaction
(SLMA(b)); OJ, BaMnAl;11019_« (BMA); A, Sigglag2Al12019-«
(SLA); v, «a-Al;03. Reaction conditions: CH 1vol.%; air
99vol.%; space velocity, 8000H.

surface area. Therefore, in the following sections, we
will focus on the combustion and N@&mission char-
acteristics over SLMA(a).

3.2. Effect of CHg4, O, H>O concentration on
combustion and NO, emission characteristics

Effect of CH;, Op, and HO concentration in the
feed gas was investigated for catalytic combustion of
CHj over SLMA(a).Fig. 3(a) shows the Clicombus-
tion profiles when the Cliconcentration was varied
between 1 and 3vol.%. Itis clear that ¢Ebnversion
was independent of the inlet GHtoncentration. The
first order of reaction order with respect to g£kbn-
centration was estimated from GHonversion less
than 10%. CH conversions are plotted iRig. 3(b)
for Oo concentration of 2, 5, 10, and 20vol.%. In
the low CH; conversion region less than ca. 10%,
O2 concentration appeared to have no influence on
the combustion characteristics, while gebnversion
was decreased in keeping with €oncentration in the

combustion of methane in the gas phase. Since SLA high CH,; conversion region. The decrease was signif-
anda-Al 03 are lacking in Mn as redox species active icant especially for the ©concentration of 2 vol.%.

for CH4 combustion, alkyl radicals could be formed

In the high CH conversion region, mass transfer from

on the surface of the materials and transferred to the the gas phase can be the rate-determining step. Hence,
gas phase, leading to the onset of homogeneous com-+the reaction rate can be reduced for the low oxygen

bustion in the gas phase.

NO, emission characteristics in GHombustion
over the hexaaluminate materials aséhl,O3 were
measured at high temperatures above ®(Fig. 2).
Difference in NQ emission was distinct at 150C
and higher temperatures: N@as emitted more over
the inactive materials, SLA and-Al,03, whereas the
amount of NQ formed over SLMA(a) and BMA was
smaller. In the catalytic combustion of GHbver the

concentrations, leading to the decrease im Cbhver-
sion in the high CH conversion region. The reaction
order estimated from CHconversion less than 10%
was almost zero with respect to,@oncentration.
Fig. 3(c) displays CH conversion profiles for the
variation in HO concentration of 0, 3, and 6 vol.%.
With the addition of HO vapor in the feed stream,
the onset temperature of GHonversion was shifted
toward higher temperature. Thus, the catalytic activity

inactive materials, it is inferred that alkyl radicals are of SLMA(a) was degraded by water vapor, as reported
possibly generated and then released to the gas phasepr CH; combustion over BMA by Groppi et gl14].

as discussed above. The alkyl radicals contributed to The influence of water vapor was lessened as the tem-
NO, formation at lower temperatures compared to perature was raised, and the temperature of complete
SLMA(a) and BMA. On the other hand, because the combustion was at around 900 independent of the
CHg oxidation rate on the surface can be high due to water vapor concentration. GHconversion profiles

their high activity and thus the CHconcentration is

low at the surface of SLMA(a) and BMA, less alkyl

for the HHLO concentrations of 3 and 6vol.% were
identical, indicating that catalytic activity of SLMA(a)

radicals can be formed at the catalyst surface, leading for CH, combustion was deteriorated by water vapor

to the small amount of NOQemission over SLMA(a)

and BMA. As shown above, in addition to the low
NO, emission capability, SLMA(a) exhibited excel-

to the same extent irrespective 0$® concentration.
NO, emission at 1500C in CH; combustion over
SLMA(a) is summarized irFig. 4 for several CH,

lent activity for CH; combustion and retained high  O», and HO concentrations. NOemission increased
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Fig. 3. Effect of (a) CH, (b) Oy, and (c) HO concentration on Cidcombustion characteristics over SLMA(a). Reaction conditions:
(a) CHs, 1 or 3vol.%; air balance; space velocity, 48000h(b) CHs, 1vol.%; O, 2, 5, 10, or 20vol.%; N balance; space velocity,
48000h?; (c) CHs, 1vol.%; HO, 0, 3, or 6vol.%; air balance; space velocity, 48 00b.h

almost linearly with oxygen concentration from 2 up stream, NQ emission decreased, in reference to the
to 20vol.%, while CH had little influence on NQ combustion tests without steam. This could be at-
emission at 1500C in the concentration range of tributed to compensation of intermediates for NOr-
1-3vol.%. In general, NQis emitted at 1500C by mation due to the reaction of them with@ [15].
thermal NQ mechanism and thus is governed by the

reaction related to oxygen molecular and nitrofgn 3.3. Propane combustion and NO, emission

Therefore, the N@ emission exhibited direct depen- characteristics over S_LMA(a)

dence on oxygen concentration and linearly increased

with O, concentration, as shown Fig. 4 When wa- Propane combustion tests over SLMA(a) were car-
ter vapor of 3 or 6vol.% was added to the £féed ried out to study the effect of 4Elg, O,, and steam
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Fig. 4. Dependence of NOemission at 1500C on the con-
centration of CH, O, and HO in catalytic combustion of
CHy4 over Spglag2MnAl11019 o prepared via alkoxide hydrol-
ysis (SLMA(a)). Reaction conditions: GH 1 or 2vol.%; Q,
0-20vol.%; HO, 0-6 vol.%; N balance; space velocity, 8000h

concentration on NQemission and combustion char-
acteristics. @Hg combustion and NQemission char-
acteristics are shown fRig. 5a) and (b), respectively.
Fig. 5(a) shows that, in comparison with the gebm-
bustion results, gHg combustion started at lower tem-
perature and gHg conversion increased more steeply
in the low conversion region, and then rose more grad-
ually in the high conversion region. NOemission
results inFig. 5b) exhibited nearly the same trend

toward the temperature increase: at the temperatures o

higher than 1500C, a steep rise in NOemission was
observed, probably due to thermal N@rmation.
Effect of GGHg and GQ concentration on combustion
characteristics is shown Fig. 6. The difference in the
C3Hs conversion was apparent as showrFig. 6(a)
when the GHg conversion increased, whereas almost
identical conversion profile was attained fayHg con-
version less than ca. 20%. Nearly first reaction order
with respect to @Hg was estimated from the conver-
sion less than 10%. The influence of Gbncentration
was considerably different from those observed in the
case of CH combustion Fig. 6(b)). The onset temper-
ature of catalytic combustion ofgElg shifted toward
higher temperature as the ©oncentration decreased,
while the difference in the profiles was less significant
at the high GHg conversions, compared to the ¢H
combustion. It is worthy of note thatsElg conversion
differed from each other in the lowsElg conversion
region, which was not observed for the £Ebmbus-
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Fig. 5. Catalytic combustion of propane and methane over
SLMA(a): (a) combustion characteristics, and (b) N&mission
characteristics. Reaction conditionszHg or CHy, 1vol.%; O,
20vol.%; N» balance; space velocity, (a) 48 000t (b) 8000 it

tion. The reaction order of thesElg combustion with
respect to @ concentration was found to be33t 0.1.

Fig. 7(a) and (b) shows NQemissions as the4Elg
and @ concentrations were varied from 1 to 2 vol.%
and from 6 to 20vol.%, respectively. When the
propane concentration increased from 1 to 2vol.%,
NO, emission characteristics displayed a remarkable
change in the temperature range of 1000-1%0D0as
shown inFig. 7(a). In the case that 1vol.% propane
was combusted over SLMA(a), NCemission level
remained at the same level below 1 ppm, as the com-
bustion of 1vol.% CH. When 2vol.% propane was
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Fig. 6. Effect of (a) GHg and (b) @ concentration on catalytic
combustion of propane over SLMA(a). Reaction conditions: (a)
CsHg, 1 or 2vol.%; Q, 20vol.%; N balance; space velocity,
48000h; (b) CaHg, 1vol.%; O, 6, 10, or 20vol.%; M balance;

space velocity, 480001

fed, NO, emission increased up to more than 2 ppm
in the temperature range of 1000-15@ Since the
NO, level emitted in 2vol.% gHg combustion was

Temperature / °C

Temperature / °C

Fig. 7. NO, emission profiles in catalytic combustion ofldg
over SLMA(a). Reaction conditions: (a)38s, 1 or 2vol.%; Q,
20vol.%; N> balance; space velocity, 80001 (b) C3Hg, 1vol.%;
O,, 6, 10, or 20vol.%; N balance; space velocity, 8000h

catalytic combustion of gHg, giving rise to the in-
crease in NQ emission at temperatures lower than
1500°C. Concerning the influence ofdconcentra-

nearly constant and insensitive to temperature in the tion on NO, emission characteristics, N@&mission

range below 1500C, the increment in the NOemis-
sion can be attributed to prompt NOmechanism

was changed in a complicated manner for the variation
in O, concentration, as depicted Fig. 7(b). Com-

where hydrocarbon radicals react with nitrogen. It is pared to the NQ emission characteristics for the,O
inferred that, when the fuel concentration increases, concentration of 20 vol.%, a rise in N@mission was
hydrocarbon radicals may be formed more easily in observable in the temperature range of 1200-12&00
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Fig. 8. Effect of water vapor on NCemission in GHg combustion
over SLMA(a). Reaction conditions:sElg, 2 vol.%; G, 20 vol.%;
H»0, 3vol.%; N balance; space velocity, 8000

in the case of 10vol.% & On the other hand, when
O, concentration was 6vol.%, NOemission was
higher than the cases with 10 and 20 vol.% @ the
temperatures more than 1400.

Fig. 8illustrates the effect of water vapor on NO
emission in GHg combustion over SLMA(a). As
shown above, NQ emission was raised up to more
than 2 ppm at temperatures of 1000-15Q0in the
combustion of 2vol.% gHg. When water vapor of
3vol.% was introduced to the feed stream containing
2vol.% GHg, NO, emission was lowered by 1 ppm
in the temperature range of 1000-15@ The effect
of water vapor in reducing NOemission is more ev-
ident in GHg combustion than in ClHcombustion.
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a relatively high surface area more than 1%gnaf-

ter heat treatment at 120C, whereas samples via
the solid-state reaction exhibited a low surface area.
A relationship was found between the catalytic activ-
ity for CH4 combustion and NQ emission charac-
teristics. When the hexaaluminate catalysts active for
CH4 combustion were used, less N@mission was
observed at temperatures above 1500compared to
the inactive materials.

Effect of CH;, O,, and HO concentration on
NO, emission and combustion characteristics was
investigated over grlLag2MnAl11019 , prepared
via alkoxide hydrolysis (SLMA(a)). No difference
appeared in the CHconversion and NQ emission
profiles when CH concentration increased, while
the catalytic activity was deteriorated by the increase
in H,O concentration. Nevertheless, suppression ef-
fect of water vapor addition on NOemission was
observed at 1500C and higher temperatures.

Propane combustion tests were carried out over
SLMA(a). GsHg combustion was initiated at lower
temperature than CHcombustion. The difference in
NO, emission characteristics betweegHg and CH,
combustion was negligible when the fuel concentra-
tion was as low as 1vol.%. When the concentration
of C3Hg was raised to 2vol.%, an increase in NO
emission was observed in the temperature range from
1000 to 1500C. It was found that the NQemis-
sion in this temperature range was reduced by adding
water vapor, indicating that the rise in N@mission
in 2vol.% GHg combustion could be ascribed to

Considering the temperature range and the constancyprompt NQ. formation and be suppressed effectively

of NO, emission in catalytic combustion of38sg,

it is likely that the increase in NOemission level
between 1000 and 150Q is related to prompt N©
formation, and that NQformation in the temperature

range can be suppressed by steam addition, possibly

due to consumption of the intermediates for the,NO
formation by the reaction with $D.

4. Conclusions

Several types of hexaaluminate combustion cata-

lysts were prepared via hydrolysis of alkoxide and

solid-state reaction and investigated for high temper-

by water vapor addition.
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