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OXIDATION CATALYSTS COMPRISING
METAL EXCHANGED HEXAALUMINATE

or out of the ?ame. NOX formation in the ?ame Zone is rapid
and is knoWn as “prompt” NOX. Three mechanisms are

WHEREIN THE METAL IS SR, PD, LA,

responsible for prompt NOX, the Fenimore, the Zeldovich,
and the N20 pathWays. Brie?y, in the Fenimore mechanism a

AND/OR MN

hydrocarbon fragment (HC) reacts With N2 to form HCN,
CROSS-REFERENCE TO RELATED
APPLICATIONS

Which is then converted to NO. In the Zeldovich mechanism,

This application takes priority under 35 U.S.C. 1 19(e) from
US. provisional application 60/362,586 ?led Mar. 5, 2002
Which is incorporated in its entirety by reference herein.

With N2 to form N20 (Schlegel et al. 1994). NOXthat forms in

an oxygen atom reacts With N2 to form NO and an N atom.

Finally, in the N20 mechanism, an oxygen atom combines
the post combustion Zone is referred to as “thermal” NOX. In

the post combustion Zone, only the Zeldovich mechanism
contributes to thermal NOX and the process is sloWer than the
Fenimore mechanism.
The primary approach to reducing NOX levels during com
bustion is to loWer the combustion temperature. Because the
concentration of NOX does not reach the value that is pre

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention Was made With Government support under
contract #DE-FG03-99ER82902 awarded by the United

dicted by thermodynamic equilibrium (approximately 1 mole

States Department of Energy. The government has certain
rights in the invention.
20

BACKGROUND OF THE INVENTION

bustion process. Under kinetically limited conditions, the rate
of NOXformation is a strong function of temperature and thus

The use of gas turbine poWer generators has become a very

loWering combustion temperatures even a small amount Will

attractive alternative for satisfying the increasing poWer
needs of the United States and other nations. For example,
almost 80% of the neW electrical generating capacity cur
rently being installed in the US. makes use of natural gas
?red gas turbines (Touchton, 1996). Unfortunately, the com
bustion process that occurs in these units generates ppm lev
els of NOX (about a 9:1 molar ratio of NO and N02) along

percent at 20000 C.), We conclude that under combustion
conditions NOX formation is limited by kinetics or by the rate
at Which the NOX formation reactions occur during the com

25

signi?cantly reduce NOX concentrations in the exhaust. Prob
ably the best strategy to reduce combustion temperatures is to
add excess air prior to combustion. In a turbine, signi?cant
amounts of air are already added doWnstream of the combus

With the primary combustion products, CO2 and H20. NOX

tor to reduce the temperature to values Which the turbine
blades can handle, about 13000 C. and therefore rerouting
some of this diluent air so that it passes through the combustor
is a relatively straightforward modi?cation.

emissions pose a serious health hazard and also contribute to
the formation of acid rain and the environmental damage to

Test results have shoWn that operating the combustor under
lean conditions (i.e. 4% methane) can reduce NOX. Arai and

forests and aquatic life by acid rain, particularly in the moun
tains of the Northeast US, is Well documented (Armor 1992,

30

35

Hj almarsson 1990). As a result there has been a strong

emphasis on identifying technologies to reduce emissions
from these units.
Reducing NOX emissions from combustion sources has
been Widely studied in the last decade and the Work can be

40

divided into tWo approaches: removing NOX from the e?Iuent
after it has been formed (post combustion control) and reduc
ing the amount of NOX that forms during combustion (com
bustion modi?cation). A number of po st combustion methods

have been studied, including selective catalytic reduction

45

(SCR). In this method a reducing agent such as ammonia is
injected into the Waste stream, Which is intended to reduce
NO and NO2 to nitrogen, even in the presence of percent
levels of oxygen.

Although post combustion control methods shoW promise,

approximately 19000 C. (6000 C. loWer than that encountered
in stoichiometric combustion). This decrease in combustion
temperature produced a signi?cant reduction in NOX emis
sions. In addition, using lean combustion to reduce NOX
emissions Was the goal of the Department of Energy’s
Advanced Turbine Systems (ATS) program. As a part of this

program several major turbine manufacturers developed high
e?iciency lean burn combustors, With NOX emissions of less
than 10 ppm (Gates 2000, Macri, 2000).
Although signi?cant decreases in NOX emissions have
been achieved, further reductions Will be required to meet the

increasingly restrictive regulations anticipated in the future.
HoWever, achieving further reductions in NOX emissions by
optimiZing lean combustion technology may be di?icult
50

they are also expensive. In addition, SCR requires the use of
ammonia along With a vanadium-based catalyst; both of these

because the lean combustors are operating at or very near the

lean combustion limits. Thus, additional air cannot be added
upstream of the combustor Without dropping the fuel concen
tration beloW the lean combustion limit, Which Would cause

compounds are haZardous and toxic. In addition to be effec

tive, the concentration of ammonia must be continually
adjusted to match the NOX concentration in the e?Iuent. If the
ammonia concentration is too loW, NOXemissions Will result;
if it is too high, the e?Iuent Will contain ammonia. Thus, the

Machida (1991) demonstrated that if combustion is con
ducted at the lean limit, the combustion temperature is

unacceptable instabilities in the combustion ?ame. Thus, in
55

order to achieve further reductions in NOX emissions, com
bustor modi?cations that alloW the addition of more diluent
air must be identi?ed.

system must contain sophisticated monitoring equipment to

One approach to operating outside of the lean combustion

measure the NOX concentration and the ammonia must be
extremely Well distributed so that it can react With all of the

limits is to install a combustion catalyst in the combustor of
the turbine. Because catalytic oxidation does not require a
?ame, su?icient air can be added to drop the maximum com
bustion temperature to a level that produces very little NOX.

60

NOX in the ef?uent.
The second strategy for reducing NOX emissions is to
modify combustion conditions so that the amount of NOXthat

forms during combustion is reduced. The di?iculty With this
approach, hoWever, is that NO,C formation is a complicated
process. During combustion, NOX forms by at least three
different mechanisms and it can occur either in the ?ame Zone

65

The challenge to this problem is identifying a catalyst that has
good activity at loW temperature, but that also has excellent
thermal stability at high temperature. The catalyst must be
able to convert methane at the temperature at Which the air

exits the compressor (about 350-4000 C.) and it must With

US 7,442,669 B2
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stand the very high temperatures encountered at the end of the
combustor, Which could reach 13000 C. Since traditional

Because catalytic reactions occur on the surface of the
catalyst, these materials must have a su?icient surface area to
alloW the reaction to occur at a reasonable rate. Catalysts

catalysts sinter and lose essentially all of their activity at
temperatures above 8000 C., the development of catalysts for

typically are composed of metal oxides, Which either have
catalytic activity of their oWn or are used to support other
active metals, Which are dispersed on the support in the form
of small crystallites. Iron, cobalt, and manganese are

catalytic combustion is an active area of research.

Because most catalysts currently available cannot tolerate
very high combustion temperatures, one approach is to use a
catalyst at the front end of the combustor to initiate the reac
tion. By limiting the conversion that occurs in this Zone to less

examples of oxides that have activity of their oWn, While
alumina, silica, and titania are considered to be relatively

than 50%, the catalyst temperature can be maintained below
8000 C., Where many catalysts have adequate thermal stabil
ity. The combustion is then completed in a post-catalyst burn

platinum or palladium.
Unfortunately, both types of catalysts Would not be stable

inactive and are used to support more active metals such as

under the extreme temperatures encountered during the com
bustion of percent levels of methane. At combustion tempera

out Zone, Where the temperature can exceed 13000 C. Recent

reports (Dalla Betta 1997, Dalla Betta and Rostrup-Nielsen
1999, and Spivey et al. 1994) report that the use of supported

tures (approaching 13000 C.), the metal crystallites in the
supported catalysts Would either agglomerate, Which Would

palladium catalysts for a catalytic combustor can achieve
NOX emissions of betWeen ?ve and ten 10 ppm.

Unfortunately achieving further reductions using this strat
egy may be di?icult. Calculations (illustrated in FIG. 1),
Which Were carried out for a ?ame at 15000 C., shoW that
about 60% of the total NO is produced as a result of the

Fenimore mechanism (Schlegel et al. 1994) Which occurs in
the ?ame Zone. The authors also carried out experiments in
Which they varied the ratio of fuel converted over an alumina

supported platinum catalyst to that converted in a post cata

reduce the active metal surface area or could volatiliZe, result

20

manganese Would not be suitable for use under these condi
25

lyst combustion Zone. The total conversion Was maintained at
100% and a constant ?ame temperature Was maintained in

each series. They found that for a given ?ame temperature, the
measured NOX levels decreased in a linear fashion as the

percent of fuel converted over the catalyst increased until the

of the catalyst. Thus, it might be necessary to eliminate the
?ame completely to produce further reductions in NOX emis

forming a structure known as a hexaaluminate. The heteroa

35

40

8000 C., palladium converts from palladium oxide to palla
45

oxide form. The combustion rate is different over the tWo

accommodates changing catalyst performance is di?icult. It
50

Well-characterized catalyst performance (Fant et al. 2000).
Thus, if palladium is incorporated into a catalyst, it should be
done in a fashion that it is retained in a single oxidation state
over a Wide range of conditions.

Catalytic combustion has the potential to meet future NOX

like blocks that are separated by mirror planes containing the
heteroatoms, typically alkali or alkaline earth cations (Arai
and Machida 1991, Arai and Machida 1996, Suh et al. 1995,
Groppi et al. 1993, Spivey 1994, WachoWski et al. 1994). This
material has excellent thermal stability because the crystal
groWth in the direction normal to the plane is much sloWer
than the rate of groWth in the directions parallel to the plane
even at temperatures of up to 15000 C. (Arai and Machida
1991). As a result, the crystals do not sinter even at very high

temperatures and therefore these materials have excellent
potential to be used as combustion catalysts.
Unfortunately, hexaaluminate catalysts are di?icult to syn
thesiZe using conventional methods. Thus, it is di?icult to

forms of the catalyst and as a result the performance of the
combustor can change With load. Designing a combustor that
is more desirable to design the combustor based on a constant,

toms give the otherWise inert oxide good activity for methane
combustion and also greatly increase its thermal stability.
Once incorporated into the lattice, the aluminum oxide forms
a hexaaluminate structure, Which comprises a series of spinel

An additional problem is associated With the use of tradi
tional palladium catalysts supported on a high surface area
material such as alumina. As the temperature increases above
dium metal and as the temperature drops, it reverts back to the

catalyst. The modi?cation is accomplished by incorporating
one or more heteroatoms into the aluminum oxide structure

sions. One Way to eliminate the ?ame Would be to carry out
the entire combustion process in the presence of a solid cata

lyst (Fant et al. 2000, Beebe et al. 2000).

tions because they Would lose essentially all of their surface
area by sintering, rendering them inactive.
HoWever, it has recently been reported that aluminum
oxide (A1203) can be modi?ed, potentially alloWing it to have
both the required activity and stability for use as a combustion

30

conversion reached about 80%. BetWeen 80 and 100% con
version, the decrease in NO emission Was more rapid. These
results indicate that to reduce NOX levels beloW 5 ppm, con

versions approaching 100% must be achieved in the presence

ing in a permanent loss of the catalytically active metal. In
addition, the metal oxide support could sinter causing the
pores in the support to collapse, preventing the active metals
inside these pores from being catalytically active and further
reducing the available metal surface area. Likewise, catalyti
cally active metal oxides such as those of iron, cobalt, and

55

synthesiZe catalysts that contain the desired concentrations of
substituent metals, making it di?icult to study activity and
thermal stability on the laboratory scale and also reducing the
probability of synthesiZing a selected catalyst formulation for
a full-scale application. Currently, hexaaluminate materials
are prepared either by coprecipitation or by the hydrolysis of

carried out in the presence of the catalyst. This means that the

alkoxide precursors. In coprecipitation methods, an acidic
solution of aluminum nitrate is prepared. Then the desired

catalyst must be able to Withstand very high temperatures
Without undergoing deactivation. In addition, if palladium is

quantities of the one or tWo heteroatoms to be incorporated
into the hexaaluminate are added to the solution (also as the

emission standards as long as most or all of the combustion is

used, it should be incorporated into the catalyst in such a Way
that it Will not undergo the oxidation-reduction cycle Which it
does as a supported metal. No catalyst currently produced
meets these demanding criteria. Traditional supported metal
catalysts sinter and lose essentially all of their activity at these
extreme temperatures. In addition, traditional supports are
inert and Will not inhibit the detrimental tendency of palla
dium to cycle betWeen the metal and the oxide.

60

nitrate salt). At this point, the solution is heated and stirred
and the pH is raised at a controlled rate With the addition of
base such as ammonium carbonate. The various metals then

65

precipitate as hydroxides or carbonates, the solid is separated
by ?ltration, and then heated to 13000 C.
There are tWo primary di?iculties With this process. First,
it is di?icult to control the stoichiometry of the hexaaluminate
product. Different metals precipitate at different pH’s, and it

US 7,442,669 B2
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is therefore unlikely that tWo or more metal oxides that are
Well-mixed on a micron scale Will be obtained. If the tWo or

tion temperatures. In another study, Groppi et al. (2001) con

three compounds are not in very close contact during the
heating process, some portions of the alumina may contain
too much heteroatom, While other portions may contain too

lysts prepared by coprecipitation methods. They reported that

ducted tests With lanthanum- sub stituted hexaaluminate cata

the presence of magnesium and manganese ions increased the
activity of the catalyst, resulting in T 1 /2 values of betWeen 5 80

little or none. Moreover, incorporation of tWo or more het

and 620° C. When tested at a feed rate of 54,000 (cc feed/ g cat

eroatoms, Which may be necessary to produce a very active

h) Which is equivalent to a GHSV of about 25000 h-l (cc feed/
cc cat h) assuming a catalyst density of about 0.5. Again, this
study did not report any data relating to the stability of the

catalyst, Would be nearly impossible to control. The second
problem is that the average siZe of the aluminum oxide par
ticles typically is on the order of microns, requiring that the
heteroatom travel these distances to incorporate evenly into
the aluminum oxide matrix. HoWever, if the migration dis

catalyst When aged at temperatures expected under combus
tion conditions.
In Us. Pat. No. 5,823,761, EuZen et al. (1998) report the
use of a staged injector Where the second stage catalyst con
sists of monolithic support and a catalyst that contains

tance is too great and the aluminum oxide remains at tem

perature too long Without incorporating the heteroatom, then

cerium, iron and Zirconium along With either palladium or

the oxide Will convert to the loW surface area 0t (alpha) form
before the hexaaluminate structure is formed.
Another route to the production of hexaaluminate com
pound is the use of metal alkoxides, Which are soluble in

solvents such as alcohols. Catalysts are prepared by combin
ing the aluminum alkoxide With an alkoxide of the desired
cations and then adding Water, Which results in the formation

platinum. One claim includes the use of a hexaaluminate

catalyst. In Us. Pat. No. 5,830,822 EuZen (1998) reports a
thermally stable catalyst With the formula A l_XB YCZAl 1 2_ Y_Z
20

In tests at 50,000 h_1, they reported Tl/2 values in excess of

of a gel containing the metals. Alternatively, salts of the

650° C. Finally, in Us. Pat. No. 5,899,679, EuZen et al.
(1999) reports a tWo stage process Where the ?rst stage con

substituent metals can be dissolved in Water and then com

tains platinum or palladium and the second stage catalyst has

bined during the hydrolysis step (ArtiZZu-Duart et al. 2000).
Although the use of alkoxides has been shoWn to produce

0194, Where A represents either barium or strontium, B is
manganese, cobalt, or iron, and C is either magnesium or Zinc.

25

the formula Al_ B YCZAl l2_ Y_ZO19_6, Which Was described

in the previous patent.

higher surface area compounds relative to those produced by

coprecipitation (Spivey 1994, Cinibulk 1995), the alkoxide

Numerous studies have also been conducted on hexaalu

handled in a moisture free environment. Finally, preparation

minate that have been prepared using alkoxide precursors.
For example, ArtiZZu-Duart et al. (2000) characterized ther
mal stability of barium-substituted hexaaluminates prepared
in this manner. They aged their samples at 1200° C. for 24

of catalysts using alkoxides requires the use of large quanti

hours and observed a signi?cant loss in surface area and loWer

precursors are expensive. In addition, they are unstable
because as mentioned above the addition of Water causes

hydrolysis to occur and therefore they must be stored or

30

ties of an organic solvent such as ethanol or propanol. Han

activity for all samples tested. The catalyst that performed the

dling large quantities of such solvents can be dif?cult because

best, BaFeMnAlloOlg, exhibited a small loss in activity evi
denced by an increase in Tl/2 from 560 to 570° C. HoWever,

they are toxic and ?ammable.

35

There has been a strong effort recently to develop catalysts
that have good stability at the extreme temperatures encoun
tered in a gas turbine combustor. Catalyst materials typically
used in these studies consist of refractory metal oxides such as
hexaaluminates and perovskites. In the folloWing sections We

more importantly, this catalyst lost 27% of its surface area

folloWing this aging step (15 m2/ g to 1 1 m2/ g). McCarty et al.
(1999) also evaluated the stability of lanthanum-substituted
hexaaluminates prepared using alkoxide precursors. They
40

discuss recent Work on each of these materials.

conducted a sintering study of a LaAll lOl8 material at 1200
and 1400° C., using humid air, Which more closely simulates

Hexaaluminate combustion catalysts substituted With a

a combustion environment. At 1200° C., the surface area of

Wide variety of heteroatoms including barium, manganese,
magnesium, strontium, lanthanum have been prepared and

the catalyst decreased from about 36 m2/g after four hours at
temperature to 24 m2/ g after 11.5 hours at temperature. This
represents a 33% loss in surface area in a period of only 7.5

studied as combustion catalysts. For example Jang et al.
(1999) conducted tests With coprecipitated hexaaluminates
containing barium (BaAl12Ol9_6) barium and manganese
(BaMnO_5All 1 _5Ol9_6 and BaMnAll 1019%,), and barium, lan

45

hours at 1200° C.

Other Work using hexaaluminates prepared With alkoxide
precursors reports that the catalysts have activity similar to

that of catalysts prepared by coprecipitation. For example,

thanum, and manganese (SrO_8LaO_2MnAll 1019%). They
compared the surface areas and activities of a series catalysts
calcined at 1400° C. With the formula Sr1_XLaXMnAl 1 10194,

50

ForZotti and Groppi (1999) describe tests performed With
BaMn hexaaluminates (BaMnXAl12_XO19). At a space veloc

Where XIO, 0.2, 0.4, 0.6, 0.8 and 1.0. They reported surface

ity of 48,000 h_1, the Tl/2 values for these materials ranged

areas ranging from 12.9 to 19.2 m2/g and T 10% (temperatures

from 640° C. (for X:2) to 760° C. (for X:4), Which is similar
to the results of Groppi et al. (2001) for barium-substituted

for 10% conversion) from 4500 C. to 5000 C. (the Tl/2 values
are about 120° C. higher than the T loo)0). The catalyst With the

55

hexaaluminates discussed above.

Several groups have investigated hexaaluminate catalysts

highest surface area and most activity Was for the case Where

containing strontium, lanthanum, and manganese prepared

XII (LaMnAll 1019%). They also monitored the perfor
mance of a coprecipitated hexaaluminate that Was maintained

by hydrolyZing alkoxide precursors. Woo et al (1998) pre

at temperature of 600° C. for 100 hours and found that the

pared catalysts With the formula SrQSLaQZMnAIUOl9 and

conversion remained unchanged over this performance

60

period.
Groppi et al. (1993) conducted tests With hexaaluminate

based catalysts composed of Ba-Al-O and Ba-Mn-Al-O, pre

pared by coprecipitation methods. Although they reported
that these catalysts converted up to 40-50% of a methane feed

found that the amount of Water used in the hydrolysis step
affected the surface area of the material folloWing calcination,
With more Water causing reduction in surface area. They
obtained surface areas ranging from 15 m2/g (less Water) to 4

m2/g (more Water) folloWing calcination at 1400° C. for 5
65

hours. Kikuchi et al. (2001) measured the stability of a thin

at 600° C., at space velocity of 48,000 h_1, they did not report

layer of a SrO_8LaO_2MnAll 10194, catalyst prepared using

any results shoWing that these materials are stable at combus

metal alkoxides supported on a layer of aluminum titanate.
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They obtained a relatively high T 1 /2 of 750° C. When tested at

remote areas of the World, far from sites of consumption. In
addition, methane (Which makes up 90% of natural gas) is a
gas With a very loW boiling point, —164° C. (Liu et al. 2001,
Periana et al 1993). Thus, natural gas must be transported for
very long distances in cryogenic tanks. The cost of these fuel
tanks and the refrigeration processes needed to liquefy the gas
result in very high transportation costs, Which are passed on to

140,000 h-l provided an alumina interlayer Was present.
Without the interlayer, the catalyst Was not as active. Finally,

Spivey et al. (1994) prepared catalysts of the structure Srl_X
LaXMnAl 1 1O 19%,. They found that T 10% values (temperature
at Which 10% conversion is obtained) of betWeen 450° C. and
5500 C. at a space velocity of 53,000 h_l.

WachoWski et al. (1994) prepared samples of hexaalumi
nates substituted With La, Ce, Pr, Nd and Sm using the alkox
ide method. They report that the addition of La had a much

the user.

Current processes that convert methane to methanol or

ethane proceed through a syngas intermediate. In such pro
cesses, methane is ?rst converted to syngas by steam reform

greater stabilizing effect on the surface area upon calcination
at 1200° C. compared to that of Ce. With La contained in the
matrix, surface areas ranged betWeen 50 and 100 m2/ g fol
loWing calcination at 1200° C. On the other hand When Ce
Was used, the surface areas reported averaged about 10 m2/g.
Finally, if no cation Was present, the surface area Was reported

ing: This reaction produces an equilibrium mixture of prod
ucts and must be run at extremely high temperature to reduce

the concentration of CO2. The products of this reaction fre
quently are run through a secondary reformer to increase the

ratio of hydrogen to carbon monoxide. Finally, the mixture of

to be about 1 m2/g.

syngas can be used to make either methanol or higher chain

Zarur and Ying (2000) report a variation on the alkoxide
method for preparation of a barium hexaaluminate catalyst

hydrocarbons either by Way of the methanol synthesis or the
Fischer Tropsch reactions shoWn beloW: These reactions also
have technical challenges. The methanol synthesis reaction is
equilibrium-limited so that multiple passes are required. In
addition, the Fischer Tropsch reaction is not selective for

that claims to produce catalysts in nanoparticles. After dis

20

solving aluminum and barium alkoxide in isooctane, a
reverse microemulsion Was used to hydrolyZe the sample.
The barium hexaaluminate had a Tl/2 of about 620° C. at a

gasoline type products but produces a range of para?ins.

space velocity of 60,000 h_l. In addition, When ceria Was
added to the material the catalyst Was reported to be more

25

active, resulting in aTl/2 of500° C. InU.S. Pat. No. 6,413,489
(2002), Ying and Zarur report that the addition of manganese
and lanthanum and cerium oxide to catalysts prepared With
the reverse microemulsion also increase activity, reducing the
Tl/2 from 6200 C. to 530 and 590° C.

An attractive alternative is to react excess methane directly
With oxygen to form hydrocarbons such as ethane or ethylene

by partial oxidation reactions:

30

In addition to hexaaluminates, other materials including

Such processes Would eliminate the need for reforming,

perovskites and aluminate-supported metal oxides also have

thereby signi?cantly reducing the cost of converting natural

been tested as combustion catalysts. For example, Jang et al.
(1999) reported that a La-Mn hexaaluminate catalyst had
much better thermal stability compared to a perovskite. They

gas to chemicals. In addition, otherpartial oxidation reactions
35

compared the activity of a hexaaluminate, LaMnAl1lOl9_6
folloWing calcination at 1400° C. to tWo cobalt-based perovs
kites SrO_25LaO_75CoO3, one, Which had been calcined at 900°
C. and another Which had been calcined at 1200° C. The
hexaaluminate and the perovskite that had been calcined at
900° C. each had Tl/2 values of about 530° C., While the
perovskite calcined at 1200° C. Was much less active With at

Tl/2 of 680° C.
Batiot-Dupeyrat et al. (2001) examined the activity of lan
thanum-based perovskites for periods of up to 25 h under
operating conditions at 900° C. In all cases they reported that
the activity decreased continually over the test period and

Unfortunately, it is extremely dif?cult to prevent complete
40

ment of short contact time reactors (SCT). As their name
45

onds) in Which the reactive gases are in contact With the

50

C. for periods of much less than 25 hours. Finally, the use of
copper oxide supported on a high surface area magnesium
aluminate spinel Was evaluated as a combustion catalyst (Ar
tiZZu et al. 1999). The CuO/MgAl2O4 catalyst Was found to
undergo a severe loss in activity and surface area folloWing
aging at 1200° C. for 12 hours. After aging, the Tl/2 of this
material increased from 550° C. to approximately 800° C. and
the surface area dropped from 44.7 m2/ g to 2.2 m2/g.
Hexaaluminate catalysts can also be useful for the utiliZation

55

of our natural gas resources. Natural gas is the most abundant,

60

employed. (Space velocity is the ratio of feed How to catalyst
from 10 to 100 times the values used in conventional reactors

(Hohn et al. 2002, Feeley et al. 2002). The results obtained
With these reactors have been impressive. For example, Fee
ley et al. (2002) report over 90% selectivity for CO and H2
using a 2:1 mixture CH4 and O2, suggesting that SCT reactors
may be the ansWer to economic methane conversion.

The problem With operating at such high space velocities is
that the catalyst must have a very high activity or very little
conversion Will take place. As a result, the catalysts must be

reserves of this resource, approximately 9000 trillion cubic

because most of these natural gas reserves are located in

oxidation catalyst. Operating at very high space velocities is
thought to suppress the contribution of gas phase oxidation
reactions, Which are not selective and alWays produce CO2
(Feeley et al. 2002). In order to suppress the gas phase reac
tions, space velocities of up to 10,000,000 h'l have been
volume and has units of h_1). These velocities are anyWhere

clean, easily extractable energy source in the Worldtoday (Liu
et al. 2001, Hickman and Schmidt 1993). The World-Wide

nately it is dif?cult to utiliZe this resource economically

implies, short contact time (SCT) reactors operate at very

high space velocities, With only very short periods (millisec

one, had lost a signi?cant fraction of their original surface

feet, are large enough to replace the dWindling supplies of
petroleum in the 21“ century (Periana et al. 1993). Unfortu

oxidation and the formation of CO2. Thus, a great deal of
research has been conducted to identify processes to maxi

miZe the selectivity for partial oxidation products. One prom
ising method for increasing selectivity is the recent develop

they also reported that folloWing the tests, all samples, except
area. These results shoW that these materials are stable at 900°

are also potentially attractive. Economic processes to convert
ethane to a chemically valuable intermediate such as ethylene
Would be very useful.

operated at extremely high temperatures, Where the reaction
65

kinetics are fast. Temperatures as high as 1200° C. have been

reported for SCT reactors in the literature (Hohn et al. 2002).
Unfortunately, the catalysts used to date in these systems
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undergo severe deactivation if they are maintained at these

metal-exchanged hexaaluminates in Which about 1 in 24 to

temperatures for long periods of time.

about 1 in 6 of the Al ions are exchanged With one or more
other metal ions. Of more particular interest are metal-ex

While there has been signi?cant research directed toWards
the identi?cation of thermally stable oxidation and partial
oxidation catalysts, there remains a signi?cant need in the art
for such catalysts that exhibit desired levels of thermal stabil

minate catalyst knoWn in the art can be improved, in activity,

ity and exhibit desired activity levels.

thermal stability, consistency of formulation, reproducibility

changed hexaaluminates in Which about 1/12 Al ions are
exchanged With one or more other metal ions. Any hexaalu

and uniformity of production or most simply in ease of syn
SUMMARY OF THE INVENTION

thesis by employing the metal-exchange reaction of this
invention. Alumoxane precursors and metal acetylacetonate
(Acac) metal exchange reagents are readily available. Metal

The present invention provides metal-exchanged hexaalu
minate catalysts that exhibit good catalytic activity and/or
stability at high temperatures for extended periods With reten

ions that can be substituted or exchanged into the alumoxane

include those of alkali metals, alkaline earth metals, transition
metals, ?rst roW transition metals, lanthanide metals (includ
ing La), rare-earth metals and combinations thereof. Pre
ferred metal ions for exchange into alumoxanes to form

tion of activity as combustion catalysts, and more generally as
oxidation catalysts, that make them eminently suitable for use
in methane combustion, particularly for use in natural gas
?red gas turbines. The hexaaluminate catalysts of this inven
tion are of particular interest for methane combustion pro
cesses for minimiZation of the generation of undesired levels

(less than about 10 ppm) of NOx species. Metal exchanged

hexaaluminate catalysts include one or more of La, Ce, Nd,

Sm, Eu, Gd, Er,Yb,Y, Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Cu, Zn,
20

hexaaluminate oxidation catalysts are also useful for oxida

invention include those in Which from about 1/24 to about 1/6
and preferably about 1/12 of the Al ions are exchanges With one

tion of volatile organic compounds (VOC), particularly
hydrocarbons. Metal exchanged hexaaluminate oxidation
catalysts are further useful for partial oxidation, particularly
at high temperatures, of reduced species, particularly hydro
carbons (alkanes and alkenes).

25

The hexaaluminate catalysts of this invention are prepared
by a fundamentally different route compared to prior art
methods that have been employed for the production of such

catalysts. The method employed for synthesis of the hexaalu
minate catalysts of this invention begins With the preparation

Ag, Au, Zr, Rh, Ru, Pd, Pt and Ir.
In speci?c embodiments, hexaaluminate catalysts of this
metal of the preferred metals listed above. More speci?cally
the invention includes metal-exchanged hexaaluminates in
Which the one metal ion substituted for Al is Ba, Mn,, Sr, La,
Pd, Fe, or Co. In speci?c embodiments, hexaaluminate cata
lysts of this invention include those in Which from about 1/24 to
about 1/6 and preferably about 1/12 of the Al ions are exchanges
With tWo metal ions of the preferred metals listed above. More

30

speci?cally the invention includes metal-exchanged hexaalu
minates in Which the tWo metal ions substituted for A1 are La

of an alumoxane precursor, Which is a Water-soluble alumi
num oxide compound. Metal substitution into the alumoxane

and Mn, Ba and Ce, Ba and Mn, Sr and Pd, or La and Pd. In

is then carried out using Water-dispersable acetylacetonate

tion include those in Which from about 1/24 to about 1/6 and
preferably about 1/12 of the Al ions are exchanges With three

metal salts. Because the alumoxane precursor consists of very

speci?c embodiments, hexaaluminate catalysts of this inven
35

small (less than 100 nm) boehmite particles, the exchange is

metal ions of the preferred metals listed above. More speci?
cally the invention includes metal-exchanged hexaaluminates

accomplished on an atomic scale. The use of alumoxane

precursors to prepare metal aluminum oxide base materials

in Which the three metal ions substituted for A1 are Sr, La and

by a solution-based metal exchange process is the subject of

Mn, Ba; La, and Mn; Sr, La and Fe; Ba, La, and Fe; Sr, La and

Us. Pat. No. 6,207,130 Which is speci?cally incorporated by
reference herein for its teachings regarding the preparation of

40

In another speci?c embodiment metal exchanged hexaalu
minates of this invention include those prepared by metal
exchange reaction With precursor alumoxane and Which have

alumoxanes (carboxylato-alumoxanes)and metal-exchange
reactions With these alumoxanes to generate metal-ex

changed alumoxanes. Metal-exchanged alumoxanes are
heated to form metal-exchanged hexaaluminate catalysts of

Pd and Ba, La and Pd.

the formula:
45

this invention.

This synthetic technique has signi?cant advantages over
traditional preparation techniques, Which rely on coprecipi

Where:
M1 is a metal ion selected from ions of La, Ce, Nd, Sm, Eu,

tation or hydrolysis of alkoxides. First, because the exchange
is carried out on an atomic level, the substitution of heteroa
toms into the alumina matrix is consistent and reliable. On the

50

mixtures thereof;

other hand, substituting heteroatoms by coprecipitation is a
problem because different metal hydroxides precipitate at
different pH values and therefore it is dif?cult to generate a
mixture in Which all metal hydroxides are evenly dispersed at
the atomic level. In addition, alkoxides require the use of
organic solvents and because small amounts of Water vapor

M3 is a metal ion selected from ions of Mn, Fe, Co, Ni, Cu,

Ag, Au, Rh, Ru, Pd, Ir, and Pt;
55

0t is a number Which rendered the composition charge
neutral.
Preferably X+Y+Z is about 1.0 and any one or tWo of X, Y

can cause hydrolysis, they require special procedures for
handling. Our procedure is Water-based and therefore it does
not require the use of solvents. In addition none of our

Gd, Er, Yb, Y and mixtures thereof;
M2 is a metal ion selected from ions of Mg, Ca, Sr, Ba and

or Z can be 0. Of particular interest are hexaaluminates in
60

reagents is sensitive to moisture in the air.

Which Ml are ions of La, and Ce. Of particular interest are
hexaaluminates in Which M2 are ions of Sr and Ba. Of par

In general, the metal-exchange reaction With alumoxanes

ticular interest are hexaaluminates in Which M3 are ions of

can be employed to introduce a Wide range of metals or metal

Pd, Mn, and Fe.
Over 200 hexaaluminate catalysts have been prepared

ions into the alumoxane to generate a metal-exchanged

hexaaluminate. Metal-exchanged hexaaluminates containing
any one or more metal ions other than Al ions can be prepared

using the alumoxane method and their structures are consis
tent With hexaaluminate materials. In addition the concentra

by the metal-exchange reaction. Of particular interest, are

tions of substituted heteroatoms typically agreed With the

65
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target values. We have also assessed the hexaaluminate cata

ticles are bound With carboxylic acids, they are also Water

lysts for methane combustion activity following preparation

soluble. But, perhaps the most signi?cant advantage alumox

and after aging them for a period of 50 hours at high tempera

anes have over traditional precursors is that the metal
exchange (ofAl for one or more other selected metals) can be

tures in a simulated combustion environment and found that

they have excellent thermal stability.
Metal exchanged hexaaluminate catalysts of this invention

accomplished using the acetylacetonate (Acac) of the desired
metal and therefore, the metal exchange can be made at the
atomic level.
There are several signi?cant advantages to this preparation

are also useful for reaction of excess methane directly With
oxygen to form hydrocarbons such as ethane or ethylene by

The invention provides metal-exchanged hexaaluminate
catalysts, methods for making those catalysts employing a

technique. First, because all of the metals to be incorporated
in the hexaaluminate lattice can be exchanged directly into
these extremely small particles, the diffusion distances are
greatly reduced. Rather than being required to diffuse over
micron ranges as Would be expected for coprecipitated par
ticles, atoms incorporated into the boehmite lattice may only

metal-exchange reaction With a precursor alumoxane, cata

have to diffuse a distance of several atoms, or on the order of

lytic methods employing these catalysts for oxidation and

angstroms. This greatly reduces the time required for the
hexaaluminate phase to form.
Second, by adjusting the relative amounts and concentra
tions of the alumoxane and metal-Acac compounds, catalyst
precursor particles can be prepared that are exchanged at the
atomic level producing a knoWn and Well-controlled stoichi
ometry. In addition, the exchange can be carried out With tWo

partial oxidation reactions or for reaction to convert ethane to
a chemically valuable intermediate such as ethylene.

Hexaaluminate catalysts of this invention are of particular
interest for use in short contact time reactors (SCT).

partial oxidation of various reduced species, such as alkanes

and alkenes, particularly loWer alkanes (C1 -C4) and speci?
cally methane and methane-containing gases, such as natural
gas.

20

BRIEF DESCRIPTION OF THE FIGURES

or more metals. Thus, this synthetic procedure can be used to

FIG. 1 is a graph Which shoWs the calculated contributions
of three different NO formation mechanisms to the total NO
in a ?ame at 1500° C. (from Schlegal et al. 1994).
FIG. 2 illustrates the structure of a boehmite and a carboxy
lato-alumoxane Which is a boehmite particle With a carboxy
lic acid attached to it.
FIG. 3 is a schematic of the metal exchange reaction of a

25

of heteroatoms.
There are tWo primary steps in the preparation of the

hexaaluminate catalysts. The ?rst step is the preparation of
the alumoxane precursor. The alumoxane precursor is syn
30

carboxylatoalumoxanes.
FIG. 4 is a graph of Tl/2 values obtained for a series of
Sr-Pd catalysts as a function of palladium loading at three
different conditions: as prepared, aged at 800° C., for 16
hours, and aged at 800° C. for 50 hours.
FIG. 5 is a graph of Tl/2 values obtained for a series of

35

hexaaluminate catalysts containing La, Sr, and Mn as pre
pared and after aging at 1300° C. for 50 hours in a simulated
combustion environment.
FIG. 6 is a graph shoWing the surface areas of the hexaalu

rapidly prepare materials for testing as catalysts With varying
metal content, each containing Well-de?ned concentrations

thesiZed by attaching carboxylic acid ligands to a boehmite
particle. The conversion of boehmite into a Water-soluble
alumoxane (referred to as carboxylato-alumoxane) com
pound is illustrated in FIG. 2. We used a 12:1 molar ratio of
boehmite to carboxylic acid, and found that this formed a
stable alumoxane sol.
The next step in the process is the introduction of metal
cations into the boehmite core of the carboxylato-alumoxane

(FIG. 3). We carried out this step by stirring the aqueous
alumoxane solution With selected amounts of selected metal

minate catalysts containing La, Sr, and Mn as prepared and

acetylacetonates. The solution is usually heated for a short
period of time, about four hours. After heating, We dried the

after aging at 1300° C. for 50 hours in a simulated combustion
environment.
FIG. 7 is a graph comparing the surface areas of tWo

mixture in an oven at 80° C., and ?nally, heated it at a rate of
3° C./min to a temperature of about 800° C. Where it Was

hexaaluminate catalysts prepared by the alumoxane method

40

45

to tWo catalysts of the same composition prepared by copre

maintained for about 1 h. The resulting compound (a metal
exchanged alumoxane)Was removed from the oven, ground to
a ?ne poWder, and then heated to about 1300° C. at 3° C./min.
The samples Were maintained at this temperature for about 1
h.

cipitation.
FIG. 8 is a graph shoWing the surface areas of several

hexaaluminate catalysts prepared by the alumoxane method

27Al NMR studies indicate that during the exchange reac

as a function of time at 1300° C. in a simulated combustion 50 tion aluminum cations (A1“) are extracted from the lattice as

environment.

Al(Acac)3 and replaced by the metal cation contained in the
exchange reagent Acac complex. The very high stability of

DETAILED DESCRIPTION OF THE INVENTION

This invention relates to hexaaluminate catalysts prepared
by metal exchange reactions employing an alumoxane pre
cursor. Alumoxanes are inorganic polymers consisting of car
boxylic acids covalently bound to a boehmite core (Kareiva et
al. 1996, Kareiva et al. 2001, Harlan et al. 1997). The inven
tion is based at least in part, on the discovery that hexaalumi
nates made by this method are very stable at high tempera

the aluminum Acac compound serves as the driving force for
the reaction and makes the substitution reaction very predict
55
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tures compared to hexaaluminates prepared by other
methods, such as coprecipitation.

between 10 and 100 nm. In addition, after the boehmite par

In the metal-exchanged aluminates of this invention at least
about 1/12 of the Al cations of the alumoxane are exchanged
for other metal ions. The Al may be exchanged for one or
more other metal cations. In exempli?ed embodiments the Al
is exchanged or one other metal ion, tWo other metal ions, or
three other metal ions. Hexaaluminate catalysts are formed by

sintering poWders of the metal-exchanged alumoxanes that

The use of alumoxanes as precursors have several synthetic

advantages over other methods for preparing hexaaluminate
catalysts. First, the boehmite particles are very small,

able and reproducible.

65

result from the metal exchange reaction.
The hexaaluminate catalysts of this invention exhibit
increased stability at high temperatures compared to hexaalu

minate catalysts prepared by other methods. Stability is
assessed as retention of catalytic activity as a function of
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Metal exchanged hexaaluminate catalysts of this invention

aging of the catalyst at a given high temperature, e.g., sub
jecting the hexaaluminate to a prolonged period of heating,
particularly under environmental conditions (humidity, pres

are particularly useful as oxidation and combustion catalysts.

In this regard, catalysts of this invention can be employed in
art-known combustion methods Which employ catalysts to
increase e?iciency, or decreased undesired by-products of

ence of CO2, etc) Which simulate the environment in Which
the catalysts Will be used. More speci?cally, one means for

combustion. Metal-exchanged hexaaluminate catalysts of

assessing catalysts activity is by measurement of the tempera

this invention can, for example be employed in methods
describe in Us. Pat. Nos. 5,823,761; 5,830,822; 5,899,679;

ture corresponding to conversion of 1/2 of the methane in a

feed stream (Tl/2). Alternative, assessments of activity mea
sure the temperature corresponding to conversion of 10% of
the methane in a feed stream (T10%). Comparisons made

5,915,951; 6,298,664 and 6,334,987.
EXAMPLES

using measurements of T l /2 or T10% should provide similar

results, Tl/2 measurements are used herein. These tempera
ture measurements can provide a single ?gure of merit, Which
can be used to compare the activity of a number of catalyst

We have examined tWo different types of catalysts that Will
be useful in methane combustion systems, including natural
gas ?red turbines, for example in a ?rst and a second stage of
a combustor. The catalyst used in the ?rst stage should be

samples of different composition. Alternatively, because
catalyst activity as a combustion catalysts is generally
directly proportional to catalyst surface area, relative activity
of a given catalyst can be assessed by measurement of
changes in catalyst surface area, e.g., as % increases or
decreases in surface area. Thus, changes in the surface area of

suf?ciently active that combustion begins at approximately

20

a given catalyst as a function of its exposure to an adverse

environment (e.g., high temperatures) can be assessed by
folloWing changes in catalyst surface area.
Metal-exchanged hexaaluminate catalysts of this invention
have exhibited high thermal stability With retention of about

25

50% or more of their initial surface area after about 50 h of

aging at 1300° C. under simulated combustion conditions.

Preferred metal-exchanged hexaaluminate catalysts of this
invention for use particularly in high temperature applica
tions over about 700° C. exhibit less than about a 75%

30

decrease in surface area (compared to their initial “as pre

We placed approximately 0.5 g sample in a test apparatus,

combustion conditions. More preferred metal-exchanged
35

less than about a 50% decrease in surface area on heating at
1300° C. under simulated combustion conditions. Yet more

preferred metal-exchanged hexaaluminate catalysts of this
invention for use particularly in high temperature applica
tions over about 700° C. exhibit equal to or less than about a
35% decrease in surface area on heating at 1300° C. under

active as possible), because the reactants Will contact second
stage catalysts at temperatures in excess of 700° C.

To measure the catalyst activity for methane combustion,

pared” surface area) on heating at 1300° C. under simulated
hexaaluminate catalysts of this invention for use particularly
in high temperature applications over about 700° C. exhibit

400° C. As the reaction proceeds and the temperature of the
feed mixture increases to approximately 700° C., the gas
mixture is directed over the second catalyst, Which is used to
complete the combustion reaction.
The tWo catalysts used in a tWo-stage combustion con?gu
ration have different requirements. The catalyst used in the
?rst stage is preferably very active; hoWever it only has to be
stable at temperatures up to 800° C. (about 100° C. greater
than the maximum temperature to Which it Will be exposed).
The second stage catalyst must have excellent stability at
temperatures up to 1300° C., hoWever, it does not have to be
as active as the ?rst stage catalysts (although it is preferably as

40

?oWed a mixture of 3% methane in air over the catalyst at a
pressure of 75 psi and a How rate corresponding to 17,000 cc
feed per cc of catalyst per hour or a gas hourly space velocity
(GHSV) of 17,000 h'l . We then monitored CO2 production as
a function of temperature and calculated the temperature
corresponding to conversion of 1/2 of the methane feed stream

(Tl/2). This value represents a single ?gure of merit, Which
can be used to compare the activity of a number of catalyst

samples.

simulated combustion conditions.

We measured activity for methane combustion on the

samples after preparation and also after aging. The ?rst stage

Metal exchanged hexaaluminate catalysts of this invention

have exhibited T 1 /2 as loW as about 360° C.-420° C. even after 45 catalysts Were aged at 800° C. for both 16 and 50 hours While

the second stage catalysts Were aged for 50 hours at 1300° C.

aging at 800° C. for up to 50 h. Preferred metal exchanged
hexaaluminate catalysts of this invention exhibit T 1 /2 equal to
or less than about 5000 C. even after aging at 800° C. for up to

In all cases, We simulated a combustion environment during

the aging process by passing air containing 6% CO2 and 6%
H2O over the catalysts.

50 h. More preferred metal exchanged hexaaluminate cata
lysts of this invention exhibit T 1 /2 equal to or less than about
450° C. even after aging at 800° C. for up to 50 h. Yet more

50

We prepared one series of catalysts of the stoichiometry

preferred metal exchanged hexaaluminate catalysts of this

Srl’XPdXAlllOl8 Where X:0.5, 0.25, 0.125, 0.0625, 0.0312.

invention exhibit T l /2 equal to or less than about 400° C. even

This series produced palladium loadings ranging from 7.8 Wt

after aging at 800° C. for up to 50 h.

Metal exchanged hexaaluminate catalysts of this invention

First Stage Catalysts

% at X:0.5 to 0.25 Wt % at X:0.0312. The results of tests
55

performed on the “as prepared” and aged samples (aged at

have exhibited initial surface areas of 10 m2/g or more “as

800° C.) in this group are shoWn in FIG. 4. The ?gure shoWs

prepared.” Preferred hexaaluminate catalysts are those that
exhibit the highest initial surface area and Which exhibit the

that the T 1 /2 values for Pd loadings of 1 Wt % and higher are

loWest % decrease in surface area on heating at 800° C. or

1300° C. It is generally the case, that a catalyst Will exhibit a
higher % decrease in surface area if it is aged at a higher

60

no greater than 450° C. Considering that oxidation activity
begins at temperature of at least 50° C. loWer than the Tl/2
values, these catalysts appear to have the su?icient initial
activity that Would be suitable in a gas turbine. In addition the

data presented in this ?gure shoWs that all catalysts in this

temperature. As noted above, aging is intended to demon
strate the stability of a catalyst under the conditions to Which

group are very stable. In all cases except the loWest palladium

it is expected to be subjected during use. Catalyst stability or
activity could be assessed under environmental conditions
other than those speci?cally employed in examples herein
that Would be more representative of its potential application.

loading, there is very little change in the Tl/2 value betWeen
the “as prepared” and “aged” samples.Aging at 800° C. under
combustion conditions does not signi?cantly affect catalyst
activity except at loW loading of Pd

65
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These results particularly for the catalysts containing 0.5,

ited no increase in activity folloWing aging, Which is consis
tent With surface area data presented here.

1.0 and 2.0 Wt percent Pd, are very encouraging for several
reasons. First, the activities of these materials are very high

Comparison to Coprecipitated Catalysts

(TU2 of about 400° C.) under these test conditions. In addition,
the ?gure shoWs that the activity of three of these catalysts
(0.5, 1.0 and 2.0 Wt % Pd) did not change signi?cantly after
being exposed to a temperature at least 100° C. higher than
Would be encountered under operating conditions for a period
of 50 hours. Finally, the catalysts having the best combination

pared and then aged each sample at 1300° C. for 50 hours in

of activity and stability included those that contained no more
than about 2 Wt % Pd, Which suggests that these catalysts

an environment containing 6% Water and 6% CO2 in order to
simulate a combustion environment. We ?rst prepared a stock

We performed a direct comparison of tWo catalysts pre

pared by the alumoxane/metal-exchange technique to those
of identical stoichiometry prepared by coprecipitation meth
ods. We measured the surface area of each catalyst as pre

Would not be too expensive to be used in a combustor.

solution of alumoxane, speci?cally 2(2-(2-methoxyethoxy)

Second Stage Catalysts
We have also identi?ed catalysts that Would be suitable for

ethoxy)acetato alumoxane (MEEA-alumoxane). We com
bined 7000 g of a commercially available boehmite sol (Dis
peral Sol P2) solution With 1050 g of psuedo boehmite

use in the second stage of the combustion reactor Where much

(CatapalA) (AlOOH ~><H2O) and 472.5 g MEEA. The

higher temperatures Would be encountered. We prepared sev
eral groups of catalysts substituted With three metals, La, Sr,

LaO_27SrO_33Mn0.4All lO18 hexaaluminate (La/81:08), We

and Mn. We synthesized samples of the stoichiometry
LaXSrYMnZAlllOl8_a (in Which We set Z equal to 0.2, 0.4,

solution Was maintained at 94° C. for 24 hours. To prepare the

combined 50 g of the MEEA-alumoxane With 0.979 g man
20

0.6, 0.8, Where a is a number that makes the compound charge
neutral, and for each value of Z, We prepared samples Where
X/Y?o 0.25, 0.5, 1.0, and 2.0, While maintaining the sum of
X+Y equal to 1—Z. Our initial results indicated that the best
results Were obtained for Z:0.4 and X/Y equal to 1. We then

nate, We combined 50 g of the MEEA-alumoxane With 0.979
25

prepared additional samples Where Z Was equal to 0.4 and
varied the ratio of X/Y from 0.5 to 1.5 in increments of 0.1.
The T m values obtained for the as prepared and aged samples
of this group are shoWn in FIG. 5. This ?gure shoWs that the

as prepared T m values for this group of catalysts (White bars)
vary from 5440 C. to about 575° C. Again this group of

30

catalysts has acceptably high initial catalyst activity. (The
?uid temperature likely Will be in excess of 650° C. before it

contacts the second stage catalyst). Moreover, the results
folloWing aging at 1300° C. for a 50 hour period, also

35

included (as the black bars) indicate that several catalysts in
this group have excellent thermal stability as evidenced by
little or no change in T 1 /2 compared to the as prepared values.
An increase in T l /2 indicates a decrease in activity and a

decrease in T 1/2 indicates an increase in activity. For example
the post aging T l /2 value for catalysts With La/ Sr of 0.5, 0.6,

40

50

occurs most rapidly in early periods of exposure to extreme
conditions, the results of our testing demonstrate that
hexaaluminate catalysts With these formulations have excel

folloWing aging as evidenced by an increase in T 1 /2 from 575

to 590° C. HoWever catalysts With La/Sr:0.8 and 1.1 exhib

dissolving the 82.5 g Al(NO3)3~9 H2O, 2.340 g La(NO3)3~9
H2O, 1.397 g Sr(NO3)2 and 1.423 g Mn(NO3)2 in 100 ml

catalysts prepared by the alumoxane method to those pre

pared by coprecipitation both after preparation and after
aging at 1300° C. in a simulated combustion environment for
50 hours. The results of this comparison are shoWn in FIG. 7.

lent thermal stability.

good correlation betWeen surface area and catalyst activity.
The catalyst With La/Sr:0.7 exhibited a small loss in activity

2.597 g La(NO3)3-9 H2O, 1.270 g Sr(NO3)2 and 1.423 g
Mn(NO3)2 in 100 ml Water. We then heated the solution and
sloWly added a base made by dissolving 40 g ammonium
carbonate in 200 ml Water, until the pH reached a value of 10,

Water and folloWed the same precipitation procedure
described above.
We compared the surface areas of the tWo hexaaluminate

severe losses. The largest increase observed in T 1 /2 Was about

ments presented in FIG. 5. The data shoW that the surface
areas for catalysts With La/ Sr ranging from 0.5 to 0.8 change
very little folloWing aging. For La/SFO.8 We see that the
surface area is about 10 m2/g both before and folloWing aging.
In addition catalysts With La/ 81:07 and 1.1 exhibit only
about 10% losses in total surface area. There is relatively

We prepared the coprecipitated LameSrO_3OMnO_4All1Ol8
sample (La/81:1 .0) by dissolving the 82.5 gAl(NO3)3~9 H2O,

cipitated LaO_27SrO_33MnO_4All1Ol8 (La/81:08) sample by
45

a 45° C. increase representing an increase of about 8% (45/

The surface areas obtained for this group of catalysts Were
measured by the BET method and are shoWn in FIG. 6.
Overall these results are consistent With the activity measure

etate [Sr(Acac)2]. We mixed the solutions at 60° C. for four
hours and then dried the mixture for 16 hours at 120° C. After
the material Was dry, We heated it at 3° C./min to 800° C. and
held the material at this temperature for one hour before
cooling it to ambient temperature. We then removed the mate
rial, ground it to a ?ne poWer, and calcined it again. For the
second calcination, We heated it at 3° C./minute to a maxi
mum temperature of 1300° C. and maintained the material at
this temperature for one hour before cooling.

We dried the solid residue overnight at 120° C. and calcined
the material at 1300° C. for one hour. We prepared the copre

lose activity (e.g., those With La/Sr of1.2-1.5) do not undergo

545). Typically, the Tl/2 increases by only 30-40° C. folloW
ing the aging step. Considering that the sintering process

g manganese acetylacetate [Mn(Acac)2], 1.265 g lanthanum
acetylacetate [La(Acac)3], and 0.828 g strontium acetylac

Where precipitation Was complete. After ?ltering the mixture,

0.8 and 1.1 are all slightly loWer (Within experimental error)
compared to the “as prepared” values, indicating that expo
sure to the severe conditions (1300° C. With 6% Water) caused
no loss in combustion activity. Further, even the catalysts that

ganese acetylacetate [Mn(Acac)2], 1.136 g lanthanum acety
lacetate [La(Acac)3], and 0.922 g strontium acetylacetate
[Sr(Acac)2]. For the LaO_3OSrO_3OMnO_4AlllO18, hexaalumi

The ?gure shoWs that the tWo catalysts prepared by the alu
55

moxane method have higher initial surface areas, 9.7 and 9.2

m2/g for La/ 81:1 .0 and 0.8 respectively, compared to those of

the corresponding compositions prepared by coprecipitation
(2.9 and 2.8 m2/g, respectively). In addition, the coprecipi
tated samples lose a much higher percentage of surface area
60

after aging compared to the catalysts prepared by the alumox
ane/metal exchange method. After 50 hours in a simulated

combustion environment the coprecipitated samples have
65

surface areas of 0.15 and 0.11 m2/ g for compositions
La/ 81:1 .0 and 0.8 respectively. These values represent losses
of 95 and 96% of the original surface areas of these copre

cipitated samples. On the other hand the data gathered shoWs
that catalysts prepared by the alumoxane have much greater

US 7,442,669 B2
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thermal stability. For the sample Where La/ Sr :1 .0 the surface
area following aging is 4.9 m2/g, Which is 51% of the surface
area prior to aging. For the sample Where La/Sr:0.8, the
surface area after aging is 5.9 m2/g Which is 64% of the

Cinibulk, M. (1995). “Synthesis and Characterization of
Sol-gel Derived Lanthanum Hexaaluminate PoWders and
Films”, J. Mater Res., 10, pp. 71-76.
Dalla Betta, R. A. (1997). “Catalytic Combustion Gas Tur
bine Systems: the Preferred Technology for LoW Emissions
Electric PoWer Production and Co-Generation”, Catalysis
Today, 35, pp. 129-135.
Dalla Betta, R. A. and T. Rostrup-Nielsen (1999). “Appli

original value.
This comparison demonstrates that the use of the alumox

ane/metal exchange method produces hexaaluminate cata
lysts that are signi?cantly more thermally stable that those

prepared by other methods, particularly by coprecipitation. It

cation of Catalytic Combustion to a 1.5 MW Industrial Gas

is believed that the metal exchange method results in a

Turbine”, Catalysis Today, 47, pp. 369-375.

hexaaluminate With a more homogeneous structure.

Euzen. P., J. H. Le Gal, G. Martin (1998). “Process for

Catalytic Combustion With Staged Fuel Injection”, US. Pat.
No. 5,823,761.
Euzen. P. (1998). “High Temperature Resistant Oxidation

Extended Aging Study
We also conducted aging studies on selected catalyst for
periods of up to 300 hours to determine the effect of stoichi
ometry and calcination conditions on the thermal stability of
the hexaaluminate materials. We prepared ?ve different cata

Catalyst, A Process for its Preparation and a Combustion

lyst samples by the alumoxane method. Three samples had
the composition LaO_27SrO_33MnO_4All1Ol8 (La/Sr:0.8); tWo
of these Were calcined at 13000 C. for one hour and the other
Was calcined at 14000 C. for one hour. The fourth sample had

20

the composition LaO_3OSrO_3OMnO_4All lOl8 (La/ 81:1) and
Was calcined at 13000 C. for one hour, While the ?fth sample

Advanced Turbine Systems Program”, Journal ofEngineer

had the composition LaO_23SrO_37MnO_4All1Ol8 (La/Sr:0.6)
and Was calcined at 14000 C. for one hour. All samples Were

aged at 13000 C. in an environment containing 6% Water and

25

1 80.

Gates, S. (2000). “Industrial Advanced Turbine Systems
30

Program Overview”, Presentation at the Advanced Turbine
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Systems Program RevieW, Alexandria Vg, December 4-6.
Groppi, G., M. Belleto, C. Cristiani, P., Forzatti, and P. L.
Villa (1993). Preparation and Characterization of Hexaalu
minate-based Materials for Catalytic Combustion”, Applied
Catalysis A: General, 104, pp. 101-108.
Groppi, G., C. Cristiani and P. Forzatti (2001). “Prepara
tion, Characterization, and Catalytic Activity of Pure and
Substituted La-Hexaaluminate Systems for High Tempera
ture Catalytic Combustion”, Applied Catalysis B: Environ

40

mental, 35, pp.137-148.

surface area after 200 hours and the surface areas are reason

ably high at this point, ranging from 0.3 m2/g for the
Sr/La:0.8 that Was calcined at 14000 C. up to 1.2 m2/g for the
catalyst With the same formulation that Was calcined at 13000
C. for one hour. In addition because the slopes of the lines are

relatively ?at betWeen 200 and 300 hours, We conclude that it
is likely that very little change in surface areas Will occur With

increased aging periods.
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14. The oxidation catalyst of claim 6 Wherein the ratio X/Y
ranges from 0.5 to 1.1.
40

Where X ranges from greater than 0 to less than 1 and 0t is a

number Which makes the composition charge neutral.

15. The oxidation catalyst of claim 6 Wherein Z is 0.4 and
X/Y is 0.5,0.6,0.8,1.0 or 1.1.

16. The oxidation catalyst of claim 6 Wherein Z is 0.4 and
X/Y is 1.0.

17. The oxidation catalyst of claim 6 Wherein X+Y is equal

exchanged hexaaluminate, prepared by metal exchange of an
srXPdr-XAlirors-a

C. and 14000 C. to form the metal exchanged hexaaluminate.
9. The oxidation catalyst of claim 6 Wherein Z is 0.2 or 0.4.
10. The oxidation catalyst of claim 6 Wherein Z is 0.4.
11. The oxidation catalyst of claim 10 Wherein the ratio
X/Y ranges from 0.5 to 1.5.
12. The oxidation catalyst of claim 10 Wherein the ratio
X/Y ranges from 0.5 to 1.1.
13. The oxidation catalyst of claim 6 Wherein the ratio X/Y
ranges from 0.5 to 1.5.

We claim:
1. An oxidation catalyst Which comprises a metal

alumoxane precursor, having the formula:

C. and 15000 C. to form the metal exchanged hexaaluminate.
8. The oxidation catalyst of claim 6 Wherein the metal

exchanged alumoxane formed by metal exchange of the alu

Alumina Modi?ed With Rare-Earth Oxides. 1. Preparation,
Structure and Thermal Stability”, Materials Chemistry and

Physics, 37, pp. 29-38.
Woo, S., S. Kang, and J. Sohn (1998). “Effect of Water

zero and Z is 0.2, 0.4, 0.6 or 0.8 and 0t is a number Which

renders the composition charge neutral.
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to 1—Z.

18. The oxidation catalyst of claim 17 Wherein Z is 0.4.
19. The oxidation catalyst of claim 18 Wherein the ratio
X/Y ranges from 0.5 to 1.5.
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