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"CATALYST COMPOSITIONS, THEIR METHOD OF
FORMULATION AND COMBUSTION PROCESSES
USING THE CATALYST COMPOSITIONS"

et o= ee - e - t

This invention relates to catalyst systems, compositions and methods for the
formulation of suech compositions. More.partieularly, the invention relates to
catalyst systems in which the active material is homogeneously interspersed

throughout a monolith structure of ceramic composition.

- Presently known catalyst systems for use in applications such as combustors

employ surface active materials in the form of pure pellets of the active
material, or in the form of a surface coating of the active material on
substrates such as ceramies. For example, it is well known to apply a catalyst
material by slip coating onto a ceramic substrate which is in a honeycomb or
other suitable monolith structure. For certain applications, such as gas

turbine combustors, monolithie structures are most advantageous.

The disadvantages and limitations of conventional monolithic catalyst systems
include the problem of loss of the active material by flaking off or
volatilization from the substrate with a resulting loss in catalytic activity, or
the problem of a change in the mechanical properties of the structures, due to
an interaction of the catalyst coa{ting and the monolith. In certain application,
e.g. in combustors for gas turbines, the flaking material can cause erosion and
damage to turbine blades, or the weakened catalyst/support can undergo
thermostructural failure and enter the turbine, causing damage to the blades.

It is an object of the present invention to provide new and improved catalyst .

systems and compositions and methods of fofmulating the compositions.
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Another object is to provide a catalyst system of the type deseribed in which

the active material is an integral part of the monolith structure to obviate the
problems of coating flake-off or volatilization and consequent loss of catalytic
activity.

Another object is to provide a catalyst system in which the integrity of the
monolith structure is maintained during sustained combustion while obvi'ating
the problem of undesirable interaction of a catalyst metal with a substrate
which results in structural weakening.

Another object is to provide a eatalyst system which provides relatively longer
operating life, especially in high temperature applications, and which provides
good performance through relatively higher combustion efficiency over a long
period of time. '

Another object is to provide a catalyst system which achieves relatively good
catalytic activity wherein the light-off temperatures of the systems compare

. favorably to the light-off temperatures of catalyst systems employing noble

metals.

The invention in summary comprises a system in which the catalytie
composition includes a catalytically active material which is homogeneously
interspersed throughout a monolith structure of ceramic composition. The

- composition is shaped into a unitary monolith which is employed as the

catalyst structure. In one version of the method the active material or
materials are admixed with a ceramic material, which can be either active or
inactive, in finely divided form and then shaped into the monolith structure
which ic caleined. The combustion process of the invention comprises

combusting reactants in the presense of the monolithic catalytic structures.

The foregoing and additional objects and features of the invention will appear
from the following specification in which the several embodiments are set
forth.

The catalyst systems of the invention are comprised in general of a
catalytically active metal oxide material homogeneously mixed or interspersed
in a ceramic metal oxide material. The mixture can be shaped into a unitary
monolith of the desired configuration. The resulting monolith is thereby
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comprised throughout of the ecatalytically active material to provide a

catalysis system with a high degree of structural integrity and with improved
performance.

5 In one embodiment of the invention the active material is a metal oxide which
is homogeneously mixed throughout an inaetive (or less active) metal oxide,
which can be a mixed metal oxide.

Examples of the active metal oxides suitable for use in this embodiment
10 include:

NiO
CeO2
Fe30 4
15 ZI'O2
LaCrO
Con3

CoAl,0,

3

20  Examples of the inactive (or less active) materials suitable for use in this
embodiment include:

Zirconia Spinel

Yttria-stabilized zirconia
25 MgAl2 0 4

Ser'O3

CaZrO3

Examples of the catalyst systems formed by the above materials for this
30  embodiment include:

Zirconia Spinel doped with nickel oxide (5% by weight)
Yttria-stabilized zirconia doped with nickel oxide (5% by weight)
Cerium Oxide (80% by weight) with zireonia (20% by weight)

35 Cerium Oxide (17% by weight) with zirconia (78% by weight) with nickel
oxide dopant (5% by weight)
SrCr03 Perovskite doped with 00203 (5% by weight)
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CaZrO, doped with Co,0, (5% by weight)

CaZrO, arc-plasma sprayed with CoAlZO 4 doped with MgAl, O, (5% by

weight)

SrZrO3 arc-plasma sprayed with CoA120 4 doped with MgA120 4 (5% by
5 weight)

LaCI‘O3 (10% by weight) with Zz'O2 (90% by weight)

Mg 95Ni 75Cr904

MgAl,0, : Fe,0,

10 In other embodiments of the invention the monolithic catalytie composition is
of the perovskite, spinel, corundum or ilmenite crystal structure type in which
primary catalytically active metal oxide materials are in intimate admixture
with carriers comprising inactive or active metal oxide materials which are
capable of forming ceramies. The resulting composition comprises a random

15 interspersion of the various possible erystal structures, e.g. of the perovskites,

or the spinels, or the corundum, or the iimenite, as the case may be.

In one such embodiment a catalytically active base metal oxide of the

perovskite erystal structure AB(.')3 forms a solid solution with another material
20  (either active or inactive) comprising a metal oxide of the perovskite structure

ABO3 suitable for formation of a ceramie. Generally the perovskite structure

is comprised of cations of different types of metals, one of type A and another

of Type B and in which the cations are of different size with the smaller

cations in the cep array occupying the octahedral holes formed exclusively by
25  the oxide ions.

The following are examples of the primary active perovskite base metal oxides
which ean be employed in this embodiment:

30 LaCrO,
LaNiO,
LaLMnO3
Lag,55rg,5MnO4
Lay gKq g0y M0g g03
35 ZrXWO, (X = Ni, Co)
LaCoFeO,
LaMNiO, (M = Ca, or Sr)
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The following are examples of perovskite type metal oxides suitable for use as
carrier materials in this embbdiment:

LaAlO3
5 (SrO slag 6) (Co0 5vm)o3
(Sr0 olay 8)0003

(SI‘0 4Ly 6)(C°0 9Pty 1)O

The following are examples of catalytically active perovskite metal oxides in
10 solid solution with perovskite metal oxides as carriers:

LaLf%lO'.i:Lasth'O3 (3:1 mole ratio)
LaLA103:LaNiO3 (3:1 mole ratio)

15 Another embodiment of the invention provides a primary catalytically active
metal oxide of the spinel erystal structure in solid solution with a spinel
structured compound which is suitable for formation of a ceramic. The spinel
crystal structure takes the form A[BZ] O, or the inverse structure B[AB] O 4

20  The following are examples of the primary active spinel metal oxides which
can be employed in this embodiment:

Fe304

N1A120 4

25 Nig 5MgOy 5(Aly 5Cry sFey )90,
Ni(Al 0.3CT0. 5'Fe0 2) 04 +NiO (1% by weight)
Co(Al 0.3CT0.5Fe. 2)204 + Co0 (5% by weight)
MgCr20 4
30 The following is an example of a spinel type metal oxide suitable for use as the -
carrier material in this embodiment:

MgAlzo 4

35 The fdilowing are examples of the solid solutions of the catalytically active

spinel materials with the carrier spinel materials:

FOREATN
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MgAL,0,:NiAl,0, (3:1 mole ratio)
MgAl,0,:MgCr,0, (3:1 mole ratio)
MgAl,0,:Fe 0, (9:1 mole ratio)
5 Alternatively, an oxide cermet such as the following spinel cermet example
can be used:

MgAl,0,:Fe;0, : (3:1 mole ratio) + 40% Cr by weight

10 In another embodiment of the invention a primary eatalytically active base
metal oxide of either the corundum B203 or ilmenite ABO3 erystal structures
forms a solid solution with another material (either active or inactive)
comprising a metal oxide of the corundum crystal structure suitable for -
formation of a ceramie.

15
Examples of the primary active corundum oxides include:

Fe203

, Con3 stabilized with Yttria

20
Examples of the primary active ilmenite oxides employed in this embodiment
include:

Cr,04
25 Fengl;XTiO3 (x between 0.85 and 0.90, for example)

An example of a corundum structured compound suitable for use in this

embodiment as the ceramic earrier comprises alumina.

30 Examples of solid solutions formed between corundum structured active

0 :A1203 (1:5

compounds and the ilmenite struetured carrier comprises Cr2 3

mole ratio) and Fe o-Mg . TiO, : AL O, (1:9 mole ratio).

Examples of solid solutions between active compounds and carriers which are
35  both of corundum structure inelude:

A1203 : Fe203 (3:1 mole ratio)
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Al,04 : Co,0, (5:1 mole ratio) stabilized with Yttria (2% by weight)

From the potentially large number of metal oxide compounds which could
formulate into solid solutions of the foregoing type, it will be realized that

5 those compounds containing metals with volatile oxides are generally unsuit-
able for combustor service. Thus, the many ecompounds containing barium,
lead, rhenium, ruthenium, sodium and other volatile metals are not preferred.
Similarly, compounds- containing halogens are not considered useful for
combustor service and are not preferred in this invention. Additionally,

10 compounds of the type with known melting points below about 1873K are
suitable only for lower temperature applications.

One method of formulating the catalyst systems of the invention comprises
selection of the starting material in a predetermined proportion according to

15 the mole weight formula of the composition desired for the resulting monolith
structure. The starting compounds are pulverized and intermixed, such as by a
ball mill or other method, to insure complete dispersion and a small particle
size on the order of 10 to 20 microns. The mixture of powder is then formed
into the shape which is desired for the partieular ceramiec technique which is to

20 be used to form the catalyst structure. The mixture is then fired at a
temperature of at least 1000° C.

As one example of a method of molding the catalyst structure to a desired
shape, e.g. a honeycomb shape, would be to form an aqueous or organie slurry

25 with the reactive powders and a binder, pour the slurry into a mold, apply heat
to drive off the water and binder, and then sinter at the high temperature.
Another example would be to apply a coating of such a mixture to a substrate
such as paper formed into the desired shape and then burn the paper off.
Another example for use where one of the starting materials is a pure

30  compound such as alumina would be to press the powders together into the -
desired shape and then cause them to reaect.

The following is a specific example of a method of formulating a perovskite- -
based catalyst system which is a solid solution of LaAlO3 and LaCrO3.
35  Ammonium dichromate (NH 4)201'203 is dissolved in deionized water. Added to
203. Added to that
mixture is a reactive alumina in the appropriate mole percentage. The

that solution is the appropriate mole percentage of La

/1‘;'7"r._WIPO ‘-_\"f“f} ‘



WO 81/00970 PCT/US79/00813

g
resulting mixture is dried at about 150° C to form a sludge, then calcined at a
temperature above about 600° C. The resulting powder is ball milled and than
recaleined above 1300° C. A sample of the recalcined material may be
checked by X-ray diffraction. If reaction is not complete, the powder is

5 recalcined until the desired state is achieved.

At this stage the powder which has been made is a completely reacted
composition of the base ‘metal oxide. The reacted powder is ball milled with
water or other suitable liquid to develope a rheology suited to the chosen
10 forming method, then formed and shaped into the desired unitary configura-

tion.

Another method for making materials suitable for this invention is by gelling
solutions of the proper composition of the desired metals. In this case the gel

15 may be spray-dried to provide a powder of the proper rheology for further
processing.

After the powder has been brought to the proper rheology, the shaping step
may be carried out by formation of a water-based slip (with appropriate
20 organic binders and dispersants) and then ecasting, extruding, molding or
pressing the material into the desired shape. This step may comprise coating
of the slip onto a paper, polymer or sponge substrate, after which the substrate

can be removed as by firing.

25  The final step in this method is caleining the resultant monolith material in the
range of 1100-1600° C. It is preferable to calecine in an oxidizing atmosphere.
However, with constituents having oxides such as Cr203, which have some
volatility, it may be necessary to calcine under an inert atmosphere such as
argon. If the material is calcined under a forming gas to reduce the chance of

30  oxide vaporization, a sample of it must be checked by X-ray diffraction to
make sure that segregated reduced phases have not been introduced.

The following is a specific example of a method of forming a catalyst system
with a_corundum-based active ceramic. In the first-step appropriate mole
35  percentages of (NH 4)ZCrzO7 end Al,Oq (reactive) are added to deionized
water using suitable dispersants. The slurry is dried at 150° C to a sludge, the
sludge is caleined at a temperature of 600° C and the resulting powder is ball
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milled. The remaining steps are carried out as set forth in the above example
for the perovskite-based system.

The following is a specific example of a method of forming a spinel-based
metal oxide catalyst system which is a solid solution of MgA1204 and NiAlzo 4
Basic magnesium earbonate MgCO,- Mg(OH), - 3H,0 is dispersed in deionized
water, and to that mixture are added suitable quantities of reactive A1203 and
Ni(CO3). The produet is then dried at 150° C to a sludge, and the sludge is
caleined at a temperature range of 1000° C - 1300° C. The remaining steps
are carried out as in the above-described example for the method of preparing
the perovskite-based system.

The following is a specific example of a method of formulating another spinel-

based system which is a solid solution of MgAlZO 4 &nd MgCrZO 4 In the first

step (NI~I4)2Cr207 is dispersed in deionized water. To that mixture

appropriate quantities of basic magnesium carbonate and reactive Al.O. are

273
added as well as a dispersant. The remaining steps are carried out as deseribed

in the immediately preceding example.

In the method of forming catalyst systems based upon the above-described
general ceramic materials, a common ecatalytic substrate having several
percent (preferably from 1 to 10% but up to 25%) of a catalytically active
metal oxide is added to the material before monolith formation. For example,
nickel oxide in yttria-stabilized zirconia; nickel oxide or chromium oxide in
mullite or cordierite or zircon mullite; LaCrO3 and mullite; MgCr204 and
alumina; or nickel oxide or 00203 and alumina. The material is then shaped as
described above in connection with the perovskite-based system. Longer times
at calcining temperatures may be required to insure that any solid state
reaction is complete during formulation.

Another preferred embodiment of the present invention is the use of
catalytieally-active oxide composition as both the catalytie and the struetural
materials. Although there are many advantages to be gained by mixing active
materials with less-active materials, it is often desirable to use the active
oxide éomposition for the catalytic and struetural materials. An example of
this is the use of LaCrO3 as the performing catalytically active, electrically-
condueting monolith material.

VB )
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Examgle I

Oxide powders of MgA120 4 and NiA1204 (3:1 mole ratio) were prepared by
pressing the powders into dises and caleining in the manner described above.
5 The disc size was 2-1/4" in diameter and 1-1/4" long with 18 to 30 holes of 0.25"
diameter drilled axially to form gas flow passages. The resulting monolith
structure was tested in a ecombustor using air and natural gas reactants under
fuel-lean eonditions down to a minimum preheat of 325° F. Blowout of the
catalyst bed did not occur at the highest throughput attained, 849,000 111"1
10 space velocity. The catalyst was also tested on lean diesel fuel and sustained
combustion to a minimum preheat of 590° F. During the diesel fuel test
blowout did not occur during maximum throughput at a space velocity of

1,152,000 hr

15 The results of the test of the first example are listed in Table I. CO emissions
were below 50 ppm, and NO emissions ranged from 1 to 30 ppm.

Examgle I

20 Powders of LaAlO3 and La.CrO3 (3:1 mole ratio) were pressed and caleined into
dises shaped as described for Example 1. The catalyst was tested in a
combustor using reactants of air and natural gas as well as diesel fuel. The
test results are depicted in Table II.

25 Examgle I

Powders of MgAlZO 4 and Fe 0, (3:1 mole ratio) were pressed and calcined into

pellets shaped as desecribed in Example I. The catalyst was tested in a

combustor on lean natural gas and lean diesel fuel. The test results are set
30  forth in Table IIL. '

Example IV

Powders of MgAIZO 4 and MgCr20 4 (3:1 mole ratio) were pressed and calcined
35 into the shape of tubes 2" in length having nominal dimensions of 1/4" OD and
1/8" ID. Forty-four of these tubes were bundled and wrapped together in
insulation and supported vertically within a holder tube on a disec of Torvex

Ly, WIEO 4,
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alumina 1" long by 2" diameter which was honeycombed with 3/16™ diameter
cells. The catalyst structure was tested on air and lean and rich natural gas
and diesel fuel. The results of the test are depieted in Table IV. The
performance shows that on lean natural gas CO and NO emissions were at or
5 below 18 and 10 ppm respectively. There was no loss in catalytic activity after
5 hours of testing.

Examgle v

10 Powders of A1203 and Cr203 (9:1 mole ratio) were pressed and caleined into
the shape of tubes 2" in length having nominal dimensions of 1/4" OD and 1/8"
ID. A plurality of the tubes were bundled, wrapped together and supported in
the manner described above for example IV. Platinum was added to the front
segment to promote light-off. The catalyst structure was tested on air and
15 natural gas. The results of the test are depicted in Table V.

From the foregoing it will be seen that the catalyst system compositions of the
present invention provide good performance with high combustion efficiency
over a long period of time. The catalytic monolith maintains its structural

20  integrity in operation without loss of ecatalytic activity through flake-off or
volatilization. There is no problem of interaction of base metal catalysts with
the substrate, nor is there the problem of degradation of surface area due to
growth in crystallite size of the active component when in operation so that
there is a relatively longer life, especially in high temperature applications.

25 Additionally, the manufacturing process is relatively less expensive in that
there are fewer steps to formulate the monolith structure as compared to
existing techniques of manufacturing a substrate, applying a wash coat and
then applying the catalyst.

30  While the foregoing embodiments are at present considered to be preferred, it
is understood that numerous variations and modifications may be made therein
by those skilled in the art and it is intended to cover in the appended claims all
such variations and modifications as fall within the true spirit and scope of the
invent_ipn.

ASUREATN
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What Is Claimed Is: ’
l. A monolithic ecatalytic structure comprising a catalytically active base
metal oxide of the perovskite, spinel, corundum or ilmenite erystal structure
suitable for forming structurally sound catalytic compositions.

2, A catalytie structure as in Claim 1in which the active metal oxide is of the
perovskite crystal structure ABO3 in intimate admixture with an additional
base metal oxide of the perovskite crystal strueture ABO3 suitable for forming
struetually sound catalytic compositions.

3. A catalytic strueture as in Claim 2 in which the active metal oxide is
comprised of a metal of the cation B selected from the group consisting of Cr,
Ni, Mn, Fe, Sr, and Ca.

4. A éatalytic structure as in Claim 2 in which the additional metal oxide is
comprised of a metal of the cation A selected from the group consisting of La
and Sr and is further comprised of a metal of the cation B selected from the
group consisting of Al and Cr.

5. A catalytic structure as in Claim 1 in which the active metal oxide is of the
spinel crystal structure A[B2} 0, or B[ABI O 4 in intimate admixture with an
additional base metal oxide of the spinel erystal structure suitable for forming
structurally sound catalytic compositions.

6. A catalytic structure as in Claim 5 in which the active metal oxide is
comprised of a metal of the cation B selected from the group consisting of Ni,
Fe and Cr.

7. A catalytic structure as in Claim 5 in which the active metal oxide
eomprises Fe304 or NiA12O4 and the additional metal oxide comprises
MgA1204.

8. A catalytic structure as in Claim 5 in which the active metal oxide
comprises Fe304 with Cr.

9. A catalytic structure as in Claim 1 in which the active metal oxide is of the

corundum crystal structure B203 or of the ilmenite erystal strueture ABO3 in
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intimate admixture with an additional base metal oxide of the corundum
crystal structure suitable for formation of a structurally sound eatalytic

composition.

10. A catalytic structure as in Claim 9 in which the active metal oxide of the
corundum structure is comprised of a metal of the cation B selected from the

group consisting of Cr, Co and Fe.

1. A catalytie structur;a as in Claim 9 in which the active metal oxide of the
ilmenite structure is comprised of a metal selected from the group consisting
of Fe and Cr.

12. A catalytic structure as in Claims 10 or 11 in which the additional metal
oxide is comprised of the metal Al of the cation B.

13. A catalytic structure as in Claim 9 in which the active metal oxide
comprises yttria-stabilized 00203.

14. A combustion process eomprising combusting reactants in the presense of a
monolithie catalytic structure comprising a catalytically active base metal
oxide of the perovskite, spinel, corundum or ilmenite crystal strueture suitable

for forming structurally sound catalytic compositions.

15. A combustion proeess as in Claim 14 in which the active metal oxide'is of
the perovskite crustal structure ABO3 in intimate admixture with an additional
base metal oxide of the perovskite crustal structure ABOS suitable for forming
structually sound eatalytie compositions.

16. A combustion process as in Claim 15 in which the active metal oxide is
comprised of a metal of the cation B selected from the group consisting of Cr,
Ni, Mn, Fe, Sr, and Ca.

17. A combustion process as in Claim 15 in which the additional metal oxide is
comprised of a metal of the cation A selected from the group consisting of La
and Srand is further comprised of a metal of the cation B selected from the
group consisting of Al and Cr.
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18. A combustion process as in Claim 14 in which the active metal oxide is of
the spinel crystal structure A[BZI 04 or B[ABI O 4 in intimate admixture with
an additional base metal oxide of the spinel erystal structure suitable for
forming strueturally sound catalytic compositions.

19. A combustion process as in Claim 18 in which the active metal oxide is
comprised of a metal of the cation B selected from the group consisting of Ni,
Fe and Cr. _

20. A combustion process as in Claim 18 in which the active metal oxide
comprises Fe304 or NiA1204 and the additional metal oxide comprises

MgAIZO

4
21. A combustion process as in Claim 18 in which the active metal oxide
comprises Fe30 4 with Cr.

22. A combustion process as in Claim 14 in which the active metal oxide is of
the corundum erystal structure B203 or of the ilmenite crystal structure ABO3
in intimate admixture with an additional base metal oxide of the corundum
crystal structure suitable for formation of a structurally sound catalytie
composition.

23. A combustion process as in Claim 22 in which the active metal oxide of
the eorundum structure is comprised of a metal of the cation B selected from
the group consisting of Cr, Co and Fe.

24. A combustion process as in Claim 22 in which the active metal oxide of
the ilmenite structure is comprised of a metal selected from the group
consisting of Fe and Cr.

25. A combustion process as in Claims 23 or 24 in which the additional metal
oxide is comprised of the metal Al of the cation B.

26. A combustion process as in Claim 22 in which the active metal oxide
comprises yttria-stabilized 00203.

27. A method of formulating a catalyst system comprising the steps of
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preparing an intimate admixture of a catalytically active base metal oxide
having the perovskite crystal structure and an average particle size on the
order of 10-20 microns with an additional base metal oxide having the
perovskite erystal strueture of the type suitable for formation of structurally
sound catalytic compositions and with an average particle size on the order of
10-20 microns, forming the mixture into a unitary structure, and caleining the

formed structure.

28. A method of formulating a catalyst system comprising the steps of
preparing an intimate admixture of a catalytically active base metal oxide of
the spinel erystal structure and an average particle size on the order of 10-20-
microns with an additional base metal oxide of the spinel erystal structure of
the type suitable for formation of structurally sound catalytic compositions
and with an average particle size on the order of 10-20 microns, forming the
mixture into a unitary structure, and calcining the formed structure.

29. A method of formulating a catalyst structure comprising the steps of
preparing an intimate admixture of a catalytically active base metal oxide of
the corundum crystal structure or of the ilmenite crystal strueture, said active
metal oxides having an average particle size on the order of 10-20 miecrons,
with an additional base metal oxide of the corundum crystal structure of the
type suitable for formation of structurally sound catalytic compositions and
having an average particle size on the order of 10-20 microns, forming the
mixture into a unitary structure, and caleining the formed structure.
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