04/043584 A2 I 0K O 0 RO 00000 OO A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
27 May 2004 (27.05.2004)

AT O Y0 0 R

(10) International Publication Number

WO 2004/043584 A2

(51) International Patent Classification’: B01J
(21) International Application Number:
PCT/US2003/036008

(22) International Filing Date:
12 November 2003 (12.11.2003)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
60/425,381
60/425,383

11 November 2002 (11.11.2002)
11 November 2002 (11.11.2002)

US
UsS
(71) Applicant: CONOCOPHILLIPS COMPANY [US/US];
600 North Dairy Ashford, Houston, TX 77079 (US).

(72) Inventors: XIE, Shuibo; 3607 Bellflower Avenue, Ponca
City, OK 74604 (US). RICKETSON, Chad, M.; 5522
West 7th, Stillwater, OK 74074 (US). MINAHAN, David,
M.; 1015 Pecan Hill Street, Stillwater, OK 74074 (US).
JIN, Yaming; 2117 Berkshire, Ponca City, OK 74604
(US). WRIGHT, Harold, A.; 316 Warwick Road, Ponca

(74)

(81)

(84)

City, OK 74601 (US). WOLF, Mary, E.; 136 Elmwood
Avenue, Ponca City, OK 74601 (US). ERCAN, Cemal,
9917 South 87th East Avenue, Tulsa, OK 74133 (US).
DUTTA, Subhash; 1000 South Pine, NGR 4604 RW,
Ponca City, OK 74602 (US).

Agents: WESTPHAL, David, W. et al.; ConocoPhillips
Company, P.O. Box 1267, Ponca City, OK 74602-1267
(US).

Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR,BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI, GB, GD, GE,
GH, GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR,
K7, LC, LK, LR, LS, LT, LU, LV, MA, MD, MG, MK,
MN, MW, MX, MZ, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM, TN, TR,
TT, TZ, UA, UG, UZ, VC, VN, YU, ZA, 7ZM, ZW.

Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, 7ZW),
Burasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
EBuropean patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO,
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: NOVEL SYNGAS CATALYSTS AND THEIR METHOD OF USE

—e—Example 7 —s— Example 8 —a— Example 9 —m— Example 10

CHa4 conversion

0.7 : !

0 10

20

30

Time on stream, hr

(57) Abstract: The present invention relates to improved catalyst compositions, as well as methods of making and using such com-
positions. Preferred embodiments of the present invention comprise catalyst compositions having high melting point metallic alloys,
and methods of preparing and using the catalysts. In particular, the metallic alloys are preferably rhodium alloys. Accordingly, the
present invention also encompasses an improved method for converting a hydrocarbon containing gas and an atomic oxygen-con-
taining gas to a gas mixture comprising hydrogen and carbon monoxide, i.e., syngas, using the catalyst compositions in accordance
with the present invention. In addition, the present invention contemplates an improved method for converting hydrocarbon gas to
liquid hydrocarbons using the novel syngas catalyst compositions described herein.



WO 2004/043584 A2 I} N10 Y A00OA0 0T 00000 000 AR

Published: For two-letter codes and other abbreviations, refer to the "Guid-
—  without international search report and to be republished — ance Notes on Codes and Abbreviations” appearing at the begin-
upon receipt of that report ning of each regular issue of the PCT Gagzette.



WO 2004/043584 PCT/US2003/036008

NOVEL SYNGAS CATALYSTS AND THEIR METHOD OF USE

FIELD OF THE INVENTION

The present invention generally relates to catalysts and processes for the catalytic
conversion of hydrocarbons (e.g., natural gas)

BACKGROUND OF THE INVENTION

Catalysis is the basis for many industrial/commercial processes in the world today. The
most important aspect of a catalyst is that it can increase the productivity, efficiency and
profitability of the overall process by enhancing the speed, activity and/or selectivity of a given
reaction. Many industrial/commercial processes involve reactions that are simply too slow and/or
efficient to be economical without a catalyst present. For example, the process of converting
natural gas or methane to liquid hydrocarbons (an extremely desirable process) necessarily involves
several catalytic reactions.

The conversion of methane to hydrocarbons is typically carried out in two steps. In the first
step, methane is catalytically reformed with water to produce carbon monoxide and hydrogen (i.e.,
“synthesis gas” or “syngas”). In a second step, the syngas intermediate is catalytically converted to
higher hydrocarbon products by processes such as the Fischer-Tropsch Synthesis. For example,
fuels with boiling points in the middle distillate range, such as kerosene and diesel fuel, and
hydrocarbon waxes may be produced from the synthesis gas.

Current industrial use of methane as a chemical feedstock proceeds by the initial conversion
of methane to carbon monoxide and hydrogen via either steam reforming or dry reforming. Steam
reforming currently is the major process used commercially for the conversion of methane to
synthesis gas, the reaction proceeding according to Equation 1.

CH; +H,0 < CO +3H, (1)

The catalytic partial oxidation (“CPOX”) of hydrocarbons, e.g., methane or natural gas, to
syngas has also been described in the literature. In catalytic partial oxidation, natural gas is mixed
with air, oxygen-enriched air, or oxygen, and introduced to a catalyst at elevated temperature and
pressure. The partial or direct oxidation of methane yields a syngas mixture with a more preferable
H,:CO ratio of 2:1, as shown in Equation 2:

. CH4+ 1/205 & CO + 2H, )

The H,:CO ratio for this reaction is more useful for the downstream conversion of syngas to
chemicals such as methanol or other fuels than is the H,:CO ratio from steam reforming. However,
both reactions continue to be the focus of research in the world today.

For successful operation at commercial scale, the catalytic partial oxidation process must be

able to achieve a high conversion of the methane feedstock at high gas hourly space velocities, and
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a high selectivity for carbon monoxide and hydrogen. In addition, the catalyst compositions should
be stable under the severe reaction conditions of the syngas reaction.

Hence, there is still a great need to identify new partial oxidation catalysts, particularly
partial oxidation catalysts that are able to maintain high methane conversion values as well as high
carbon monoxide and hydrogen selectivity values while still resisting deactivation phenomena
during the extreme syngas operating conditions.

SUMMARY OF THE INVENTION

The present invention is directed towards improved catalyst compositions, as well as
methods of making and using such compositions. In particular, preferred embodiments of the
present invention comprise syngas catalysts comprising high melting point alloys and methods of
preparing and using the high melting point alloy catalysts. Such alloys may include one, two, three
or more alloying materials where the alloy or mixed materials has a higher melt temperature than at
least one of the alloying materials alone.

Accordingly, the present invention also encompasses an improved method for converting a
hydrocarbon-containing gas and an atomic oxygen-containing gas to a gas mixture comprising
hydrogen and carbon monoxide, i.e., syngas, using the high melting point catalysts in accordance
with the present invention. The atomic oxygen-containing gas is defined as a gas, which includes at
least one component with one oxygen atom. The atomic oxygen-containing gas could comprise
diatomic oxygen, water (or steam), carbon dioxide, or combinations therefore. Preferably the
atomic oxygen-containing gas comprises diatomic oxygen (O,). The atomic oxygen-containing gas
may also comprise hydrogen (H;) and/or carbon monoxide (CO). The hydrocarbon-containing gas
preferably comprises methane or natural gas.

In addition, the present invention contemplates an improved method for converting
hydrocarbon gas to higher molecular weight hydrocarbons (i.e., Cs+ hydrocarbons) using the novel
syngas catalyst compositions described herein.

One of the preferred embodiments of the present invention is a novel syngas catalyst that
comprises a thodium alloy. The preferred reactions are partial oxidation, steam reforming, and dry
reforming of gaseous hydrocarbons especially of methane or natural gas, but the catalyst is equally
useful in oxidative dehydrogenation reactions of gaseous hydrocarbons. The preferred rhodium
alloys should increase the melting point of the rhodium catalyst material to a temperature above
1964°C. Suitable metals for the rhodium alloy include but are not limited to ruthenium, iridium,
platinum, rhenium, tungsten, niobium, tantalum and zirconium, preferably ruthenium and/or
iridium. When the rhodium alloy is supported, the support material comprises primarily a
refractory support material, such as but not limited to modified alumina, partially-stabilized

alumina, unmodified alumina, titania, modified zirconia, partially-stabilized zirconia, unmodified
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zircoﬁia, and any combinations thereof, preferably modified alumina, zirconia, and combination
thereof. A more preferred embodiment of the syngas catalyst is a rhodium alloy supported on a
high surface area modified alumina support where the high surface area alumina has been treated
with a modifying agent and heat treated. Suitable modifying agents include any one or more metals
including aluminum, rare earth metals, alkali earth metals and transitions metals.

Another embodiment of the present invention comprises methods of using the high melting
point catalyst compositions described above to produce a synthesis gas. The process comprises
passing a hydrocarbon containing gas and an atomic oxygen-containing gas over a syngas catalyst
containing high melting point alloy described above under conditions effective to produce a gas
stream comprising hydrogen and carbon monoxide. A more preferred embodiment of the process
for producing syngas includes a syngas catalyst made of a rhodium alloy supported on a high
surface area modified alumina support where the high surface area alumina has been treated with a
modifying agent and heat treated. Suitable modifying agents include any one or more metals
including aluminum, rare earth metals, alkali earth metals and transitions metals. This syngas
catalyst made of a rhodium alloy supported on a high surface area modified alumina support is
especially useful for the partial oxidation of gaseous hydrocarbons with diatomic oxygen to syngas.

The present invention also comprises. a hydrocarbon gas to liquid conversion process. At
least a portion of the synthesis gas stream produced as described above is reacted with a synthesis
catalyst in a synthesis reactor, e.g., Fischer-Tropsch, methanol, or the like, under conditions
effective to produce liquid hydrocarbons and/or chemicals. In a preferred embodiment, the gas to
liquid conversion process is carried out as a Fischer-Tropsch reaction in a Fischer-Tropsch reactor.
A more preferred embodiment of the process for hydrocarbon gas to liquid conversion process
includes a syngas catalyst made of a thodium alloy. The syngas catalyst comprising a thodium alloy
is preferably supported on a high surface area modified alumina support where the high surface area
alumina has been treated with a modifying agent and heat treated. Suitable modifying agents
include any one or more metals including aluminum, rare earth metals, alkali earth metals and
transitions metals. According to one preferred embodiment of the present invention, partial
oxidation over said syngas catalyst is assumed for at least part of the syngas production reaction.

These and other embodiments, features and advantages of the present invention will
become apparent with reference to the following detailed description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more detailed understanding of the preferred embodiments, reference is made to the
accompanying drawings, wherein:

Figure 1 is graph showing the methane conversion for several example catalysts;

Figure 2 is a graph showing the hydrogen selectivity for several example catalysts; and
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Figure 3 is a graph showing carbon monoxide selectivity for several example catalysts.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Herein will be described in detail, specific embodiments of the present invention, with the
understanding that the present disclosure is to be considered an exemplification of the principles of
the invention, and is not intended to limit the invention to that illustrated and described herein. The
present invention is susceptible to embodiments of different forms or order and should not be
interpreted to be limited to the specifically expressed methods or compositions contained herein.
In particular, various embodiments of the present invention provide a number of different

configurations of the overall gas to liquid conversion process.

The present invention relates to improved catalyst compositions, as well as- methods of
making and using them. In particular, preferred embodiments of the present invention comprise
high melting point catalysts comprising metal alloys, and methods of preparing and using the
catalysts. The present invention is more preferably directed towards syngas catalysts used: in syngas
production from hydrocarbon gas, such as employing partial oxidation, steam reforming, dry
reforming reactions, and even more preferably directed towards syngas catalysts that contain a
rhodium alloy. However, it should be appreciated that the catalyst compositions according to the.
present invention are useful for other partial oxidation reactions, which are intended to be within the .
scope of the present invention. Some or all of the syngas can be used as a feedstock in. subsequent
synthesis processes, such as Fischer-Tropsch synthesis, alcohol (particularly methanol) synthesis,
hydrogen production, hydroformylation, or any other use for syngas. One preferred application for
the product stream comprising CO and H; is for producing, via the Fischer-Tropsch. synthesis,
higher molecular weight hydrocarbons, such as Cs: hydrocarbons (which are in liquid form under
reaction conditions). Thus, the present invention contemplates an improved method for converting
hydrocarbon gas to higher molecular weight hydrocarbons using the novel syngas catalyst

compositions described herein.

Thus, the invention also relates to processes for converting hydrocarbon-containing gas to
liquid products via an integrated syngas production to Fischer-Tropsch process, a methanol process,
or other process.

According to the present invention, a syngas reactor can comprise any of the synthesis gas
technology and/or methods known in the art. The hydrocarbon-containing feed is almost
exclusively obtained as natural gas. However, the most important component is generally methane.
Methane or other suitable hydrocarbon feedstocks (hydrocarbons with four carbons or less) are also
readily available from a variety of other sources such as higher chain hydrocarbon liquids, coal,
coke, hydrocarbon gases, etc., all of which are clearly known in the art. Similarly, the atomic

oxygen-containing gas may come from a variety of sources and will be somewhat dependent upon
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the nature of the reaction being used. For example, a partial oxidation reaction requires diatomic
oxygen as the atomic oxygen-containing feedstock, while steam reforming requires only steam,
and dry reforming requires carbon dioxide. According to the preferred embodiment of the present
invention, partial oxidation is assumed for at least part of the syngas production reaction.

Regardless of the source, the hydrocarbon-containing feed and the atomic oxygen-
containing feed are reacted under catalytic conditions. Improved catalyst compositions in
accordance with the present invention are described herein. They generally are comprised of a
catalytic alloyed metal that has been reduced to its active form and one or more promoters on a
support structure. The support structure can be in the form of a monolith or can be in the form of
divided or discrete structures or particulates. The term “monolith” as used herein is any singular
piece of material of continuous manufacture such as solid pieces of metal or metal oxide or foam
materials or honeycpmb structures. The terms "discrete" structures, as used herein, refer to supports -
in the form of divided materials such as granules, beads, pills, pellets, cylinders, trilobes; extrudates,
spheres or other rounded shapes, or another manufactured configuration. Alternatively, the divided .
material may be in the form of irregularly shaped particles. Often, the shape or form: selected will
dictate the type of catalyst bed that must be used. For example, fixed beds are: comprised of
monoliths, foam and/or large particle sized supports. Small support particles tend to be¢;more useful
in fluidized beds. Preferably at.least a majority (i.e., >50%) of the particles or distinct structures -,
have a maximum characteristic length (i.e., longest dimension) of less than six millimeters,
preferably less than three millimeters. According to some embodiments, the divided catalyst -
structures have a diameter or longest characteristic dimension of about 1/100" to 1/4" -(about 0.25
mm to 6.35 mm). In other embodiments they are in the range of about 50 microns to 6 mm.

In one preferred embodiment where the syngas catalyst is employed in a partial oxidation
reactor, a hydrocarbon gas feedstock and a diatomic oxygen feedstock are mixed so as to provide a
feedstream to the partial oxidation reactor comprising a catalyst bed. The feedstream is preferably
preheated and passed over or through the catalyst bed comprising the novel syngas catalyst
described herein. As the feedstream contacts the catalyst, the catalytic partial oxidation reaction
takes place. The synthesis gas product contains primarily hydrogen and carbon monoxide,
however, many other minor components may be present including steam, nitrogen, carbon dioxide,
ammonia, hydrogen cyanide, etc., as well as unreacted feedstock, such as methane and/or diatomic
oxygen. The synthesis gas product, i.e., syngas, is then ready to be used, treated, or directed to its
intended purpose. For example, in the instant case some or all of the syngas is preferably used as a
feedstock in a subsequent synthesis process, such as a Fischer-Tropsch process.

The gas hourly space velocity of the feedstream in the partial oxidation reactor can vary

widely. Space velocities for the syngas production process via partial oxidation, stated as gas
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hourly space velocity (GHSV), are in the range of about 20,000 to about 100,000,000 hr!, more
preferably of about 100,000 to about 800,000 hr’, most preferably of about 400,000 to about
700,000 hr'. Although for ease in comparison with prior art systems space velocities at standard
conditions have been used to describe the present invention, it is well recognized in the art that
residence time is the inverse of space velocity and that the disclosure of high space velocities
corresponds to low residence times on the catalyst. "Space velocity," as that term is customarily
used in chemical process descriptions, is typically expressed as volumetric gas hourly space
velocity in units of hr'. Under these operating conditions a flow rate of reactant gases is
maintained sufficient to ensure a residence or dwell time of each portion of reactant gas mixture in
contact with the catalyst of no more than 200 milliseconds, preferably less than 50 milliseconds,
and still more preferably less than 20 milliseconds. A contact time less than 10 milliseconds is
highly preferred. The duration or degree of contact is preferably regulated so as to produce a
favorable balance between competing reactions and to produce sufficient heat to maintain the
catalyst at the desired temperature. In order to obtain the desired high space velocities, the process
is operated at atmospheric or superatmospheric pressures. ‘The pressures may: be in the range of
about 100 kPa to about 32,000 kPa (about 1-320 atm), preferably from about 200 kPa to about
10,000 kPa.(about 2:100 atm). The catalytic partial oxidation reactor is preferably operated .at a
temperature in the range of about 350°C to about 2,000°C. More preferably, the temperature is
maintained in'the range 400°C - 2,000°C, as measured at the reactor outlet. Additional. description
for operating:a catalytic partial oxidation reactor is disclosed in co-owned US published patent.
application 2002-0115730 and the equivalent published PCT patent application WO 02/20395, each
of which is incorporated herein by reference in its entirety.

Suitable conditions for operating a steam reforming reactor and a dry reforming reactor are
disclosed in V.R. Choudhary et al., in Catalysis Letters (1995) vol. 32, pp. 387-390; S.S. Bharadwaj
& L.D. Schmidt in Fuel Process. Technol. (1995), vol. 42, pp. 109-127; and Y.H. Hu & E.
Ruckenstein, in Catalysis Reviews - Science and Engineering (2002), vol. 44(3), pp. 423-453, each
of which is incorporated herein by reference in its entirety.

Suitable conditions for operating an oxidative dehydrogenation reactor are disclosed in co-
owned US published patent application 2003-0040655, which is incorporated herein by reference in
its entirety.

The syngas catalyst compositions according to the present invention comprise high melting
point alloys. In particular, the preferred catalysts comprise high melting point thodium alloys on a
support. It has been discovered that these high melting point thodium alloys are more thermally
stable than typical rhodium catalysts, i.e., typical mixed metal catalysts comprising rhodium, which

leads to enhanced ability of the catalyst to resist various deactivation phenomena. It is well known
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that during syngas reactions, several undesired processes, such as coking (carbon deposition), metal
migration, and sintering of metal and/or the support, can occur and severely deteriorate catalytic
performance. The catalyst compositions of the present invention are better able to resist at least one
of these phenomena over longer periods of time than prior art catalysts. As a consequence, these
novel rhodium alloy containing catalysts can maintain high hydrocarbon conversion as well as hi gh
CO and Hj selectivities over extended periods of time with little to no deactivation of the syngas
catalyst.

Accordingly, one of the preferred embodiments of the present invention is a syngas catalyst
that comprises a high melting point thodium alloy. The rhodium alloy has shown surprising results
over typical mixed metal thodium catalysts. It is well known, that at temperatures between 1/3 and
72 of the melting temperature of the metal, supported metal particles can become mobile which
leads to loss of metal surface area due to metal particle agglomeration. This invention raises the
melting point of the supported metal by creating an alloy. The preferred rhodium alloys should
increase the melting point of the metal catalyst material to a temperature above 1964°C (the Rh
melting temperature). It is believed that the higher melting point allows the catalytic material to be
less mobile during the extreme operating conditions of a syngas reaction. Suitable metals for the
thodium alloy generally include but are not limited to Group VII metals, as well as rhenium,
tungsten, zirconium and mixtures thereof. The rhodium alloy should, however, be substantially free
of nickel. - The preferred metals are ruthenium, iridium, platinum, rhenium, tungsten, niobium,
tantalum, zirconium and combinations thereof, most preferably ruthenium and iridium.

Restating one of the very important aspects of the invention for emphasis, high productivity
of a catalyst is related to the surface area of the active catalyst metal. At the temperatures of the
reaction in a catalytic partial oxidation reactor, the catalyst metal has a tendency to sinter, migrate
and/or coalesce. As such, the metal surface area decreases and the productivity of the syngas
process diminishes. By alloying the active catalyst metal with alloying materials that raise the
melting point, the proclivity of the metal to sinter or migrate diminishes providing more stable long
term productivity and catalyst life. The alloying material(s) may also be selected to resist coking.
Obviously, coking diminishes catalyst life and syngas productivity by coating the catalyst metal
with coke.

In accordance with the present invention, rhodium preferably comprises from about 0.1 to
about 20 wt % of the catalyst material, preferably from about 1 to about 10 wt %, and more
preferably from about 2 to about 8 wt %. Likewise, the other metal in the thodium alloy preferably
comprises from about 0.1 to about 20 wt % of the catalyst material, preferably from about 1 to
about 10 wt %, and more preferably from about 2 to about 8 wt %.
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The catalyst compositions may also contain one or more promoters. Suitable promoters are
selected from the group conmsisting of lanthanides, alkali earth metals and mixtures thereof.
Promoters preferably comprise about 10 wt %, of the catalyst composition. In addition, the
catalysts of the present invention are preferably supported catalysts. The support material may be
any traditional support material known and used in the art, such as but not limited to, modified
alumina, partially-stabilized alumina, unmodified alumina, titania, modified zirconia, partially-
stabilized zirconia, unmodified zirconia, and any combinations thereof, preferably modified
alumina, zirconia, and combination thereof.

The catalysts of the present invention should maintain hydrocarbon conversion of equal to
or greater than about 80%, preferably equal to or greater than about 85%, more preferably equal to
or greater than about 90%, and most preferably equal to or greater than 95% after 48 hours of
operation when operating at pressures of greater than 2 atmospheres. Likewise, the thodium alloy—
based catalysts should maintain CO and H, selectivities of equal to or greater than about 80%,
preferably equal to or greater than about 85%, more preferably equal to or greater than about 90%,
and most preferably equal to or greater than about 95% after 48 hours of operation when operating
at pressures of greater than 2 atmospheres.

EXAMPLES

Preparation of supports

“Thé unmodified alumina support was obtained as y-ALO;3 spheres with the following
characteristics: a size in the range of 1.2 to 1.4 mm (average diameter of 1.3 mm), a bulk density of
0.44 g/ml, a surface area and pore volume measure with N, adsorption of 143 m?/g and 0.75 ml/g
respectively.

Example A: La,0; modified ALO;

The y-AL,Os spheres described above were impregnated with a aqueous solution
containing desired amount of La(NO;); so that the La,O3 amount in the final material after drying
and calcinations is approximately 3% by weight. The Al,O3 spheres impregnated with La(NO;);
solution were dried in oven at 120°C for overnight and then calcined at 1100°C for 3 hr. The La;Os-
ALO; spheres were either subject to further modifications with the addition of a promoter or used
directly as catalyst support.

Example B:La,0; modified Al,O3

The same ALO; spheres described above were impregnated with a solution containing
desired amounts of both La(NO;); and AI(NO;);, and then the obtained material was dried
overnight in an oven at 120°C and calcined at 1100°C for 3 hrs.

Table 1 lists the BET surface areas, pore volume, average pore diameter, of (commercially

available) unmodified y-ALO; and modified Al,O; catalyst supports. Surface area and pore size
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distribution are obtained on a Micromeritics TriStar 3000 analyzer after degassing the sample at
190°C in flowing nitrogen for five hours. Surface area is determined from ten points in the nitrogen
adsorption isotherm between 0.05 and 0.3 relative pressure and calculating the surface area by the
standard BET procedure. Pore size distribution is determined from a minimum of 30 points in the
nitrogen desorption isotherm and calculated using the BJH model for cylindrical pores. The
instrument control and calculations are performed using the TriStar software and are consistent with
ASTM D3663-99 “Surface Area of Catalysts and Catalyst Carriers”, ASTM D4222-98
“Determination of Nitrogen Adosorption and Desorption Isotherms of Catalysts by Static
Volumetric Measurements”, and ASTM D4641-94 “Calculation of Pore Size Distributions of
Catalysts from Nitrogen Desorption Isotherms”. The initial surface area of the catalyst is the
surface area of the catalyst structure prior to contact of reactant gas. The pore volume of the
catalyst (N as adsorptive) is measured and calculated using the method described above. Average
pore size (diameter) based on N, adsorptive is calculated as 4V/A.

TABLE 1: Surface area, pore volume and average pore diameter of support and catalyst examples

after calcination of the support.

Examples Composition Calcination BET SA, | Pore volume, Avg. pore
Temp. of m*/g ml/g diameter,
support, °C nm
A T2:0>- A0 1100 T8 063 21
1200 56 0.42 23
B Lay05- AlO; - 1100 87 0.57 20
Control unmodified AL,O; 1100 80 0.54 21
1200 16 0.19 45

Prepared by impregnating Al,O; with a solution containing La(NO3); and AI(NOs)s

Preparation of catalysts

Nine different alloy catalysts were tested. The catalysts were prepared by alloying a
thodium component with the alloy material (ruthenium, iridium, rhenium) using an incipient
wetness impregnation technique. One non-alloy example with thodium was also generated for
comparison purpose.

EXAMPLE 1: 4%Rh-4%Ru/La;03-Al,03

A thodium alloy catalyst was prepared with the following method. The La;O;-modified
ALO; support material described as EXAMPLE A was impregnated with a solution of RhCl; and
RuCl; so as to achieve 4 wit% for both Rh and Ru. After impregnation, the catalyst was dried in an
oven overnight at 120°C, calcined in air at 900°C for 3 hrs and then reduced in H, at 600°C for 3
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hrs. The Rh and Ru metal content in the catalyst was 4% by weight for each metal as calculated by
mass balance after drying and calcination.
EXAMPLE 2: 4%Rh-4%Ru/ La,05-Al,0;

Another rhodium alloy catalyst was prepared with the method described in EXAMPLE 1
except that the La;O3 modified A1,05 spheres from EXAMPLE B were impregnated with a solution
containing both RhCl; and RuCl; such that to achieve 4 wt% for both Rh and Ru. The conditions
for drying, calcination, reduction, are the same as those described in Example 1. The Rh and Ru
content of the catalyst was 4 wt% for each metal weight as calculated by mass balance after drying
and calcination.

EXAMPLE 3: 4%Rh-4%Ru/ AL,O;

A thodium-ruthenium alloy catalyst was prepared with the method described in
EXAMPLE 1. The unmodified y-Al,O3 spheres were impregnated with a solution containing both
RhCl; and RuCl; such that to achieve 4 wt% for both Rh and Ru. The conditions for drying,
calcination, reduction, are the same as those described in Example 1. The Rh and Ru content of the
catalyst was 4 wt% for each metal weight as calculated by mass balance after drying and
calcination.

EXAMPLE 4: 4%Rh-4%Ir/ MgO-AlL,03

‘ A thodium-iridium alloy catalyst was prepared with the method described in EXAMPLE
1. An MgO modified AL,O; catalyst support (obtained from Condea) was impregnated with a
solution containing both RhCl; and IrCl; such that to achieve 4 wt% for both Rh and Ir. The
conditions for drying, calcination, reduction, are the same as those described in Example 1. The Rh
and Ir content of the catalyst was 4 wt% for each metal weight as calculated by mass balance after
drying and calcination.
EXAMPLE 5: 4%Rh-4%Ru/ MgO- AL,O;

A rhodium-ruthenium alloy catalyst was prepared with the method described in
EXAMPLE 1. An MgO modified Al,O; catalyst support (obtained from Condea) was impregnated
with a solution containing both RhCl; and RuCl; such that to achieve 4 wt% for both Rh and Ru.
The conditions for drying, calcination, reduction, are the same as those described in Example 1.
The Rh and Ru content of the catalyst was 4 wt% for each metal weight as calculated by mass
balance after drying and calcination.

EXAMPLE 6: 4%Rh-4%Ru/ La,05-Al,05

A thodium-ruthenium alloy catalyst was prepared with the method described in
EXAMPLE 1. A La,0; modified ALO; catalyst support (obtained from Condea) was impregnated
with a solution containing both RhCl; and RuCl; such that to achieve 4 wi% for both Rh and Ru.

The conditions for drying, calcination, reduction, are the same as those described in Example 1.

10
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The Rh and Ru content of the catalyst was 4 wi% for each metal weight as calculated by mass
balance after drying and calcination.
EXAMPLE 7: 2%Rh- 2%/ MgO-AlOs

A thodium-iridium alloy catalyst was prepared with the method described in EXAMPLE
1. A MgO modified Al,O; catalyst support (obtained from Condea) was impregnated with a
solution containing both RhCl; and IrCly such that to achieve 2 wt% for both Rh and Ir. The
conditions for drying, calcination, reduction, are the same as those described in Example 1. The Rh
and Ir content of the catalyst was 2 wt% for each metal weight as calculated by mass balance after
drying and calcination.
EXAMPLE 8: 2%Rh- 2%Re/ MgO-Al,O;3

A thodium-thenium alloy catalyst was prepared with the method described in EXAMPLE
1. A MgO modified Al,O; catalyst support (obtained from Condea) was impregnated with a
solufion containing both rhodium chloride and rhenium chloride such that to achieve 2 wit% for
both Rh and Re. The conditions for drying, calcination, reduction, are the same as those described
in Example 1. The Rh and Re content of the catalyst was 2 wt% for each metal weight as
calculated by mass balance after drying and calcination.
EXAMPLE 9: 2%Rh- 2%Ru/ MgO-ALO3

A rthodium-ruthenium alloy catalyst was prepared with the method described in
EXAMPLE 1. A MgO modified Al,O; catalyst support (obtained from Condea) was impregnated
with a solution containing both RhCly and RuCls such that to achieve 4 wt% for both Rh and Ru.
The conditions for drying, calcination, reduction, are the same as those described in Example 1.
The Rh and Ru content of the catalyst was 2 wt% for each metal weight as calculated by mass
balance after drying and calcination.
EXAMPLE 10 (non-alloy): 2%Rh/ MgO-Al,O3

A thodium catalyst was prepared with the method described in EXAMPLE 1 except that
only one metal was deposited on the support. A MgO modified Al,O; catalyst support (obtained
from Condea) was impregnated with a solution containing RhCl; such that to achieve 2 wit% for
both Rh. The conditions for drying, calcination, reduction, are the same as those described in
Example 1. The Rh content of the catalyst was 2 wt% metal weight as calculated by mass balance
after drying and calcination.

Catalyst compositions, metal surface area per gram of catalyst, and metal dispersion for

Examples 1-6 are summarized in the Table 2 below.
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TABLE 2: Catalyst Compositions on different supports, metal surface area, and metal (rthodium)

dispersion.
Catalyst Alloy metal loading, Support Metal Surface | Metal dispersion —
Examples wit% Area, —m*/g rhodium,
catalyst structure %
1 4 %Rh /4% Ru La;03-Al,03 1.30 3.7
2 4 %Rh /4% Ru La,0;-A1,0; 1.33 3.8
3 4 %Rh /4% Ru *AL O3 0.62 1.76
4 4 %Rh /4% Ir *MgO-ALO; 2.8 7.8
5 4 %Rh /4% Ru *MgO- ALO; 5.7 16.2
6 4 %Rh /4% Ru *La,03-AL03 4.1 11.6

*  commercially available
The metal surface area of the catalyst is determined by measuring the dissociative
chemical adsorption of H, on the surface of the metal. A Micromeritics ASAP 2010 automatic
analyzer system is used, employing H, as a probe molecule. The ASAP 2010 system uses a.
flowing gas technique for sample preparation to ensure complete reduction of reducible oxides on.
the surface of the sample. A gas such as hydrogen flows throﬁgh the heated sample bed, reducing;
the oxides on the sample (such as platinum oxide) to the active metal (pure platinum). Since only
the active metal phase responds to the chemisorbate (hydrogen in the present case), it is possible to.
measure the active surface area and metal dispersion independently of the substrate or inactive.
componeﬁts. The analyzer uses the static volumetric technique to attain precisc;do‘sing of the
chemisorbate and rigorously equilibrates the sample. The first analysis measures both strong and .
weak sorption data in combination. A repeat analysis measures only the weak (reversible) uptake of
the probe molecule by the sample supports and the active metal. As many as 1000 data points can
be collected with each point being fully equilibrated. Prior to the measurement of the metal surface
area the sample is pre-treated. The first step is to pretreat the sample in He for 1 hr at 100°C. The
sample is then heated to 350°C in He for 1 hr. These steps clean the surface prior to measurement.
Next the sample is evacuated to sub-atmospheric pressure to remove all previously adsorbed or
chemisorbed species. The sample is then oxidized in a 10% oxygen/helium gas at 350°C for 30
minutes to remove any possible organics that are on the surface. The sample is then reduced at
400°C for 3 hours in pure hydrogen gas. This reduces any reducible metal oxide to the active metal
phase. The sample is then evacuated using a vacuum pump at 400°C for 2 hours. The sample is
then cooled to 35°C prior to the measurement. The sample is then ready for measurement of the

metal surface. From the measurement of the volume of H, uptake during the measurement step, it is
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possible to determine the metal surface area per gram of catalyst structure by the following
equation.
MSA = (V)(A)(S)(a)/22400/m
where MSA is the metal surface are in m2 /gram of catalyst structure;
V is the volume of adsorbed gas at Standard Temperature and Pressure in ml.;
A is the Avogadro constant;
S is the stoichiometric factor (2 for H, chemisorption on rhodium);
m is the sample weight in grams; and
a is the metal cross sectional area.
As shown in Table 2, the alloy catalysts have a high metal surface area from 0.8 to 5.7
meter squares per gram of catalyst structure and a metal (thodium) dispersion between 3.7 and 16.2.
Example 5 has the highest metal surface area and metal dispersion, whereas Example 3 has the
lowest metal surface area and metal dispersion out of the 6 examples listed in Table 2. The metal
surface area and metal dispersion is primarily affected by the selection of the material used to
support the alloy as can be seen with the same alloy composition 4% Rh-4% Ru in Examples 1, 2,
3,5,6.
The metal surface area per gram of metal were also measured for Examples 1, 2, and 3,
and were respectively 16.3, 16.7, and 7.7 m?/g metal.
Fixed Bed Reactivity Testing

These catalyst Examples 1, 4, and 5 were tested with molecular oxygen and natural gas as
the hydrocarbon feed with a typical composition of about 93.1% methane, 3.7% ethane, 1.34%
propane, 0.25% butane, 0.007% pentane, 0.01% Cs:, 0.31% carbon dioxide, 1.26% nitrogen (with
% meaning volume percent). The hydrocarbon feed was pre-heated at 3000C and then mixed with
;. The reactants were fed into a fixed bed reactor at a carbon to O, molar ratio of 1.87 or an
Oz:matural gas mass ratio of 1.05 at gas hourly space velocities (GHSV) of about 440,000 or about
635,000 hr-1. The gas hourly space velocity is defined by the volume of reactant feed per volume of
catalyst per hour. The partial oxidation reaction was carried out in a conventional flow apparatus
using a 12.7 mm LD. quartz insert embedded inside a refractory-lined steel vessel. The quartz
insert contained a catalyst bed (comprising of 2.0 g of catalyst particles) held between two inert 80-
ppi alumina foams. The reaction took place for several days at a pressure of about 45 psig (412 kPa)
or about 90 psig (722 kPa) and at temperatures at the exit of reactor between about 800°C and about
1200°C. All the flows were controlled by mass flow controllers. The reactor effluent as well as
feedstock was analyzed using a gas chromatograph equipped with a thermal conductivity detector.

Pressures at the inlet and outlet on the reactor were measured by a differential pressure transmitter
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which gives the overall pressure drop across the catalytic bed by subtracting the pressure at the
outlet from the pressure at the inlet.

The data analyzed include catalyst performance as determined by conversion and
selectivity, and deactivation rate measured for some over the length of each run. The catalyst
performances (CO conversion, H, and CO selectivity) over time are listed in the following Tables
3-6 for Examples 1, 4, 5, and 6 respectively.

Table 3 shows that the initial performance as a function of time on stream, of the RhRu
catalyst in Example 1. The initial performance, i.e., after 6 hours at 90 psig, values were 96.1% CO

selectivity, 95.8% H, selectivity and 93.8% methane conversion.
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Table 3: Test data with CHy conversion, CO and H, selectivity as a function of time on stream for
Example 1 (RhRu) at 90 psig and about 438,000 hr” GHSV.

Time, hr P, psig CHj4 conversion CO Selectivity H, Selectivity
2 90 94.0% 96.0% 95.8%
6 90 93.8% 96.1% 95.8%
10 90 93.3% 95.9% 95.2%
14 90 92.4% 95.7% 95.0%
18 90 91.9% 95.4% 94.3%
22 90 91.1% 95.1% 93.5%
26 90 91.6% 95.2% 93.7%
30 90 92.1% 95.2% 93.5%
34 90 91.3% 95.2% 93.5%
38 90 90.7% 95.0% 93.4%
42 90 90.7% 95.0% 92.9%
46 90 90.6% 94.9% 92.9%
50 90 90.2% 94.8% 92.6%
54 90 90.2% 94.8% | 92.7%
58 90 90.2% 94.8% 92.6%
62 90 89.8% 94.7% 92.2%
66 90 90.1% 94.6% 91.9%
70 90 89.6% 94.6% 91.9%
74 90 89.8% 94.5% 91.7%
78 90 89.2% 94.4% 91.3%
82 90 88.9% 94.2% 90.9%
86 90 88.7% 94.1% 90.6%
90 90 88.2% 94.1% 90.3%
94 90 88.0% 94.0% 90.5%
98 90 87.5% 93.8% 90.0%

100 90 87.6% 93.8% 89.9%

Table 4 shows that the initial performance after 3 hours at 90 psig, of the Rhlr catalyst in
Example 4 was not as good as the RhRu alloys in Examples 1 and 5, but still a workable catalyst
composition. The initial performance values were 90.2% CO selectivity, 83.2% H, selectivity and

80.0% methane conversion. More importantly, after 48 hours on stream the catalyst performance
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did not show signs of deactivation but instead showed signs of improvement to values of 90.5% CO
selectivity, 83.3% H, selectivity and 81.1% methane conversion.

Table 4: Test data with CH4 conversion, CO and Hj selectivity as a function of time on stream for
Example 4 (Rhlr) at 90 psig and about 635,000 hr! GHSV.

Time, hr P, psig CH,4 conversion CO Selectivity H, Selectivity
3 90 80.0% 90.2% . 83.2%
6 90 80.6% 90.2% 82.6%
9 90 79.7% 89.9% 82.7%
12 90 79.5% 90.4% 84.0%
15 90 80.1% 90.4% 84.0%
18 90 79.8% 90.5% 83.9%
21 90 80.1% 90.6% ‘ 84.2%
24 90 80.7% 90.8% 84.1%
27 90 81.6% 90.6% 84.0%
30 90 80.9% 90.8% 84.6%
33 90 81.6% 90.8% 84.0%
36 90 81.6% 90.8% 83.9%
39 90 80.1% 90.6% 84.6%
42 90 80.1% 90.2% 84.6%
45 90 80.3% 90.8% 84.6%
48 90 81.1% 90.5% 83.3%

Table 5 shows that the initial performance, i.e., after 2 hours at 45 psig, of the RhRu
catalyst in Example 5 indicated an excellent catalyst having performance values of 95.2% CO
selectivity, 95.3% H, selectivity and 85.6% methane conversion. After 92 hours on stream, the
values had not significantly changed and, in fact, the methane conversion value increased to 86.2%.

Table 6 shows that the initial performance, i.e., after 2 hours at 45 psig, of the RhRu
catalyst in Example 6 indicated an excellent catalyst having performance values of 95.7% CO
selectivity, 93.7% H, selectivity and 88.4% methane conversion. The catalyst performance was
stable after 75 hrs at 45 psig, but some decay in performance was observed after the reaction

pressure was increased to 90 psig.
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Table 5: Test data with CH, conversion, CO and H, selectivity as a function of time on stream for
Example 5 (RhRu) at 45 psig and about 440,000 hr-1 GHSV.

Time, hr P, psig CH, conversion CO Selectivity H, Selectivity
2 45 85.6% 95.2% 95.3%
6 45 85.7% 95.1% 95.3%
10 45 85.6% 95.1% 95.5%
14 45 85.6% 95.1% 95.3%
18 45 85.2% 95.1% 95.0%
22 45 85.0% 95.1% 95.2%
26 45 85.5% 95.0% 94.9%
32 45 85.1% 95.1% 95.2%
38 45 85.9% 95.1% 95.2%
44 45 85.7% 95.1% 95.0%
50 45 86.3% 95.1% 94.7%
58 45 85.1% 95.1% 95.2%
66 45 85.9% 95.1% 94.9%
74 45 86.9% 95.3% 95.2%
82 45 86.2% 95.2% 95.3%
92 45 86.2% 95.1% 95.1%

17



WO 2004/043584 PCT/US2003/036008

Table 6: Test data with CH, conversion, CO and Hj selectivity as a function of time on stream for
Example 6 (RhRu) at 45 and 90 psig and about 440,000 hr-1 GHSV.

Time, hr P, psig CH,4 conversion CO Selectivity H, Selectivity
2 45 88.4% 95.7% 93.7%
12 45 88.4% 95.8% 94.0%
18 45 88.5% 95.8% 94.0%
24 45 88.5% 95.7% 93.8%
36 45 87.6% 95.7% 94.0%
45 45 87.7% 95.6% 93.3%
48 45 86.2% 95.6% 93.4%
54 45 89.5% 95.6% 93.0%
66 45 88.5% 95.7% 93.1%
75 47 85.4% 95.9% 93.9%
81 90 87.4% 94.7% 90.5%
90 90 88.3% 94.3% 89.2%
102 90 88.4% 94.3% 88.7%
114 90 4 87.8% 94.0% 87.8%
126 | 9 84.6% 93.8% 87.3%
138 90 83.4% 93.6% 87.0%
150 90 83.9% 93.4% 86.0%
162 90 83.4% 93.2% 85.7%
174 90 83.9% 92.9% 88.7%
186 90 78.9% 93.0% 86.9%
198 90 82.5% 92.7% 84.8%
210 90 83.5% 92.8% 84.3%
222 90 83.0% 92.6% 83.9%
225 90 83.5% 92.6% 84.0%

Figures 1, 2, 3 shows the plots of the methane conversion, Hy selectivity and CO
selectivity for typical test runs of alloy catalyst Examples 7, 8, 9, and compared to a non-alloy
catalyst Example 10, demonstrating the great stability in partial oxidation of natural gas, with less
loss in methane conversion and product selectivity for the duration of the run (about 34 hours).
More specifically, the initial drop in methane conversion, H, selectivity and CO selectivity in the

first 5 hours of the test runs is not as pronounced or even present for the alloy catalysts compared to
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the non-alloy catalyst. Moreover the deactivation rate and rate of reactant selectivity loss (i.e. the
slope of the curves) are reduced with most of the alloy catalysts.

The examples and testing data show that the catalyst compositions of the present
invention are an improvement over prior art catalysts in their ability to resist or reduce deactivation
over sustained time periods while maintaining high methane conversion and hydrogen and carbon
monoxide selectivity values.

Accordingly, one of the preferred embodiments of the present invention is an improved
method for converting a hydrocarbon containing gas and an atomic oxygen-containing gas to a gas
mixture comprising hydrogen and carbon monoxide, i.e., syngas. The process comprises using the
improved catalyst compositions described herein in a partial oxidation reaction such as the syngas
reaction described above. Further, the process can include using the improved method for
producing liquid hydrocarbons by sending the syngas product to a synthesis reactor such as a
Fischer-Tropsch or methanol reactor.

Syngas is typically at a temperature of about 600-1500°C when leaving a syngas reactor.
The syngas must be transitioned to be useable in a synthesis reactor, such as fro example, a Fischer-
Tropsch reactor or an alcohol synthesis' reactor which operate at lower temperatures of about 200°C
to 400°C. The syngas is typically cooled, dehydrated (i.e., taken below 100°C to knock out water)
and compressed during the transition phase. Thus, in the transition of syngas from the syngas
reactor to the synthesis reactor, the syngas stream may experience a temperature window of 50°C to
1500°C.

The synthesis reactor is preferably a Fischer-Tropsch reactor. The Fischer-Tropsch
reactor can comprise any of the Fischer-Tropsch technology and/or methods known in the art. The
Fischer-Tropsch feedstock is hydrogen and carbon nﬁonoxide, i.e., syngas. The hydrogen to carbon
monoxide molar ratio is generally deliberately adjusted to a desired ratio of approximately 2:1, but
can vary between 0.5 and 4. The syngas is then contacted with a Fischer-Tropsch catalyst. Fischer-
Tropsch catalysts are well known in the art and generally comprise a catalytically active metal, a
promoter and a support structure. The most common catalytic metals are Group VIII metals, such
as cobalt, nickel, ruthenium, and iron or mixtures thereof. The support is generally alumina, titania,
zirconia, silica, or mixtures thereof. Fischer-Tropsch reactors use fixed and fluid type conventional
catalyst beds as well as slurry bubble columms. The literature is replete with particular
embodiments of Fischer-Tropsch reactors and Fischer-Tropsch catalyst compositions. As the
syngas feedstock contacts the catalyst, the hydrocarbon synthesis reaction takes place. The Fischer-
Tropsch product contains a wide distribution of hydrocarbon products from C5 to greater than
C100. The Fischer-Tropsch process is typically run in a continuous mode. In this mode, the gas

hourly space velocity through the reaction zone typically may range from about 50 to about 10,000
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hr!, preferably from about 300 hr'to about 2,000 hr. The gas hourly space velocity is defined as
the volume of reactants per time per reaction zone volume. The volume of reactant gases is at
standard pressure of 1 atm or 101 kPa and standard temperature of 0°C. The reaction zone volume
is defined by the portion of the reaction vessel volume where reaction takes place and which is
occupied by a gaseous phase comprising reactants, products and/or inerts; a liquid phase comprising
liquid/wax products and/or other liquids; and a solid phase comprising catalyst. The reaction zone
temperature is typically in the range from about 160°C to about 300°C. Preferably, the reaction
zone is operated at conversion promoting conditions at temperatures from about 190°C to about
260°C. The reaction zone pressure is typically in the range of about 80 psia (552 kPa) to about
1000 psia (6895 kPa), more preferably from 80 psia (552 kPa) to about 600 psia (4137 kPa), and
still more preferably, from about 140 psia (965 kPa) to about 500 psia (3447 kPa).

While the preferred embodiments of the invention have been shown and described,
modifications thereof can be made by one skilled in the art without departing from the spirit and
teachings of the invention. The embodiments described herein are exemplary only, and are not
intended to be limiting. Many variations and modifications of the invention disclosed herein are
possible and are within the scope of the invention. Accordingly, the scope of protection is not
limited by the description set out above, but is only limited by the claims which follow, that scope
including all equivalents of the subject matter of the claims. The disclosures of all issued patents,
patent applications and publications cited herein are incorporated by reference. The discussion of
certain references in the Description of Related Art, above, is not an admission that they are prior
art to the present invention, especially any references that may have a publication date after the

priority date of this application.

20



WO 2004/043584 PCT/US2003/036008

CLAIMS

What is claimed is:

1. A syngas catalyst comprising
a refractory support; and

a metal catalyst material comprising an alloy of rhodium and at least one other

second metal, wherein the alloy is substantially free of nickel.

2. The partial oxidation catalyst according to claim 1 wherein the rhodium alloy comprises a
second metal selected from the group consisting of Group VIII metals, rhenium, tungsten,

zirconium and mixtures thereof.

3. The partial oxidation catalyst according to claim 2 wherein the catalyst comprises between

1 and 10 percent of the metal by weight of the catalyst.

4. The partial oxidation catalyst according to claim 1 wherein the catalyst comprises between

1 and 10 percent of thodium by weight of the catalyst.

5. The partial oxidation catalyst according to claim 1 wherein the rhodium alloy comprises

ruthenium.

6. The partial oxidation catalyst according to claim 1 wherein the rhodium alloy comprises
iridium.
7. The partial oxidation catalyst according to claim 1 wherein the rhodium alloy increases the

melting point of the metal catalyst material to a temperature above 1964°C.

8. The partial oxidation catalyst according to claim 1 wherein the catalyst has a metal surface

area equal to or greater than 0.8 square meter per gram of catalyst.

0. The partial oxidation catalyst according to claim 1 wherein said refractory support
comprises a material selected from the group consisting of modified, partially-stabilized or
unmodified alumina, modified, partially-stabilized or unmodified zirconia, titania, and

combinations thereof.

10. The partial oxidation catalyst according to claim 9 wherein said refractory support
comprises a material selected from the group consisting of modified alumina, zirconia, and

combinations thereof.

11. The partial oxidation catalyst according to claim 10 wherein said modified alumina is
modified with a modifying agent selected from the group consisting of aluminum, rare earth metals,

alkali earth metals, transition metals, and combinations thereof.
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12. The partial oxidation catalyst according to claim 10 wherein said modified alumina is
modified with a modifying agent selected from the group consisting of lanthanum, magnesium,

aluminum, and combinations thereof.

13. The partial oxidation catalyst according to claim 1 wherein the metal catalyst material

further comprises at least one promoter.

14. The partial oxidation catalyst according to claim 13 wherein said promoter comprises an
elements selected from the group consisting of lanthanides metal, alkali earth metals, and

combinations thereof.

15. The partial oxidation catalyst according to claim 13 wherein said promoter comprises one
element selected form the group consisting of La, Ce, Pr, Nd, Pm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,

Lu their corresponding oxides, their corresponding ions, and mixtures thereof.

16. The partial oxidation catalyst according to claim 13 wherein said promoter comprises
samarium.
17. A process for producing synthesis gas comprising:

converting at least a portion of a feedstream comprising a hydrocarbon-containing .
gas and an atomic oxygen-containing gas over a syngas catalyst, under conditions effective

to produce a gas stream comprising hydrogen and carbon monoxide,

wherein the syngas catalyst comprises a metal catalyst material comprising an alloy

of rhodium and at least one other second metal, and the alloy is substantially free of nickel.

18. The process according to claim 17 wherein the rhodium alloy comprises a second metal

selected from the group consisting of Group VII metals, thenium, tungsten, zirconium and

mixtures thereof.

19. The process according to claim 17 wherein the rhodium alloy comprises ruthenium.

20. The process according to claim 17 wherein the rhodium alloy comprises iridium.

21. The process according to claim 17 wherein the rhodium alloy increases the melting point of

the metal catalyst material to a temperature above 1964°C.

22. The process according to claim 17 wherein the hydrocarbon-containing gas comprises

methane or natural gas.

23. The process according to claim 17 wherein the atomic oxygen-containing gas comprises

diatomic oxygen, water, carbon dioxide, and combinations thereof.
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24. The process according to claim 17 wherein the atomic oxygen-containing gas comprises

diatomic oxygen.

25. The process according to claim 17 wherein the conversion step comprises partial oxidation,
steam reforming, dry reforming, oxidative dehydrogenation, or combinations over said syngas

catalyst.

26. The process according to claim 17 wherein the process exhibits a hydrocarbon conversion
equal to or greater than 80 %, and a hydrogen selectivity equal to or greater than 80 %, after at least

48 hours under operating conditions of at least greater than or equal to 2 atmospheres.

27. The process according to claim 17 wherein the process exhibits a hydrocarbon conversion
equal to or greater than 85 %, and a hydrogen selectivity equal to or greater than 85 %, after at least

48 hours under operating conditions of at least greater than or equal to 2 atmospheres.
28. A hydrocarbon gas to liquid conversion process comprising:

(a) converting at least a portion of a feedstream comprising a hydrocarbon
containing gas and an atomic oxygen-containing gas over a syngas catalyst comprising an
alloy of thodium and at least one other second metal, wherein the alloy is substantially free

of nickel, under conditions effective to produce a gas stream comprising hydrogen and

carbon monoxide.

(b) reacting at least a portion of the gas stream from step (a) in a hydrocarbon

synthesis reactor under conditions effective to produce Cs. hydrocarbons.

29. The process according to claim 28 wherein the thodium alloy comprises a second metal
selected from the group consisting of Group VIII metals, rhenium, tungsten, zirconium and

mixtures thereof.

30. The process according to claim 28 wherein the thodium alloy comprises ruthenium.
31. The process according to claim 28 wherein the thodium alloy comprises iridium.
32. The process according to claim 28 wherein step (a) exhibits a hydrocarbon conversion equal

to or greater than 80 %, and a hydrogen selectivity equal to or greater than 80 %, after at least 48

hours under operating conditions of at least greater than or equal to 2 atmospheres.

33. The process according to claim 28 wherein step (a) exhibits a hydrocarbon conversion equal
to or greater than 85 %, and a hydrogen selectivity equal to or greater than 85 %, after at least 48

hours under operating conditions of at least greater than or equal to 2 atmospheres.
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34. The process according to claim 28 wherein the hydrocarbon containing gas in step (a)

comprises methane or natural gas.

35.  The process according to claim 28 wherein the atomic oxygen-containing gas in step (a)

comprises diatomic oxygen, water, carbon dioxide, and combinations thereof,

36. The process according to claim 28 wherein step (a) comprises partial oxidation, steam

reforming, dry reforming, oxidative dehydrogenation, or combinations over said syngas catalyst.
37. The process according to claim 28 wherein step (a) comprises catalytic partial oxidation.

38. The process according to claim 28 wherein step (a) comprises a Fischer-Tropsch synthesis.
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