WO 02/08119 A1l

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

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
31 January 2002 (31.01.2002)

PCT

(10) International Publication Number

WO 02/08119 A1l

(51) International Patent Classification”: CO01B 3/38

(21) International Application Number: PCT/US00/34692

(22) International Filing Date:
20 December 2000 (20.12.2000)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

09/625,710 25 July 2000 (25.07.2000) US

(71) Applicant: CONOCO, INC. [US/US]; Suite 2084, 600
Dairy Ashford, Houston, TX 77210-4783 (US).

(72) Inventors: KELLER, Alfred, E.; 1000 South Pine Street,
Ponca City, OK 74602-1267 (US). ALLISON, Joe, D.;
1000 South Pine Street RW, P.O. Box 1267, Ponca City, OK
74602-1267 (US). RAMANI, Sriram; 1000 South Pine
Street RW, P.O. Box 1267, Ponca City, OK 74602-1267
(Us).

(74) Agents: WESTPHAL, David et al.; c/o Joanna Payne,
1000 South Pine, 2635 RW, P.O. Box 1267, Ponca City,
OK 74602-1267 (US).
(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CR, CU, CZ,
DE, DK, DM, DZ, EE, ES, FI, GB, GD, GE, GH, GM, HR,
HU, ID, IL,, IN, IS, JP, KE, KG, KP, KR, KZ, L.C, LK, LR,
LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, MX, MZ,
NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM,
TR, TT, TZ, UA, UG, UZ, VN, YU, ZA, ZW.
(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE,
IT, LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF,
CG, CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: SPOX-ENHANCED PROCESS FOR PRODUCTION OF SYNTHESIS GAS

NN
TR

/

(57) Abstract: A method, system and catalysts for improving the yield of syngas from the catalytic partial oxidation of methane or
other light hydrocarbons is disclosed. The increase in yield and selectivity for CO and H, products results at least in part from the
substitution of H,S partial oxidation to elemental sulfur and water for the combustion of light hydrocarbon to CO, and water.



10

15

20

25

30

WO 02/08119 PCT/US00/34692

SPOX-ENHANCED PROCESS FOR PRODUCTION OF SYNTHESIS GAS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application is a continuation-in-part of U.S. Application No. 09/625,710 filed
July 25, 2000, which claims the benefit of U.S. Provisional Application No. 60/146,635 filed
July 30, 1999.

BACKGROUND OF THE INVENTION
Field of the Invention

The present invention generally relates to processes for producing synthesis gas
from light hydrocarbons employing a short contact time reactor. More particularly, the.
invention pertains to methods of increasing the yield of syngas in processes employing
partial oxidation of methane or natural gas to products containing CO and H, by concurrent
catalytic partial oxidation of H,S to elemental sulfur and hydrogen.

Description of Related Art

Many refineries face an abundant supply of lower alkanes, i.e., C-C, alkanes such
as methane, and relatively few means of converting them to more valuable products.
Moreover, vast reserves of methane, the main component of natyral gas, are available in
many areas of the world, and natural gas is predicted to outlast oil reserves by a significant
margin. There is great incentive to exploit these natural gas formations, however most
natural gas formations are situated in areas that are geographically remote from population
and industrial centers. The costs of compression, transportation, and storage make its use
economically unattractive. To improve the economics of natural gas use, much research has
focused on methane as a starting material for the production of higher hydrocarbons and
hydrocarbon liqﬁids, which are more easily transported than syngas.

The conversion of methane to higher hydrocarbons is typically carried out in two
steps. In the first step, methane is reformed with water to produce a mixture Qf carbon
monoxide and hydrogen (i.e., synthesis gas or syngas). In a second step, the syngas is
converted to hydrocarbons, for example, using the Fischer-Tropsch process to provide fuels
that boil in the middle distillate range, such as kerosene and diesel fuel, and hydrocarbon

waxes. Syngas generation from methane typically takes place by one of three techniques.
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Steam reforming of methane is the most common, followed by partial oxidation, and
autothermal reforming.

The partial oxidation of methane can be represented by the reaction shown in

equation (1):
CHs+ 1/20, - CO+2H, ¢

At the same time, some of the methane burns completely, according to equation (2):
CH4+20; = CO,+2H,0 )

Hence, syngas is typically a mixture of carbon monoxide and molecular hydrogen,
generally having a hydrogen to carbon monoxide molar ratio in the range of 1:5 to 5:1, and
may contain other gases such as carbon dioxide. Synthesis gas is not usually considered a
commodity; instead, it is typically generated on-site for further processing. Synthesis gas is
commonly used as a feedstock for conversion to alcohols (e.g., methanol), olefins, or
saturated hydrocarbons (paraffins) according to the well-known Fischer-Tropsch process, and
by other means. The resulting high molecular weight (e.g. Cso+) paraffins, in turn, provide
an ideal feedstock for hydrocracking, a feedstock for conversion to high quality jet fuel, and
superior high octane value diesel fuel blending components.

Emerging technologies that have been developed to generate syngas from methane
include a technique that entails exposing a mixture of methane and oxygen to a hot catalyst
for a brief time, typically on the order of milliseconds, followed by cooling of the resultant
gas stream. EPO Patent No. 303,438 describes a process for synthesis gas production by
catalytic partial oxidation to overcome some of the disadvantages and costs of steam
reforming. A monolith catalyst is used with or without metal addition to the surface of the
monolith and the process operates at space velocities of 20,000-500,000 hr”'. Conventional
catalytic partial oxidation processes are also described, for example, in U.S. Patent Nos.
5,654,491, 5,639,929, 5,648,582 and in J. Catalysis 138, 267-282 (1992), the disclosures of
which are incorporated herein by reference. Although in conventional short contact time
syngas generation systems the syngas reaction can be self-sustaining once initiated, it has
been shown that 10 - 15 % of the carbon initially present as methane can be lost to the
formation of CO, in combustion via equation (2), above. This directly reduces the yield of
syngas that can be obtained. Therefore it is desirable to use a syngas generation system that
allows a better yield of carbon monoxide and hydrogen.

Further complicating the exploitation of the world's natural gas supply is the fact
that many natural gas formations contain H,S in concentrations ranging from trace amounts

up to about 3-25% (by volume) hydrogen sulfide. For example, many of the catalysts that are
2
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conventionally used for the production of synthesis gas are poisoned by the presence of
sulfur.

If the hydrocarbon conversion does proceed to some degree, the syngas product is
typically contaminated by passed through H,S and/or SO,. The presence of H,S or SO,
generally diminishes the usefulness of the syngas or creates environmental safety concerns.
It would be highly desirable in the natural gas exploitation industry to find a way to
efficiently convert the light hydrocarbon content of the natural gas to synthesis gas without
conducting an initial sulfur removal operation. In a related aspect of petroleum refining,
some petroleum feed streams and separated fractions contain sulfur. Sulfur is typically
undesirable in most petroleum refining processes and products. Refineries typically upgrade
the quality of the various petroleum fractions by removing the sulfur before they are
processed further. Hydrodesulfurization units are used to break down the sulfur compounds
in the petroleum fractions and convert the sulfur to H,S. In addition to hydrodesulfurization
processes, other conversion processes in a typical refinery, such as fluid catalytic cracking,
coking, visbreaking, and thermal cracking, produce H,S from sulfur containing petroleum
fractions. The H,S from both the desulfurization processes and these conversion processes is
typically removed from the gas streams or light liquid hydrocarbon streams using either
chemical solvents based on alkanolamine chemistry or physical solvents. A circulating,
regenerative H,S removal system employing an absorption stage for H,S pickup and a
regeneration stage for H,S rejection produces a concentrated stream of H,S.

In conventional systems, this H,S stream is then fed to a H,S conversion unit,
which converts the H,S into a storable, saleable product such as elemental sulfur, sodium
hydrosulfide solution, or sulfuric acid. Conversion of the H,S to elemental sulfur is most
common, mainly because elemental sulfur is the most marketable sulfur compound of those
typically produced.

The process most commonly used to recover elemental sulfur from H,S gas is the
modified Claus sulfur recovery process. The conventional Claus process is well known in the
art, and is also described in U.S. Pat. App. No. 09/624,715, the disclosure of which is
incorporated herein by reference.

U.S. Pat. No. 5,720,901 describes a process for the catalytic partial oxidation of
hydrocarbons in which nitrogen is present in the hydrocarbon feed mixture. An organic or
inorganic sulfur-containing compound is present in the feed mixture in a sufficient
concentration (i.e., 0.05 to 100 ppm) to reduce the presence of nitrogen by-products,

particularly ammonia and hydrogen cyanide, in the products of the catalytic partial oxidation
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process. Hydrocarbon feedstocks used directly from naturally occurring reservoirs in which
the sulfur content is significantly above the aforementioned limits may be subjected to a
partial sulfur removal treatment before being employed in that process. A sulfur removal
step is applied to the product stream if the carbon monoxide and/or hydrogen products of the
process are to be utilized in applications that are sensitive to the presence of sulfur, such as
Fischer-Tropsch synthesis.

It would be desirable to have a syngas production process than can avoid the need
for an initial sulfur-removal step from H,S-containing natural gas sources. It would also be
desirable to have a syngas production process with improved yield and selectivity for CO and
H; products compared to conventional syngas processes. Also needed are new and better
ways to utilize H,S gas streams arising from existing desulfurization processes.

SUMMARY OF THE INVENTION

The present invention provides a method, system and catalysts that improve the
yield of syngas generation and selectivity for CO and H, products, at least in part by
substituting H,S partial oxidation for methane combustion in a syngas reactor. The partial
oxidation of H,S provides the heat necessary to sustain the syngas reaction at the desired
temperature without consuming the methane or other light hydrocarbon. Hence, less methane
is lost to complete combustion and yield of the product is increased. In accordance with -
certain embodiments of the invention, a process for producing synthesis gas is provided. The
process comprises, contacting an H,S-containing light hydrocarbon stream, in the presence of .
O,, with a catalyst having activity for catalyzing the partial oxidation of the hydrocarbon to a
product comprising CO and H, and also having activity for catalyzing the partial oxidation of
H,S to elemental sulfur and water, under reaction promoting conditions of temperature, flow
rate, molar ratios of reactant gases, and reactant gas/catalyst contact time. The process also
includes maintaining the reaction promoting conditions such that the reactions

H,S +% 0, = 1/x Sx + H,O , where x equals 2, 6, or 8, and 3)

CH4+1/20, > CO+2H; (1)
simultaneously occur and a process gas stream is obtained comprising CO, Hj, gaseous
elemental sulfur and steam. The process further comprises condensing elemental sulfur from
the process gas stream to provide a substantially desulfurized synthesis gas stream. In
preferred embodiments the process includes contacting the catalyst with a portion of the H,S-

containing light hydrocarbon stream for no more than about 10 milliseconds.
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In some embodiments, a process for producing synthesis gas is provided that
comprises providing a first gas stream containing a C;-C,4 alkane, or mixture thereof, and,
optionally, H,S. Optionally, a second gas stream containing H,S mixed with the first gas
stream, such that a H,S-containing hydrocarbon feed gas stream is produced having a H,S :
CH,4 molar ratio of about 1 : 10 to about 2 : 3. The process includes mixing the H,S-
containing hydrocarbon feed gas stream with an O,-containing stream to form a reactant gas
stream, the reactant gas stream having a CH4 : O, molar ratio of about 1.5 : 1 to about 2.2 : 1.
The process also includes passing the reactant gas stream over a catalyst such that a portion
of the reactant gas contacts the catalyst for no more than about 10 milliseconds. The selected
catalyst is capable of catalyzing the partial oxidation of to CO and H, and also capable of
catalyzing the partial oxidation of H,S to elemental sulfur and water under reaction
promoting conditions. The process further includes maintaining reaction-promoting
conditions of temperature, molar ratios of reactant gas components, and flow rate such that a
gaseous product stream comprising CO, Hj, 1/x Sy and H,O is obtained, wherein X= 2, 6, or
8. The gaseous product stream is then cooled to the condensation temperature of elemental
sulfur, or lower, such that elemental sulfur condenses from the product stream and an at least
partially desulfurized gaseous product stream is obtained. Optionally, elemental sulfur
product is recovered. Any residual gaseous sulfur-containing components may, optionally,
be removed from the at least partially desulfurized gaseous product stream using, for
exaxﬁple, a sulfur absorbing sulfur absorbing material such as zinc or iron oxide.
Substantially sulfur-free synthesis gas, preferably in high yield, having a H,:CO molar ratio
of about 2:1 and containing less than about 10 vol. % CO, is recovered from said product
stream.

Also provided according to‘ certain embodiments of the invention is a method for
improving the yield of a syngas generation system, comprising providing a first gas stream
containing a light hydrocarbon, mixing a second gas stream containing H,S with the first gas
stream to form a feed gas stream, mixing the feed gas stream with an oxygen containing
stream to form a mixed feed stream, contacting the mixed feed stream with a hot catalyst to
form a product stream, and removing syngas and elemental sulfur from the product stream.
In certain embodiments, the method further comprises removing residual H,S from the
product stream.

According to some embodiments the step of mixing a second gas stream

comprising H,S with the first gas stream to form a feed gas stream is carried out at
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temperatures up to about 300°C. In some embodiments the step of contacting the feed gas
stream with a hot catalyst to form a product stream is carried out at temperatures above 500
°C, preferably between about 850 and 1,500°C.

In some embodiments the method of improving syngas yield includes converting
less than 10 vol.% of the light hydrocarbon to carbon dioxide. In preferred embodiments the
catalyst contact time is less than 10 milliseconds.

According to some embodiments, the method employs a catalyst is selected from
the group consisting of: platinum, rhodium, iridium, nickel, palladium, iron, cobalt rthenium
rubidium, Pd-La,0s, Pt/ZrO,, Pt/Al,03 and combinations thereof.

Another aspect of the present invention provides a system for the partial oxidation
of light hydrocarbons, comprising a hydrocarbon injection line, an H,S injection line in
communication with said hydrocarbon injection line, an oxygen injection line in
communication with said hydrocarbon injection line, a reaction zone receiving gases from
said hydrocarbon, H,S and oxygen injection lines and including a catalyst suitable for
catalyzing said hydrocarbon to form CO and H,. In some embodiments the system includes a
mixing zone upstream of the reaction zone, the mixing zone receiving gases from the
hydrocarbon and the H,S lines, wherein the temperature of the mixing zone is up to about
300°C. In certain embodiments the system comprises a thermal barrier between the mixing
zone and the reaction zone. In certain embodiments the oxygen injection line communicates
with the reaction zone, and in some embodiments the mixing zone receives oxygen from said
oxygen injection line. According to some embodiments the temperature of the reaction zone
is between about 850-1,500°C. Preferably the system includes at least one cooling zone
downstream of the reaction zone, and at least one tailgas processing unit downstream of the
final cooling zone. In some embodiments the catalyst is supported on wire gauze and
comprises platinum, rhodium, iridium, nickel, palladium, iron, cobalt, rhenium, rubidium, Pd-
Lay0s, Pt/ZrO,, Pt/Al,Os, or a combination thereof.

In yet another aspect of the present invention is provided a method for improving
the yield of a syngas generation system. The method comprises providing a gas stream
comprising a light hydrocarbon, mixing a second gas stream comprising H,S with the first
gas stream to form a feed gas stream, while maintaining the temperature of the feed gas
stream below about 500°C, and preferably no more than about 300°C. The method also
includes contacting the feed gas stream with a hot catalyst, in the presence of O,, to form a

product stream wherein less than 10% of the carbon atoms in the light hydrocarbon is



10

15

20

25

30

WO 02/08119 PCT/US00/34692

converted to carbon dioxide, and the removing syngas and elemental sulfur from the product
stream. In some embodiments the method comprises mixing O, with the light hydrocarbon
prior to contacting the feed gas stream with a hot catalyst. In some embodiments the O, is
mixed with the light hydrocarbon during the contacting of the feed gas stream with a hot
catalyst.

Yet another aspect of the present invention provides a catalyst having activity for
concurrently catalyzing the partial oxidation of a light hydrocarbon and for catalyzing the
partial oxidation of H,S to produce a product mixture comprising CO, H,, 1/x Sx and H,O,
wherein x=2, 6 or 8, under reaction promoting conditions of temperature, flow rate, molar
ratios of reactant gases, and reactant gas/catalyst contact time up to about 10 milliseconds.
Preferred catalyst compositions comprise platinum, rhodium, iridium, nickel, palladium, iron,
cobalt, rhenium or rubidium, or a combination of any of those metals. Preferably, a
lanthanide element or oxide thereof is also included. The catalyst may also be supported on a
refractory support, having sufficient strength and transparency to permit high pressures and
flow rates, and made of alumina, zirconia or partially stabilized (MgO) zirconia, for example.
In some embodiments the catalyst comprises Pd-La;Os. In some embodiments the catalyst
comprises Pt/ZrO, or Pt/Al,03. In some embodiments the catalyst comprises about 87 - 93
wt% Pt and about 7-13 wt% Rh.

In certain preferred embodiments, the catalyst comprises rhodium and samarium
on an alumina or partially stabilized (MgO) zirconia (PSZ) support. According to one such
embodiment the catalyst is prepared by depositing about 4-6 wt% Rh onto a layer of about 5
wt% Sm coating a PSZ. monolith. These and other embodiments, features and advantages of
the present invention will become apparent with reference to the following drawings and

description.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more detailed description of the present invention, reference will now be
made to the accompanying drawings, wherein:

Fig. 1 is an enlarged cross-sectional view of a short contact time reactor and
cooling zone constructed in accordance with a preferred embodiment of the present
invention; and

Fig. 2 is a schematic diagram of the components of one preferred embodiment of a

syngas-elemental sulfur production system including the reactor of Fig. 1.
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Several schemes for carrying out catalytic partial oxidation (CPOX) of
hydrocarbons in a short contact time reactor have been described in the literature. For
example, L.D. Schmidt and his colleagues at the University of Minnesota describe a
millisecond contact time reactor in U.S. Pat. No. 5,648,582 and in J. Catalysis 138, 267-282
(1992) for use in the production of synthesis gas by direct oxidation of methane over a
catalyst such as platinum or rhodium. A general description of major considerations involved
in operating a reactor using millisecond contact times is given in U.S. Patent No. 5,654,491.
The disclosures of the above-mentioned references are incorporated herein by reference.
Syngas Production Assembly

The present inventors have developed an assembly and process for the enhanced
production of synthesis gas. In the new syngas generation process the catalytic partial
oxidization of H,S ("SPOX") to elemental sulfur and water and the catalytic net partial
oxidization (CPOX) of methane are carried out toge;ther in a short (<10 milliseconds) contact
time reactor assembly.— The SPOX and CPOX reactions are carried out concurrently in a
syngas production assembly that employs a short contact time flow reactor that is capable of
withstanding temperatures up to about 1,500°C. Without wishing to be bound by a particular
theory, the inventor suggests that by substituting the heat of partial oxidation of H,S for the
combustion of methane, the new syngas production process provides the heat necessary to
maintain the syngas reaction at the desired temperature without giving up the methane to
combustion products. This, in turn, results in a higher overall yield for the process.

Referring initially to Fig. 1, reactor 10 of a preferred syngas production assembly
is shown. Reactor 10 includes feed injection openings 12, 14, and 16, a mixing zone 19, a
reaction zone 20 and a cooling zone 30. Reaction zone 20 preferably includes a thermal
radiation barrier 22 positioned immediately upstream of a catalytic device 24 in a fixed-bed
configuration. Radiation barrier 22 is preferably a porous ceramic or refractory material that
is suited to withstand operating temperatures and provide sufficient thermal insulation, such
as those described in U.S. Patent 4,038,036 (Beavon), which is incorporated herein by
reference. In commercial scale operations the reactor may be constructed of, or lined with,
any suitable refractory material that is capable of withstanding the temperatures generated by
the exothermic CPOX and SPOX reactions. ’

The reactor 10 contains a catalyst device 24 positioned in the flow path of the feed

gas mixture. Referring now to Fig. 2, the reactor also includes, adjacent reaction zone 20, a
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cooling zone 30 that includes ceramic ferrules 32 embedded in refractory material 26, and a
tube sheet 34 containing a plurality of thermally conductive tubes 36. Tubes 36 of cooling
zone 30 extend from the process (reacted) gas outlet of reactor 10 through a heat exchanger
40, such as a waste heat or firetube boiler, as illustrated in Fig. 2, for cooling the reacted
gases. Tube sheet 34 is a divider between the process gas and the boiﬁng water where the
hot process gas exits the reactor and enters boiler 40. The tubes 36 and tube sheet 34 are
preferably made of carbon steel. The tube sheet forces the process gas to exit the reactor by
going through the inside of tubes 36. Boiling water, contained by the shell of the heat
exchanger surrounds the outside of tubes 36. Since the carbon steel of the tubes and tube
sheet cannot stand the high temperatures of the process gas (i.e., about 1,300°C), temperature
protection for the metal in both is needed. For tubes 36 and for most of the tube sheet 34, this
protection is afforded by the boiling water. Since the boiling water remains at a constant
temperature, and since the metal conducts heat so readily, the tubes and most of the tube
sheet attain temperatures only slightly above the temperatures of the boiling water (1.e., about
100°C). This is not the case for the portions of the tube sheet where tubes 36 connect at
joints 38. Without thermal protection, these joints and the first part of the tube would see
temperatures far exceeding the safe operating limits for the metal. The refractory covering 26
and ceramic ferrules (tube inserts) 32 provide insulation for these relatively unprotected areas
of metal. Thus, only metal surfaces that are adequately exposed to the boiling water will
encounter the hot gases.

Following boiler 40 is a sulfur condenser 50 for further cooling the process gas and
providing for the removal of liquid sulfur product. In processes in which the cooled syngas
mixture that emerges from condenser 50 still contains an undesirable amount of unreacted
H,S or other sulfur-containing gas, the assembly may further include a heater 55 and at least
one tailgas cleanup unit 60. Tailgas cleanup unit 60 includes a sulfur absorbing material 56
and another condenser 58. The sulfur absorbing material is preferably zinc or iron oxide.
Additionally, a conventional quench tower may follow in line after the final tailgas cléanup
unit if it is desired to remove the water from the gas exiting the CPOX/SPOX reactor.

Referring again to Fig. 1, the catalyst device 24 is preferably in the form of a layer
or layers of wire gauze 25, or a porous ceramic monolith (not shown), that may also support
one or more catalytic components. The catalyst device is configured so that only a first
fraction of the feed gas mixture contacts the catalytically active surfaces of the catalyst

device, while the balance of the reactant gas mixture serves to quickly cool the first fraction
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and prevent the oxidation reaction from proceeding too far. Preferably the catalyst bed or
device 24 is held between two porous refractory disks 22, such as alpha-alumina, which also
serve as thermal barriers. Gauze 25 is preferably one or more layers of a substantially planar,
flexible woven metal-containing or metal-coated screen or gauze having about 20-120 mesh.

More preferably, it is a single gauze of metal wires, or a short stack of gauzes, of diameter

- compatible with the diameter of the reactor. In a laboratory scale reactor, the gauzes or

monoliths are preferably about 25 micrometers to about 2.5 millimeters in diameter. Some
preferred catalysts are gauzes made of about 87-93% by weight (wt-%) Pt and about 7-13 wt-
% Rh.

Suitable catalytic components that can be included in the metal of the gauze,
incorporated at its surface, or supported on a suitable refractory support include platinum,
rhodium, iridium, nickel, palladium, iron, cobalt, rhenium, rubidium, Pd-La,0;, Pt/ZrO, and
Pt/AL,O3. Some of the preferred catalysts also contain a lanthanide. Especially preferred
catalysts are thodium and samarium on an alumina or PSZ monolith. Those catalysts are
prepared by depositing Rh (e.g., about 4-6 wt%) onto a layer of Sm (e.g., about 5 wt%) that
coats a PSZ monolith. PSZ monoliths are commercially available from Vesuvius Hi-Tech
Ceramics Inc., Alfred Station, New York. Other alternative catalyst structures, or devices,
include a disk with multiple perforations formed therethrough, a honeycomb-like structure,
an etched foil and any other structure that provides the desired amount of transparency to
permit the required 10 millisecond or less contact time to effect the desired partial oxidation
reactions. A detailed discussion of catalyst structure and composition can be found in U.S.

Patent No. 5,654,491 to Goetsch et al., which is incorporated herein.

Process for Producing Synthesis Gas

Referring again to Fig. 1, in operation, a stream of light hydrocarbon, such as
methane, is fed into feed injection opening 12. A stream of H,S is fed into a second feed
injection opening 14. Air or oxygen is fed into the third feed injection opening 16, which is
preferably positioned close to catalyst 24. It should be understood that the feed injection
openings can be configured differently from the configuration shown in Fig. 1 without
affecting the principles or operation of the present system. For example, O, injection opening
16 could be placed such that the oxygen is mixed with the light hydrocarbon during the
contacting of the feed gas stream with a hot catalyst. Such a configuration may help reduce

the occurrence of unwanted side reactions that might otherwise rapidly occur during or after
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mixing of O, with the H,S and hydrocarbon components but prior to contacting the catalytic
surfaces of the reaction zone.

As another alternative, the hydrocarbon feed stream may initially include an
amount of H,S. For example, a feed obtained directly from a natural gas reservoir may
contain a small amount or even 3-25 vol.% hydrogen sulfide. In this case the separate H,S
feed stream is either omitted entirely or the amount of H,S added from an external source via
injection opening 14 is regulated so as to maintain a favorable molar ratio of HyS to CHy, as
discussed in more detail below. In either alternative, pure oxygen, via inlet 16, is preferably
mixed with the hydrocarbon-H,S gas feed immediately before contacting the feed gases with
a catalyst. Air, or a mixture of air and oxygen can be substituted for the pure oxygen.
However, since the presence of N; in the reactant gas mixture can be problematic (i.e.,
forming unwanted nitrogen-containing compounds), it is usually preferable to use pure
oxygen instead of air.

As the feed gases from feed injection openings 12, 16 and, optionally, 14 flow
toward catalytic device 24, they are subjected to thorough mixing by static mixer 18, which
can be simply a series of vanes that extend into the flow path of the reactant gas mixture.
During mixing, the feed gases are shielded by radiation barrier 22 from radiant heat that is
gencrated‘ downstream in the process. It is preferred that the temperature on the upstream
side of barrier 22 be in the range of about 20°C to about 300°C, and no more' than about
500°C. Preheating the feed gases above about 300°C is generally not desirable because
excessive heat can cause unwanted homogeneous reactions to occur that reduce the
selectivity of the process for the desired CO, H,, elemental sulfur and water products. It has
been observed in the present studies that feed gas temperatures up to about 300°C tend to
help initiate the CPOX and SPOX reactions. It is highly preferred that there be a minimum of
void or dead spaces in the areas of the reactor that are occupied by the mixing reactant gas in
order to minimize the opportunity for gas stagnation and undesirable combustion reactions to
occur before the reactant gas stream comes into contact with hot catalyst.

After the gases pass barrier 22, they flow past catalytic device 24 and are
simultaneously heated to more than 500°C, preferably about 850-1,500°C. The gas flow rate
is preferably maintained such that the contact time for the portion of the gas that contacts the
catalyst is no more than about 10 milliseconds and more preferably from about 1 to 5
milliseconds. This degree of contact produces a favorable balance between competing

reactions and produces sufficient heat to maintain the catalyst at the desired temperature.
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Elemental sulfur is produced by catalyzed partial oxidation (SPOX) according to equation
3): )
H,S+% 0, = 1/x Sy + H,0 3)

where x equals 2, 6, or 8, with x = 2 being the most likely. At the same time
exposure to the hot catalyst and oxygen partially oxidizes the hydrocarbons in the feed
according to the CPOX reaction:

CHgt+ 1/20, = CO+2H,(1)

Both reactions are catalyzed in the same reaction zone, preferably on the same catalyst
device.

Regardless of whether H,S is added to the light hydrocarbon via a separate stream,
or whether all or part of the H,S is included in the light hydrocarbon feed stream, it is
preferred to keep the stoichiometric molar ratio of H,S: CHj in the feed gas mixture at about
1: 10 to 2:3, and it is preferred to keep the stoichiometric molar ratio of CHy: O, at about 1.5
- 11t0 2.2 : 1, to favor the concurrent CPOX and SPOX reactions. This is best accomplished
by monitoring and adjusting the composition of the feed gases during operation, temperature,
and flow rates, as further described below. By establishing and maintaining reaction
conditions favoring SPOX over the hydrocarbon combustion reaction of equation (2), the
conversion of the carbon atoms contained in the hydrocarbon molecules to CO, is preferably
restricted to less than 10 vol.%. In this way the CO, content of the product gases is
minimized and the selectivity for CO and H, products is enhanced compared to what is
usually obtainable with conventional CPOX syngas generation processes.

In many cases it is helpful to heat the catalytic device 24 using external means at
least at the start of the process, so as to initiate the exothermic reactions on the catalyst
structure. Once the system is running, it is preferably run adiabatically or nearly adiabatically
(i.e., without loss of heat), so as to reduce the formation of carbon (e.g., coke) on the surface
of the gauze catalyst. Preferably the catalyst structure is heated sufficiently as a result of the
exothermic chemical reactions occurring at its surface to perpetuate the CPOX and SPOX
reactions under favorable conditions of reactant gas molar ratios and catalyst contact time.
Heating by external means can allow for increases in the rate at which feed gas can be passed
through the catalyst structure while still obtaining desirable reaction products.

The rate of feed of H,S into the system is controlled and adjusted so that the heat
generated by the oxidation of the H,S is sufficient to maintain the desired temperature in
reaction zone 20 and thus reduce the amount of the light hydrocarbon that is completely

combusted. Hence, the mole ratio of H,S to light hydrocarbon in the feed is preferably in the
12
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range of from about 1:10 to about 2:3. Where the light hydrocarbon is methane, a preferred
ratio of H,S to methane is 2:3. |

The superficial contact time of the feed gas stream with a preferred embodiment
of gauze catalytic device 24 is less than about 10 milliseconds, and typically within a range of
about 1-10milliseconds. When used in the present invention, it is preferred that the superficial
contact time of the feed gas stream with the catalyst be less than about 5 milliseconds, more
preferably less than about 2 milliseconds. Superficial contact time is inversely proportional
to the term “space velocity” that is used in many chemical process descriptions. Although for
ease in comparison with published space velocity values of others, space velocities at
standard conditions are used to describe the present studies, it is well recognized in the art
that residence time is the inverse of space velocity and that the disclosure of high space
velocities equates to low residence times.

Referring now to Fig. 2, from reaction zone 20, the reacted gases are rapidly
cooled in cooling zone 30, preferably entering a heat exchanger such as firetube boiler 40,
where they are cooled to below 450°C, and preferably to below 340°C. As it is preferred that
heat removed from the partially oxidized gases can be recaptured in steam heating or the like.
The rapid cooling that occurs in the boiler drops the temperature of the reacted gases to below
about 450°C and thus ceases the CPOX and SPOX reactions.

The cooled, partially oxidized gases flow from boiler 40 into condenser 50, where
they are cooled further until the dew point of the elemental sulfur is reached. This allows for
the removal of elemental sulfur, as desired, from the process. Once the bulk of the elemental
sulfur is removed, the partially oxidized gases are reheated in heater 55 and passed through a
tailgas converter unit 60. More specifically, in each converter unit 60, the hot gas stream is
passed over a bed of sulfur absorbing material such as zinc or iron oxide. In this bed, any
elemental sulfur is converted to metal sulfide and retained in the bed. The effluent from
the sulfur absorber is then preferably cooled sufficiently to condense the bulk of any
remaining water from the gas stream. The synthesis gas, which is substantially free of sulfur-
containing gases, is recovered and may be fed directly into another process such as a
methanol generation plant or a Fischer-Tropsch operation.

While a preferred embodiment of the present invention has been shown and
described, it will be understood that variations can be to the preferred embodiment, without
departing from the scope of the present invention. For example, the mixing process can be
altered or replaced with an active mixer, the thermal barrier can be modified, the structure

and composition of the catalyst can be varied, and the tail gas treatment steps can be

13
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modified. The foregoing detailed description and examples have been given for clarity of
understanding only. No unnecessary limitations are to be understood therefrom. The
invention is not limited to the exact details shown and described, for variations obvious to
one skilled in the art will be included within the invention defined by the claims. The
disclosure of U.S. Application No. 09/625,710, and the disclosures of all patents and

publications identified above are incorporated herein by reference.
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CLAIMS

What is claimed is:
1. A process for producing synthesis gas comprising:

contacting an H,S-containing light hydrocarbon stream, in the presence of O,
with a catalyst having activity for catalyzing the partial oxidation of said hydrocarbon to a
product comprising CO and H, and also having activity for catalyzing the partial oxidation of
H,S to elemental sulfur and water, under reaction promoting conditions of temperature, flow
rate, molar ratios of reactant gases, and reactant gas/catalyst contact time;

maintaining said reaction promoting conditions such that the reactions

H,S+% 0, 2 1/x Sy +H,O, where x equals 2, 6, or 8, and
CH4+ 120, > CO+2H,

simultaneously occur and a process gas stream is obtained comprising CO, H,, gaseous
elemental sulfur and steam; and

condensing elemental sulfur from said process gas stream to provide a
substantially desulfurized synthesis gas stream.
2. The process of claim 1 wherein said step of maintaining said reaction promoting
conditions comprises contacting said catalyst with a portion of said H,S-containing light
hydrocarbon stream for no more than about 10 milliseconds.
3. A process for producing synthesis gas comprising:

providing a first gas stream containing a C;-C4 alkane, or mixture thereof, and,
optionally, H,S;

optionally, mixing a second gas stream containing H,S with said first gas stream,
such that a H,S-containing hydrocarbon feed gas stream is produced having a H,S : CHy
molar ratio of about 1 : 10 to about 2 : 3;

mixing said H,S-containing hydrocarbon feed gas stream with an O,-containing
stream to form a reactant gas stream, said reactant gas stream having a CHy : O, molar ratio
of about 1.5: 1 to about 2.2 : 1;

passing said reactant gas stream over a catalyst such that a portion of said reactant
gas contacts said catalyst for no more than about 10 milliseconds, said catalyst being capable
of catalyzing the partial oxidation of to CO and H, and also capable of catalyzing the partial
oxidation of H,S to elemental sulfur and water under reaction promoting conditions;

maintaining reaction-promoting conditions of temperature, molar ratios of reactant
gas components, and flow rate such that a gaseous product stream comprising CO, Hy, 1/x Sx

and H,0 is obtained, wherein X=2, 6, or 8;
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cooling said gaseous product stream to the condensation temperature of elemental
sulfur, or lower, such that elemental sulfur condenses from said product stream and an at least
partially desulfurized gaseous product stream is obtained;

optionally, recovering elemental sulfur product;

optionally, removing a residual gaseous sulfur-containing component from said at
least partially desulfurized gaseous product stream; and

recovering synthesis gas from said product stream.
4. A method for improving the yield of a syngas generation system, comprising
providing a first gas stream containing a light hydrocarbon, mixing a second gas stream
containing H,S with the first gas stream to form a feed gas stream, mixing the feed gas stream
with an oxygen containing stream to form a mixed feed stream, contacting the mixed feed
stream with a hot catalyst to form a product stream, and removing syngas and elemental
sulfur from the product stream.
5. The method according to claim 4 further comprising removing residual H,S from
the product stream.
6. The method according to claim 4 wherein mixing a second gas stream comprising
H,S with the first gas stream to form a feed gas stream is carried out at temperatures up to
about 300°C.
7. The method according to claim 4 wherein contacting the feed gas stream with a
hot catalyst to form a product stream is carried out at temperatures ranging from about 850 to
about 1,500°C.
8. The method according to claim 4 wherein less than 10% of the carbon atoms in

the light hydrocarbon molecules are converted to carbon dioxide.

9. The method according to claim 4 wherein the catalyst contact time is less than 10
milliseconds.
10. The method according to claim 4 wherein the catalyst is selected from the group

consisting of: platinum, rhodium, iridium, nickel, palladium, iron, cobalt rhenium rubidium,
Pd-La,03, Pt/ZrO,, Pt/Al,0; and combinations thereof.

11. A system for the partial oxidation of light hydrocarbons, comprising a
hydrocarbon injection line, an H,S injection line in communication with said hydrocarbon
injection line, an oxygen injection line in communication with said hydrocarbon injection
line, a reaction zone receiving gases from said hydrocarbon, H,S and oxygen injection lines

and including a catalyst suitable for catalyzing said hydrocarbon to form CO and H,.
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12. The system according to claim 11 comprising a mixing zone upstream of said
reaction zone, said mixing zone receiving gases from said hydrocarbon and said H,S lines,
wherein the temperature of said mixing zone is up to about 300°C.

13. The system according to claim 12 comprising a thermal barrier between said
mixing zone and said reaction zone.

14. The system according to claim 13 wherein said oxygen injection line
communicates with said reaction zone.

15. The system according to claim 13 wherein said mixing zone receives oxygen from

said oxygen injection line.

16. The system according to claim 12 wherein the temperature of said reaction zone is
about 850-1,500°C.
17. The system according to claim 12 comprising at least one cooling zone

downstream of said reaction zone.
18. The system according to claim 17 comprising at least one tailgas processing unit
downstream of said cooling zone.

19.  The system according to claim 12 wherein said catalyst is supported on a wire gauze.

20. The system according to claim 12 wherein the catalyst is selected from the group
consisting of: platinum, rhodium, iridium, nickel, palladium, iron, cobalt rhenium rubidium,
Pd-La,0s, Pt/ZrO,, Pt/Al,0; and combinations thereof.

21. A method for improving the yield of a syngas generation process, comprising
providing a first gas stream comprising a light hydrocarbon, mixing a second gas stream
comprising H,S with the first gas stream to form a feed gas stream, while maintaining said
feed gas stream below 500 °C, contacting the feed gas stream with a hot catalyst, in the
presence of O to form a product stream wherein less than 10% of the carbon atoms in the
light hydrocarbon molecules are converted to carbon dioxide, and removing syngas and
elemental sulfur from the product stream.

22. The method according to claim 21 comprising mixing O, with the light
hydrocarbon prior to contacting the feed gas stream with a hot catalyst.

23. The method according to claim 21 comprising mixing O, with the light
hydrocarbon during the contacting of the feed gas stream with a hot catalyst.

24, A catalyst having activity for concurrently catalyzing the partial oxidation of a

light hydrocarbon and for catalyzing the partial oxidation of H,S to produce a product
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mixture comprising CO, Hy, 1/x Sx and H,O, wherein x=2, 6 or 8, under reaction promoting
conditions of temperature, flow rate, molar ratios of reactant gases, and reactant gas/catalyst
contact time up to about 10 milliseconds, said catalyst comprising:

at least one metal chosen from the group consisting of platinum, rhodium, iridium,
nickel, palladium, iron, cobalt, rthenium and rubidium,

optionally, a lanthanide element or oxide thereof; and

optionally, a catalyst support chosen from the group consisting of alumina,

zirconia and partially stabilized (MgO) zirconia.

25. The catalyst of claim 24 comprising Pd-La;Os.

26. The catalyst of claim 24 comprising Pt/ZrO,.

27.  The catalyst of claim 24 comprising Pt/Al;Os.

28. The catalyst of claim 24 comprising about 87 - 93 wt% Pt and about 7-13 wt%
Rh.

29. The catalyst of claim 24 comprising rhodium and samarium on a support chosen

from the group consisting of alumina and partially stabilized (MgO) zirconia.

30. The catalyst of claim 29 prepared by depositing about 4-6 wt% Rh onto a layer of
about 5 wt% Sm that coats a PSZ monolith.

18



PCT/US00/34692

WO 02/08119

172
Ly 3

L 9l

S B Y A
\ \ ///\g///////M/////////////////
I [1) [}

/ \

TR

=

T Y

~ ]

N\
oz /

N\
\

4
A

1

o]
L

YOOV NY NN

S SO

—
A e S S S R

Zo

4 .
/ BAWAWWWWY

\\ /NN | 61

TQV.\ l_
S




PCT/US00/34692

WO 02/08119

2/2

¢ 9ld

0°H
0%H O
“-,-H ,,,,,, .:« ,,,,,,,,,,, 1
“ — m
amA.“l. — N
| _IIIJ« —~gg
m WIS _ “
“ ™N-09
e N
i X X X X X X H
_ L dndIns
Sy s — ~ 1 o O%H
7 Y 0%H o1
9g
|\\Avm\ﬁ C————— 1 *
, Qm.\ s%m C———
o e
WYILS



srnational Application No

INTERNATIONAL SEARCH REPORT
+CT/US 00/34692

A. CLASSIFICATION OF SUBJECT MATTER
IPC 7 CO01B3/38

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documeniation searched (classification sysiem followed by classification symbols)

IPC 7 CO1B

Documentation searched other than minimum documentation to the extent that such documents are included in the flelds searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Citation of document, with indication, where appropriale, of the relevant passages Relevant to claim No.
A FR 2 702 675 A (ELF AQUITAINE) 1
23 September 1994 (1994-09-23)
claim 1
A DATABASE WPI 1
Section Ch, Week 199527
Derwent Publications Ltd., London, GB;
Class A60, AN 1995-205005
XP002151004
& RU 2 023 655 C (BASHKIR GROZNEFTEKHIM
SCI PRODN ASSOC),
30 November 1994 (1994-11-30)
abstract
A EP 0 303 438 A (DAVY MCKEE CORP) 1
15 February 1989 (1989-02-15)
cited in the application
claim 1
- / —

Patent family members are listed in annex.

Further documents are listed in the continuation of box C.

° Special categories of cited documents :

Sp g *T* later document published after the international filing date

or priority date and not in conflict with the application but

cited }o understand the principle or theory underlying the
invention

*X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered o

'A" document defining the general state of the art which is not
considered to be of particular relevance

*E* earlier document but published on or after the international
filing date

*L* document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

*0" document referring to an oral disclosure, use, exhibition or
other means

*P* document published prior to the international filing.date but
later than the priority date claimed

involve an inventive step when the document is taken alone

*Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
m?ﬂts, iuch combination being obvious to a person skilled
inthe art.

*&"' document member of the same patent family

Date of the actual completion of the international search

3 May 2001

Date of mailing of the international search report

11/05/2001

Name and mailing address of the ISA
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl,
Fax: (+31-70) 340-3016

Authorized officer

Clement, J-P

Form PCT/ISA/210 {second sheet) (July 1992)




INTERNATIONAL SEARCH REPORT

srnational Application No

—PCT/US 00/34692

C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Category °

Citation of document, with indication,where appropriate, of the relevant passages

Relevant to claim No.

A

US 5 720 901 A (DE JONG KRIJN PIETER ET
AL) 24 February 1998 (1998-02-24)

cited in the application

claim 1

Form PCT/ISA/210 (continuation of second sheet) (July 1992)




INTERNATIONAL SEARCH REPORT

Information on patent family members

rnational Application No

| BCT/US 00/34692

Patent document

Publication

Patent family Publication

cited in search report date member(s) date

FR 2702675 23-09-1994 AT 162102 T 15-01-1998
CA 2135908 A 29-09-1994
CN 1105174 A 12-07-1995
DE 69407897 D 19-02-1998
DE 69407897 T 23-07-1998
DK 640004 T 14-09-1998
EP 0640004 A 01-03-1995
ES 2114185 T 16-05-1998
WO 9421358 A 29-09-1994
JdP 7509436 T 19-10-1995
NO 944366 A 09-01-1995
RU 2107024 C 20-03-1998

RU 2023655 30-11-1994 NONE

EP 0303438 15-02-1989 AU 610219 B 16-05-1991
AU 2098988 A 16-02-1989
BR 8804093 A 07-03-1989
CN 1031511 A,B 08-03-1989
DK 453388 A 15-02-1989
IN 171834 A 23-01-1993
JP 1145301 A 07-06-1989
NO 883567 A,B, 15-02-1989
NZ 225819 A 26~02-1990
Su 1831468 A 30-07-1993
ZA 8805994 A 31-01-1990

US 5720901 24-02-1998 AT 179395 T 15-05~1999
AU 682239 B 25~09-1997
AU 1317395 A 17-07-1995
BR 9408420 A 26-08-1997
CA 2179911 A 06~07-1995
CN 1139416 A,B 01-01-1997
DE 69418213 D 02~06-~1999
DE 69418213 T 14-10-1999
Wo 9518062 A 06~07-1995
EP 0737163 A 16~10-1996
ES 2133719 T 16~09-1999
JP 9502695 T 18-03-1997
NO 962682 A 15-08-1996
NZ 277807 A 24~04-1997
RU 2132299 C 27~-06-1999
SG 48008 A 17~-04-1998
ZA 9410245 A 29-08-1995

Form PCT/ISA/210 {patent family annex) (July 1992)




