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BACKGROUND OF THE INVENTION

20 Steam reforming of hydrocarbons is commonly used for feedstock production for
carbon-monoxide hydrogenation (Fischer-Tropsch synthesis), methanol synthesis and
hydrogen production. Steam reforming is done commercially by flowing a mixture of
steam and the hydrocarbon past a supported catalyst having an alumina support and a
catalyst metal thereon, and reacting the mixture at a temperature from about 600 °C to

25 about 1000 °C, forming at least one product. Research has been done with the catalyst
metal on many types of supports, including a spinel support. Residence times for
conventional processes are typically on the order of seconds and steam to carbon ratio
greater than about 2.5. For steam to carbon ratio less than 2.5, catalyst activity is
generally degraded after hours to days due to coke formation and the supported catalyst

30  must be refreshed or replaced.

The rate of Supported catalyst activity degradation has been reduced in
conventional processes by use of excess steam (steam to carbon ratio greater than 2.5).
Excess steam, however, requires excess thermal energy and may result in a large
system pressure drop. Using less steam results in faster degradation of catalyst activity

35  because of coking from the hydrocarbon(s).
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-2 WO 02/ 06%37a erla?T eL:JcSt\'Ooz{r %e group consisting of rhodium, iridium, nickel, palladium,
platinum, ruthenium, carbide of group 1Vb and combinations thereof; wherein the rate of
passing steam and hydrocarbon is controlled such that residence time in the reaction
chamber is less than 0.1 seconds; wherein the temperature in the reaction chamber is in

25 the range of 500 °C to 1000 °C; and wherein, after passing through the reaction
chamber, at least 60% of the hydrocarbon has been converted to products after passing
through the reaction chamber. "Converted to products” simply means that the
hydrocarbon has been reacted and changed its chemical formula (e.g., methane has
been converted to CO and hydrogen).

30 The invention also provides a catalyst, that includes: (a) a first porous structure
with a first pore surface area and a first pore size of at least about 0.1 um; (b) a porous
interfacial layer that comprises a spinel with a second pore surface area and a second
pore size less than said first pore size, said porous interfacial layer having a thickness
less than 4 mm disposed upon said porous structure; and (c) a steam reforming catalyst

35 that contains rhodium, iridium, nickel, palladium, platinum, ruthenium, carbide of group
IVb and/or combinations thereof disposed upon the second pore surface area.



The invention al so provides a catalyst that includes: an alumna | ayer; a
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spi net - suppogidehipowder catalyst at 10 and 25 millisecond contact tines.
FIG 5 is a graph of conversion and CO selectivity versus steamto carbon
ratio for nmethane steamreform ng over a spinel-supported powder catal yst

at a 6.35 30 nillisecond resjdence cont ac tine. FIG 6 is a graph
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catal ysts atmetMad Qikin RSHrHglovkl &8Sinel-supported powder catalyst at a 25 millisecond
contact time.

FIG. 3 is a graph of conversion and selectivity versus time for methane steam
reforming over a spinel-supported powder catalyst at a 25 millisecond contact time.

25 FIG. 4 is a graph of conversion and H; selectivity versus furnace temperature for
butane steam reforming over a spinel-supported powder catalyst at 10 and 25
millisecond contact times.

FIG. 5 is a graph of conversion and CO selectivity versus steam to carbon ratio
for methane steam reforming over a spinel-supported powder catalyst at a 6.35

30  millisecond residence (27 ms contact) time.

FIG. 6 is a graph of conversion versus pressure for methane steam reforming
over a spinel-supported engineered catalyst at various contact times.

FIG. 7 is a graph of conversion and CO selectivity versus temperature comparing
the engineered catalyst versus the same powder catalyst at the same conditions.

35 FIG. 8 is a graph of CO selectivity versus pressure for engineered catalysts at
various contact ﬁmes.

FIG. 9 is a graph of propane conversion versus temperature for propane steam
reforming at 26, 63 and 133 ms contact times.



FIG 9 is a graph of propane conversion versus tenperature for propane
steam reformng at 26, 63 and 133 ns contact tines. -3 WD 02/ 066371

PCT/ US02/W0420663F G. 10 is a graph of conversion versus tiPEE/USo2/0&ream
reforming of JP-8 fuel. FIG 11 is a graph of coversion versus catal yst
bed tenperature for steamreformng of Fischer-Tropsch synthetic fuel
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catal ytical | y, agtiiy&. surface sites that reduce the kinetic barrier to the
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particularly preferred. The catal yst also contains a support naterial,
preferably a spinel. Spinels are a well-known class of hard, thernally
stable materials. See, for exanple, the description of spinels in Wlls,
"Structural Inorganic Chem stry," 5th ed. 1987 pp. 592-596, 318.5. The
spi nel pieferably has RERCRIGTIAN QF Vs PREFERREWBMBODIMENT@)tice it 1S
expected that 20 small (e.g., 5% conpositional differences may be present.
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coated over, and preferably in direct contac surface area
mat eri al 2&uctmaldeqy @?‘ﬁ? ﬁ%r,“p%?t@f‘@'rdéffﬂr‘iﬁcﬁ B&ihe presanty dhe apinefrnauding e gur at i on
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lmpﬁid 'm.ng: dan%oﬁln?ecfricoegvoe\r/e'xg%%%reasizseo éfrl]e%ls trlwa%yo(.a{ ch(r)orme é(r(:(grln$. te ss;)En%PllrwlcluEi%g ?h%d
presence of catalytically active surface sites, as measured by BET, nitrogen
physisorption, preferably has a surface area of more than 10 m?/g, more preferably a
25  surface area of 20 to 500 m?g. The spinel can be particles, preferably having diameters
less than 4 mm, more preferably less than 1 mm, or, more preferably the spinel forms a
layer (of agglomerated particles or a continuous film) having a thickness less than 4 mm,
more preferably less than 1 mm, and still more preferably a thickness of less than 40
m.
30 In preferred embodiments, the spinel layer is coated over, and preferably in
direct contact with, a high surface area material such as alumina, preferably y(gamma)-
alumina. This configuration provides high surface area for good metal dispersion and/or
high metal loadings and also provides a spinel layer for excellent stability and minimized
surface acidity. The high surface area material is porous; thus, the meaning of a spinel
35 "disposed over" or "coated over” a high surface area material means that the spinel may
also coat crevices and cavities within the high surface area material (or the large pore
size substrate where there is not an intervening layer).



surface acidity. The high surface area material is porous; thus, the
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to diffuse rn@i&mM#hPEAiNdrical geometry of the pores) and nitrogen adsorption. As is known,
mercury porisimetry and nitrogen adsorption are complementary techniques with
25 mercury porisimetry being more accurate for measuring large pore sizes (larger than 30
nm) and nitrogen adsorption more accurate for small pores (less than 50 nm). Pore
sizes in the range of about 0.1 to 300 microns enable molecules to diffuse molecularly
through the materials under most gas phase catalysis conditions.
In one embodiment, the large-pore substrate has a corrugated shape that could
30 be placed in a reaction chamber (preferably a small channel) of a steam reformer.
The catalysts are stable and resistant to coke formation. In preferred
embodiments, the catalyst has less than a 5% decline in hydrocarbon conversion after
40 hours of methane steam reforming at a steam to carbon ratio of 1, a contact time of
27 mseg, less than 1 psig, and 900°C. In another preferred embodiment, the catalyst

35  does not show reduced hydrocarbon conversion after 1000 hours of steam reforming at
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above. The réf °6@ﬁ€%'Str paRted \x'tfpw%wewaam 3 shertresidpage (ehort contagh §mes evsieact
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(msec), more preferably 10-25 msec.

Hydrocarbons are: alkanes, alkenes, alkynes, aromatics, and combinations

thereof including fuels such as gasoline, kerosine, diesel, JP-8. Preferably, the
25  hydrocarbon is an alkane or a fuel. Preferred alkanes are C, - Cyo alkanes, such as
methane, ethane, propane, butane, and isocctane.

The steam reforming reaction is preferably carried out at more than 400 °C ,
more preferably 500-1000°C, and still more preferably 650-900°C. The reaction can be
run over a broad pressure range from sub-ambient to very high. A methane steam

30  reforming reaction run over the inventive catalyst at 120 psi, H,O/C ratio of 1, 25 ms
contact time, and 900 °C, showed no coke formation and no change in CO selectivity
after 7 hours of continuous reaction.

Certain aspects of the invention can best be described in terms of properties
such as conversion and selectivity. In preferred embodiments, the catalyst, when tested

35  atshort contact (or residence) times in the apparatus schematically illustrated in Fig. 1,

or equivalent apparatus, shows good hydrocarbon conversions and good selectivities.
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productivity per catalyst volune. Preferably, the catalyst (per cubic
centimeter JPMOLY (AW atishart SONRAIFPERN productivity of

Example 1
The supported catalyst was spinel of a gamma-alumina (y-Al,O3) support with a
25 magnesia (MgO) passivation layer and rhodium oxide (Rh,0s). The approximate
composition was about 15 wt% Rh,Os, about 5 wt% MgO, and about 80 wi% y-Al,Os.
The supported catalyst was prepared by (1) calcining a high surface area y-Al,O3 at 500
°C for 5 hours; (2) impregnating the y-Al,O3 with MgO using the incipient wetness
technique with a solution of magnesium nitrate; and obtaining an MgO modified y-Al,O3
30 support; (3) drying the modified support at 110 °C for 4 hours followed by (4) a second
calcination at 900 °C for 2 hours; (5) impregnating the modified support with Rh,05 with
the incipent wetness technique from a rhodium nitrate solution; (6) followed by a final
drying 110 °C for 4 hours and a (7) a final calcination at 500 °C for 3 hours to obtain a
powder of the supported catalyst.
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di aneter (OD). About 0.2 g of powder of supported catalyst (70- 100nesh)
was placéd in the mcroreactor in a packed bed arrangenment. Prior to

cat al yst evakyalih 9fy critidhy sk RSBt ed in 10%2/ N2 (100cc(STP)/ i n) at

110C for 5 four hours. A series of tests were run for various hydrocarbons
over the catalyst described above. The hydrocarbons included nethane,
but ane, i sopgfane, | SYRENEE | C [GolkdE, | re§@ndl [Ichi, [NeR&ET selcd 0| F5prdd. |
Conver si ons| of, 60% e r ., DP S o N . 0 Resul tis an
conditi ons pre-tab Qétcgd %&F ﬁ%jﬁgd q%_ll‘ga%)ﬁ 232?1 g?t%/) @é}m Srﬁzg ony.
sel ect sel eceettae pré&fd. cdrbdd % (C OQzétrr) 9 me| 18) {ifhe (339 H2 (% CO
(%9 (ol / s wehe aﬁdmane 885 005 0250.011025 18 1p61 62| 1133 [bwf ane 600 1
0. 025 0. 0111006311107 hSQeetane ;1§50 4P OR e 094 —10p 461706 syn
crude 575 1| 008 0| 84 103 57 0. 5% '

syncrude | 575 1 0.05 0.024 100 88 27 0.53

gasoline | 650 1 0.025 0.011 60 100 21 0.73

diesel 650 1 0.025 0.011 93 100 36 112

JP-8 650 1 0.025 0.011 95 78 28 0.90

Results are shown in FIGA. 2 for a steam to carbon ratio of 3 and a contact time of
15 25 msec with conversion ranging from about 52% to 95% with increasing temperature
and CO selectivity ranging from 22% to 70%.

Resuits in FIG. 3 are for a steam to carbon ratio of 1 and a contact time of 25
msec for a methane steam reforming reaction run at 900 °C over 40 hours. No
degradation of the supported catalyst was observed. Electron microscopic examination
20 after testing revealed no coke deposition and BET measurements detected no
significant loss in surface area. Similar testing with a contact time of 27 msec and
steam to carbon ratios varying from 3:1 to 1:1 also showed no catalyst degradation after
42 hours and 9 thermal cycles.

A test over the above-described catalyst was conducted for a steam to carbon
25  ratio of 3 and a contact time of 20 msec for a methane steam reforming reaction run at
850 °C and 120 psig (pounds per square inch gauge) over 1000 hours. Initial methane

conversion was 87% and final methane conversion was 92% with initial CO selectivity of
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catal ysts mewmpaye@pﬁt)&ﬂldrmwgwmgiasuﬁaae e&b@bma{a-Mmlﬂxaaw@O “ToRhhdfs;yQ Al 2C3
on a metal fi%ptreg%fatinla%% g’A‘aIr%{mé";l Hu%na(\}/iﬁ'ﬁvlgé luQnXg M%%Slnccl)ptl)en wet%ess me’tm)d with an
aqueous solution of magnesium nitrate; and obtaining an MgO modified gamma alumina
20  support; 3) drying the modified support at 110 °C for 4 hours followed by 4) a second
calcination at 900 °C for 2 hours; 5) impregnating the modified support with Rh,O3 with
the incipient wetness method from a rhodium nitrate solution; 6) followed by a final
dryir;g at 110 °C for 4 hours and a 7) final calcinations at 500 °C for 3 hours to obtain a
powder of the supported catalyst. The powdered catalyst was ball-milled overnight and
25  slurry dip-coated on the FeCrAlY felt until the desired loading is achieved. The coated
catalyst was dried at 90 °C overnight and calcined at 350 °C for four hours. Prior to the
catalyst evaluation, catalyst was reduced in 10%H,/N, (100cc(STP)/min) at 110 °C for
four hours.
All experiments were conducted to demonstrate the present invention using 1
30 microchannel for methane steam reforming. The microchannel was placed within a tube
furnace to provide the required endothermic reaction heat. The catalyst "DF" consists of
two single felts. Both felt catalysts have the identical dimensions (0.01"x0.35"x2"), and
were evaluated in a single channel device (0.03"x 0.35"x 2"/ 0.075 cm x 0.88 cm x 5.0
cm). Two felts with a gap of about 0.01" were placed in the single channel device so
35  that both felts were in close contact with the walls. The catalyst chamber volume is
defined as the single channel volume (0.03"x 0.35"x 2"/ 0.075 cm x 0.88 cm x 5.0 cm).
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0.88 cmx 5.0 cm in between. The double ruffle was evaluated in 10 a w der
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Steam reforming of propane was conducted to demonstrate the present invention using

1 microchannel for methane steam reforming, and the results are shown in Figure 9.

25 The microchannel was placed within a tube furnace to provide the required endothermic
reaction heat. The microchannel was 2.54 cm long and 0.95-cm high. The width (or
opening) of the microchannel was 0.0762-cm or 762-microns. The 0.0762-cm width
included two porous structures that covered opposite walls and each had a width of 254-
microns leaving a bulk flow path between the two porous structures of 254 microns. The

30  porous structure contained a catalyst of 13.8%-Rh/6%-MgO/Al,O; on a metal felt of
FeCrAlY alloy obtained from Technetics, Deland, Florida. 13.8wt%Rh6wt%MgO/Ai,Os
powdered catalyst was prepared by 1) calcining a high surface area gamma-alumina at
500°C for 5 hours; 2) impregnating the gamma alumina with MgO using the incipient
wetness method with an aqueous solution of magnesium nitrate; and obtaining an MgO

35  modified gamma alumina support; 3) drying the modified support at 110°C for 4 hours

-10 -
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felt was heat treated in air ours coat ed cat al yst
was dried at(REng Scipapmiayier d@l’ﬂ?teéé@'a rﬁPGU%ﬁzSQf)@WC{?f of supported catalyst (70-

100mesh) was placed in the microreactor in a packed bed arrangement. Prior to
catalyst evaluation, catalyst was activated in 10%H2/N, (100cc(STP)/min) at 110°C for
four hours. The flowrates of JP-8 fuel and water were adjusted such that a molar ratio of
25  steam-to-carbon of 3 is achieved. The total feed flowrate (STP) was equivalent to a
contact time of 26ms. The JP-8 fuel and water were vaporized, mixed, and preheated to
the reaction temperature of 650 °C. As shown in Figure 2, an initial activity of >90% JP-
8 conversion was achieved under the conditions studied. The continuous deactivation
was due to the sulfur poisoning of catalyst.
30
Example §
The catalyst, 13.8%-Rh/6%-MgO/Al,O3, was further evaluated with the steam reforming
of sulfur-free synthetic fuel (a product of Fischer-Tropsch synthesis). The catalyst was
synthesized using the similar procedure described in example 3, and was evaluated in a
35  powdered form as described in example 4. The synthetic fuel contains paraffins with

carbon numbers ranging from 6 to 22. The flow rates of synthetic fuel and water were

~11 -



four hours. Prior to the catal yst evaluation, catalyst was reduced in
10942/ N2 (100cc(STP)/mn) at 110C for four hours. The propane inlet

fl ow at e wod20b7wat er 10 (liquid) flowate were set suclCTRED2/64432 eam t 0
carbon ratio of approximately 3:1 was achieved. The total feed flowate
corresponds to contact tines ranging from26 to 133ns. The propane and

water were pIGNRA! £t bt BSREmIBahSRRY) O LEORREA HIoBPIAISe wagt ering the

m cr ochannel . shown i n gure , Yo propane conversi ons_and >90%

hydr ogen sel %‘ﬁt‘%ﬁ qugh {at g0 tlr@%@n@n@@mﬁﬁéﬂ Qs were ashiaveddFigare 11
(tenperatur eshb@s ltrﬂﬂghmgu&m@uraoﬁé&s.bmam%ﬁon@amboﬁ@aﬁm arld créealysaw ng from 26

to 133 13. 8% Rh/
e\?al ua':nézj fo @LW? r%‘f”@%ﬁg ﬁ'&?%%%gfﬁiof’ dicreag gy ‘fﬁ QA%%?nd ‘fﬂ\g\%@t g?—‘ér e the

cat al yst Ppr elpmpenatwm X3S0 sonvelsian wee atliededcie 480°ICnd a dontabetime6f 16amspl e 3 A
m croreactor was constructed of a quartz tube wth 4nminner dianmeter (1D)
and 6.35 mm outer dianeter (OD). About 0.2 g of powder of supported

catal yst (70- 100nmesh) was pl aced i n EXamplei@&roreactor in a packed bed

arrangement . T daPJl st @escﬁ@éd% E§ér861C¥ ];@lv&ééta!sg%valﬁa%@%o\‘ %Bﬁé’@r% A&dnh ?’e%rﬁ%

10912/ N2 (10000‘)&@, %') or four hours | owr at es o P-

fuel and watB@PRRPeedfn VWS(P@EIY%t@érPnFH‘@tSCamHﬁPQW'tF aspepngreatalyst eam t o- car bon
of ? i ts fmhl (amxﬂ%RFr/ng; edtalystirgetind de@t«brgqir@:e(iﬁw)/vemaerﬂiaélItdéla@dﬁe4 0 3 g
contact time, e an
preheated to "9? Ké%‘%aa?&r?%%e‘fﬁmh?"ﬁ 93858@'"%36‘ g\é%uﬁgces%%\zzq géqi"f‘ ﬁ‘iﬂ?e 2, an
initial actifent Engﬁ‘lha}&@% d Burfdte @osave 18SIN0Q) atB360 wfurs\hedrsmzoiiafprédhetlr@ondl tions
studied. Th ) c atlo e to.the u |ng of
catal yst. eth%g'% ﬁtﬂ%z e{fhc{é?fa alys tnwei &%ﬂ'ﬂ%‘ﬁ/ﬁ%@ri?%%mt ?'1 her

eval uated w (ﬁhfotldvedstiym‘marwlog i L foo#t hewrs Bod af(zr)@e‘mawmdmlorcatfme PC fa

pr oduct 5f Fé, BEREY, Bra@rpégaﬂé%ramsﬁb@oﬁeJ pstangst %Iﬁgﬁetmvg%%ws ﬁmmggﬂ. ﬁd US' ng

the sim proce quire de ed I'n
powder ed f orqﬁba%\ catatysts e B at asenigst t&'MOf?ﬁlTeS sieam e carborf ngéd ofcont ai ns

paraf fins w iy fiOsRsa R Te s of
synt hetic fuefl OZF?]ﬁlvx/a&t@(sar vverg§l i iﬁ&i&ér?géﬂtg%&fgé%cusé&gﬁé@ Qﬁ@vggj ust ed

such that a 43a04eree H‘aE@PBtB‘FP”I‘QaQLIpBO’Eﬁd Fighst van@Refctivriban hegpinelt owr at e was
adj ust ed sucdupptradd cagmisact tines ranging from50 to 100ms were achi eved.
Figure 1] shows the synthetic fuel conversion as functions of contact tine
and cat al'yst beq CLOSURE

While preferred embodiments of the present invention have been described, it
will be apparent to those skilled in the art that many changes and modifications may be
25 made without departing from the invention in its broader aspects. The appended claims
are therefore intended to cover all such changes and modifications as fall within the true
spirit and scope of the invention.
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tenperature. Synthetic fuel conversion increases with contact tinme and
catal yst bed 5 tenperature. >90% conversion was achi eved at 480C and a
cont act twoE®20663100ns. Exanple 6 The catal yst descri bed POeTHSanp429 5 was
al so evaluated for isooctane steamreformng in a powdered form (catal yst
B), and was conpared with a second catalyst 10 (4.9w %&n/ ZrQ2, catalyst A).
The testing procedures were identical to exanple 4. Catalyst A was
prepared as follows: (1) calcining a high surface area Zr02 (obtained from
Engel hard with a surface area of 80@@%‘“&% 500 C for 5 hours; (2)
impregnating, the Zr02 with Rh203 with the incipent wetness technique from
a rhodi um ni t'f solution; (3) followed by a final drying 110,C for 4
hours andsa (4) a final calcination at 500 C for 15 3 hours to obtain a
powder of the support v, i hows the conparison of both
catal ysts A and BP'at gqg%ﬁ§§éft3?%%]nn§¥°g¢{{n§Sgr?én,p%%'ﬁ@gm to carbon ratio of 2,

at nospheri c pr es@ssing sinamand hydidgashonierdugheareectanahembér, 700C.  Sur pri si ngl y,

it was discovergg thelrB&atig) jeflc ctive
than the spinel - merioPeaedd BTl PciEs: » SppicteliT cHBRsRAhes

embodi ment s YifeEhactiye ailesomprYiate Meieriakapiectsd diomitas gL eansisting ofghpgiupe

appar ent 14 o ititiosenistel, Ipakdiunt pldfigural ithbRiaih, cabive 6MANGATb and comslhdtogat i ons
may be 25 n& e V\f'_thout departing fromthe invention in its broader aspects.
The appended'€¢i’8rns are therefore intended to cover all such changes and
nmodi fi cati ons as whaldin thietrate of $dickpassing stegpi andthydnodarbaroipeontfolledguchrivagnt i on.
12 V0 02/ 08637, BGHCSNR/ 04440 cn itk MiosoMfurd Abifiond 1. A method of st eam
reform ng, conprising: passing steam and hydrocarbon 't hrough a reaction
chanber; wher ei n Wheesin thademparaigtedntiercantinpchageler is is fhienagecd AGTGiiong

catal yst \§ hajggdag. surface active sites conprising a material selected from
the group consisting of rhodium 10 iridium nickel, palladium platinum
rut heni um cHheigiaeafier papsingphrpygh the thaginmsihamberoaldeast A @bsaid hydrocarbon

has been converted to products.

2. The method of claim 1 wherein the hydrogen has been produced with a
20  selectivity of at least 60%.

3. The method of claim 2 wherein the surface active sites comprise
rhodium.
25 4. The method of claim 2 wherein the method has a hydrogen productivity of

at least 0.7 mmol-s™-cm™.

5. The method of claim 2 having a contact time of 10 to 25 milliseconds.
30 6. The method of claim 5 wherein said hydrocarbon comprises a C4-C+,
alkane.
7. The method of claim 5 wherein said hydrocarbon comprises methane,

and at least 95% of said methane is converted to products with a hydrogen selectivity of
35 atleast 95%.
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wherein the rate of said passing steam and hydrocarbon is controlled such
that residence tinme in the reaction chanber is |less than 0.1 seconds;
wherei n tWoe o2@eger ature in the reacti on chanber is in thePcangpe2/0f47500 C to
15 1000 C; wherein, after passing through the reaction chanber, at |east
60% of said hydrocarbon has been converted to products. 2. The net hod of

claiml wherein tge hy dg?%%@ hRSdgen produced with a 20 selectivity of at
| east 60% 3. The netho 5 ?n '%emherei n the surface active sites

conprise rhodium 25(@. Tﬁérwrﬁwtwtuﬁﬁ?m@ﬁrsm?é‘i"'f?c?ﬁ@ar?étjﬁéiﬂs"has a

hydr ogen pro@ggtyb\té,ﬂégsta@;utd)qegﬁ; 0. 7 nol s-' cni' 3. 5 The method of claim
2 having a contact tine of 10 25 | 1'i seconds. 6. The net hod of

claim5 wherein said N?droé@?'@&ﬁ'”&ﬂ?ﬁ'ﬂ layeg that EﬂmiﬁﬁsssaéP'R%JrY@th apecqife met hod

of g | ai mh5 Whee eirfacg arah édiwérmmddqmne @mse.h $Han saigmame snza,ruéndadorétsas; 92% of
sai net hane | S G verie to oau S Wt a rogen sel.ecti vi (O] at
Conat Tobhe TR BE b L R STsR st A SRS SR S8 Polon SR
a first porous structee Wlats‘reaan rfeiorerg pateigstseletiad domrtbagranp censfstingef  por e
size of at lr‘?r@énhmailﬁ&uh Rclgel lla(cm)m Eﬂ?laﬁﬂﬂrﬂ%tﬂeﬂlh@r I:é”rﬁrb@bf Jg@b/ Oﬁ/btalﬂat conpri ses

a spine) with a second dp re surface area an secon re size less
than said figtbinsipesbereal digpeser yrandiessecpd é@fﬁét&'ﬁ%ﬂeqr%@/er havi ng a
t hi cknesgo | ess than 4 mm di sposed upon said porous structure; (c) a steam

reform ng catal yst selected fromthe, grqup consjsting of odium iridium
i ckel pal | adi un: ot AN GRS PAT B BRTBrP s b ogedratom

conbi nat i onstht heup of tudysiprosabidel postyidbeurs earbide apd emisinatfoas theaoea. 10 9. The
catalyst as recited in claim8, wherein said carbide is selected from the

group of tungsten carbi de, nolybdenum carbi de and conbi nati ons thereof. 10.
The catal yst of cl0ai mT8e whtelystioficleined pbereindhe peypus suppopenrisss a meddl al

15  foam or felt.

11.  The catalyst of claim 10 wherein the catalyst has a pore volume of 30-
95%, and wherein at least 50% of the pore volume is in the range of 0.3 to 200 microns.

20 12. A catalyst comprising:
an alumina layer;
a metal exposed on the surface of the catalyst;
a spinel layer disposed between the alumina layer and the metal;
wherein the spinel layer is in direct contact with the alumina layer; and
25 wherein the metal comprises a metal selected from the group consisting of:
rhodium, iridium, nickel, platinum, palladium, and ruthenium.

13. The catalyst of claim 12 wherein the alumina layer comprises an alumina
coating on a porous metal substrate.
30
14. The catalyst of claim 12 wherein the spinel layer is disposed between a

magnesia layer and the alumina layer and said metal is disposed on the magnesia layer.
15. The catalyst of claim 12 wherein the catalyst does not show reduced

35  hydrocarbon conversion after 1000 hours of steam reforming at a steam to carbon ratio
of 3, a contact time of 20 msec, 120 psig, and 850°C.
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15 foamor felt. 11. The catal yst of claim 10 wherein the catal yst has a
pore vol unme of 30- 95% and wherein at | east 50% of the pore volune is in
t he rangewof206637t o 200 m crons. 20 12. A catal yst conpriPSrAg02/637al um na
| ayer; a netal exposed on the surface of the catalyst; a spinel |ayer

di sposed between the alumna layer and the netal; wherein the spinet |ayer
isin direct contact wwth the alumna |ayer; and 25 wherein the netal
conprises a net aI sel ected fromthe group consisting of rhodi um_iridium
ni ckel, platinum1Spal IT; QﬁFﬁtﬁiys%ﬁala%ﬂﬂ@?ﬁrﬁ'mthel%"“eﬁ%eré‘éﬁélsygﬁceﬁe%? fai m 12
wher ei n the 20-500 m3dg.| ayer conprises an alum na coating on a porous netal
substrate. 30 14. The catalyst of claim 12 wherein the spinel layer is

di sposed between a magnesia |ayer and the alumna |ayer and said netal is
di sposed on t he magnediha chtalysirof claitb12 Whereio deadpjreet hasf the faminnte MYyARDer ei n t he
catal yst does not show reduced 35 hydrocarbon conversion after 1000 hours
of steamreformng at a steamto carbon ratio of 3, a contact tinme of 20

msec, 120 psig, di¥d ggbecatalyst ofilipp] D8eRFin trcpingbepertwa adhickness dfiesscat al yst

of claim 12 weehaEhtrédae spinel layer has a surface area of 20-500 nRlg. 5
17. The catalyst of claim 12 wherein the spinel has the fornula MAI 2M4.

18. The cat al yst f cIAal n‘h % f\/\/nerel t he spinel layer has a thickness of
less th&h 40 ni cfonsAMHNGEe Sﬁ%‘ie 'H'”choﬂpé'é'ﬁﬁgref orming, conprising:
passi ng steam ancbalsg«dg stean zad hydrocuigin througras tdaotfonadhamber; ; wherei n t he

reaction shanber \GRM( |53 ot s SARNRELE BnbabAloH bl IRk MahaooUr | 208

active sites conprisi consi &ti ng of
rhodi um i r$utfecergctive @R@lcomaﬁhmdmﬂtqnam%ﬁctaddwm ﬂﬂagh?@lnlcgmlstloapbhd@umf group

VI b and conbjigati Qe Jp'éllédlﬁﬁ %@gtlnurwnr’ﬁfh@hlﬂmt éﬁblﬁ@%ﬁgr%p \?Iﬁ'aqd BRShARnst eam and

hydr ocar bon |s contro l'ed such that residence tifre Iin the reaction chamber
is less thanh®eehseconds:

wherein the rate of said passing steam and hydrocarbon is controlled such that
residence time in the reaction chamber is less than 0.1 seconds;
wherein the temperature in the reaction chamber is in the range of 500 °C to
1000 °C;
20 and wherein at least 0.5 mmol of hydrogen gas is produced per second per cubic

centimeter of reaction chamber volume.
20. The method of claim 19 wherein hydrocarbon conversion is at least 50%.
25 21. The method of clai'm 20 wherein hydrogen selectivity is at least 50%.

22.  The method of claim 21 wherein at least 0.7 mmol of hydrogen gas is
produced per second per cubic centimeter of reaction chamber volume.

30 23. The method of claim 22 run at a temperature of 650-900 C.

24, The method of claim 23 wherein the hydrocarbon consists essentially of

methane and wherein hydrocarbon conversion is at least 90% of equilibrium conversion.

35 25. The method of claim 24 wherein the contact time is in the range of 5 to
100 milliseconds.
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wherein the tenperature in the reaction chanber is in the range of 500 Cto
1000 C 20 and wherein at least 0.5 nmol of hydrogen gas is produced per
second pewOo®éas71 centi neter of reaction chanber vol unme. POQT/UShzo4e hod of
cl aim 19 wherein hydrocarbon conversion is at |east 50% 25 21. The net hod
of claim 20 wherein hydrogen selectivity is at |east 50% 22. The nethod of
claim 21 wherein at |least 0.7 mml of hydrogen gas is produced per second
per cubic centinmeter of reaction chanber volune. 30 23. The nethod of claim

22 run at a tenpeffat urlbe gretwd@f daim 23 whetein theconiscHinge isfese @ dP23 wher ei n

t he hydr ocar BMRe€as bsd WharemeNdrogéd seigelivityi@itharesstad wher ei n hydrocar bon
conversion is at |east 90% of equilibriumconversion. 35 25. The nethod of

claim 24 wherein the contact time is in the range of 5 to 100
mlliseconds. -1\ 0R¢é aedDdbf 816l 2SR reld 8530 2 26mol Bheydnegehgds af ¢l ai m 23

ther o1 1 ORaGH T 5y LESSAEAY ML SESARUSRR Mher el n b oger

selectivity i I"éast wherein 0.5 to 2
nmol of hydrogen gas is produced per second per cubic centinmeter of

reaction chanber g0l UFRe nfhod bR BIaREI\IKLrSR hg&réée%c%?co\“ﬁ&é@h R aRNdEtapay bon
conversion is at least 90% 10 29. The nethod of claim 28 wherein hydrogen

selectivity is .at |least 85% and wherein there is no change in CO
sel ectivigy afterag7 hauéaqeﬁfodaﬁatahmmmserémydrbmsePdatuvaisrmudra@t:lsm aptieam

chanber - 15" (erE i sl Baidi ROCR R B rlolb R foeBat i ng

catal yst that has surface actlve sites conprising a material selected from

the group consi st g Nmétﬂ&ﬁjl\)}l%am %f(jnangrlaorﬂynglhgl , pal l'adium platinum

rut heni um carbi de of group I nat’i on t hereof; wherein the rate
of said passing SeE¥Re siaamiepd hytregansn thisugomeeeelidnahampen that 20 resi dence

time in the r eachﬂ/ﬂé%l@ﬂ@mloﬁ Shdn@sep cdrieda %plﬁ@%ﬁlﬂﬁung\&ﬁ%ﬁy@cﬂ tRattHag c
wherel . _af t BFTaER SR S OTUGE AEI RSO SR e ArouReoTR OBBFT. sa o
hydr ocar bon iridium, nickel, palladium, platinum, ruthenium, carbide of group VIb and combinations
thereof;
wherein the rate of said passing steam and hydrocarbon is controlled such that
20 residence time in the reaction chamber is less than 0.1 seconds;
wherein the temperature in the reaction chamber is in the range of 500 °C to
1000 °C;
wherein, after passing through the reaction chamber, at least 50% of said hydrocarbon
has been converted to products.
25
31. A method of steam reforming, comprising:
passing steam and hydrocarbon through a reaction chamber;
wherein the reaction chamber comprises a catalyst that has surface active sites
comprising a material selected from the group consisting of rhodium, iridium, nickel,
30 palladium, platinum, ruthenium, carbide of group VIb and combinations thereof;
wherein the rate of said passing steam and hydrocarbon is controlled such that
residence time in the reaction chamber is less than about 0.1 seconds;
wherein, after passing through the reaction chamber, the hydrocarbon
conversion has reached at least 50% of equilibrium conversion.
35
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has been converted to products. 25 31. A nethod of steamreformng,

conpri sing: passing steam and hydrocarbon through a reaction chanber;
wher ei n tWe ie@&asri on chanber conprises a catal yst that hagcgorshaes’acti ve
sites conprising a material selected fromthe group consisting of rhodium
iridium nickel, 30 palladium platinum ruthenium carbide of group Vib

and conbi nat i ons pher Qg nontheF Ak ek Be9backh EndARF LOpRLEEM and

hydrocarbon is control such residence tine 1n the reacti on chamber
i s | ess tharcastithabhap syidaesredve iive conprising Batefasslepigd frﬁfﬂ‘dﬂﬁgﬁifo%e reaction

chanber, t hecdnyigfir@Ca FHuRIum, FRIME hkélpdladurh Ga&inaeh, atd deasiatibfdmereor;
equi i bri um conversion. 35 -16 WO 02/066371 PCT/ US02/ 04479 32. The net hod

of claim31 Werein the reaction chanber conprises a catalyst that has
surface active siwhesircatrigast 50% gf saidBytdescacdonhes bedrecbniiertehid hedgrtoafer

consi sting &?%pg t&i%ggBﬂkth&ﬁel pal I adi um platinum and
an

conbi nati ons wherein at | east 50% of said hydrocarbon has
been converted to products after passing through the reaction chanber. 33.

The nethod of cl aam 32nuhRERYD! Lk éﬁﬂ%@éiﬁiﬂéﬁ&nh SrafuRein 1RABLABRA chAMsREr 1S
in the range of 500 Cto 1000 C 10 34. The nethod of claim 32 wherein the

cat al yst codﬁfqtg%?”ﬁegﬁ’qpe)c’@JBBQ)r? 35. The nethod of claim31 wherein
t he cat ahyst corrprl ses a zirconia support. 15 36. The nethod of claim31

wh h I h.a f
Surface arca and % 11 10 TIRRE LeaE B ieron et Kt dhere gt "' °

interfacial |ayer vmth a second pore surface area and a second pore 20

i ze that is | essl Nafnt e Tolb sl QuRidf e el Eoniebog 2Rfon] 2 M 36

wherein the porous in Iral” T'ayer conpri
support.

15
36. The method of claim 31 wherein the catalyst comprises:
a first porous structure with a first pore surface area and a first pore size of at
least 0.1 um; and
a porous interfacial layer with a second pore surface area and a second pore

20  size that is less than the first pore size.

37. The method of claim 36 wherein the porous interfacial layer comprises a
spinel.

25 38. The method of claim 36 wherein the first porous structure comprises a

metal foam or metal felt, and the porous interfacial layer comprises alumina.
39. The method of claim 32 wherein the catalyst has a pore volume of 30 to
95% and at least 50% of the catalyst's pore volume is composed of pores in the size

30  range of 0.3 to 200 microns.

40. The method of claim 33 wherein the hydrocarbon is converted to at least
90% of equilibrium conversion and hydrogen selectivity is at least 85%.

35 41. The method of claim 40 wherein the catalyst comprises surface active
sites comprising Rh.
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spinel. 25 38. The nethod of claim36 wherein the first porous structure
conprises a netal foamor netal felt, and the porous interfacial |ayer
conpri seswaloanbaial 39. The net hod of claim 32 wherein thePcatshyst47has a
pore volune of 30 to 95% and at |east 50% of the catalyst's pore volune is
conposed of pores in the size 30 range of 0.3 to 200 mcrons. 40. The

nmet hod of claim 33 wherein the hydrocarbon is converted to at | east 90% of
equi | i brium conversion and hydrogen selectivity is at |least 85% 35 41. The
net hod of cl ai m 43 whérBpthod Wétq,eat R BNIcMRP8es surface active sites

conprising Rh. - basky S24HGAS KdrE¥afiddINLEH4 idctichbhafbeiet hod of steam
reform ng, conpri assi.ng steam and. h droc rbon t hrough a reaction
e FRRRBRe e

chanber;  wherei ' Aeqt GYMRIS R P £8 a catalyst; 5 wherein the
cat al yst Tomphrearsie the catdlyst sampsesius structure with a first pore surface area

and a first pore aCZ)oPJusg{ructtlg‘é@\ﬁtB aQnst 8Br%rgurf§’ce0§}59§'§%£a fﬁlsﬁgr?g’ Eé"!)f;[énayer Wi th

a second pore sur area and a second pore size an the
first pore siPe®0.1aw® 10 a catal yst netal. 43. The method of claim42

wherein the rate QforGal ifteRts 1H6r ﬁifﬁ@é@c@ﬁ@por@%dﬁ&%%?@éhd‘asse%&m ;5(9&' ed such
t hat residenge e reaCtion chamber is | ess than about

seconds; 15 W?etﬁ‘%tl'?lles%lthBFheH%i%t?PF?gs'%%?%gh t he reacti on chamnber, the
hydrocarhmn conwaratdiynmes reached at | east 50% of equilibrium conversion.
44. The net hod of claim43 wherein the catal yst that has surface active
sites conprising a material selected fromthe group consisting of rhodium
iridium nickel, 430 pdhe agthedof geiat 4hwirgrein iy reterd) said paesing stdeorawf . 45. The

met hod of Cl@dmcﬂl%omo‘ﬁﬂaleﬁQ@crplﬂéprgscidérme%h%gnffhglreécﬂgﬁéha%éplg'Iecs‘é% da?':

material selected fromthe group consisting al um na, spi nel
zi rconi a. 2508t 0-ASBRHSd of steam reforning, conprising: passing steam and

hydr ocar pon t hr ougleren, la@aiCidsSiRg TAGUHASS reaction chamber, the hydrocarbon
conversion has reached at least 50% of equilibrium conversion.

44, The method of claim 43 wherein the catalyst that has surface active sites
comprising a material selected from the group consisting of rhodium, iridium, nickel,
20  palladium, platinum, and combinations thereof.

45, The method of claim 43 wherein the porous interfacial layer comprises a

material selected from the group consisting of alumina, spinel and zirconia.

25 46. A method of steam reforming, comprising:
-passing steam and hydrocarbon through a reaction chamber;
wherein the reaction chamber comprises a catalyst;
wherein the catalyst comprises:
catalyst has a pore volume of 30 to 95% and at least 50% of the catalyst's pore
30  volume is composed of pores in the size range of 0.3 to 200 microns; and
a catalyst metal.

47, The method of claim 42 wherein the rate of said passing steam and
hydrocarbon is controlled such that contact time in the reaction chamber is in the range
35  of 5to 100 milliseconds; and
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wherein the reaction chanber conprises a catalyst; wherein the catalyst
conprises: catalyst has a pore volune of 30 to 95% and at | east 50% of the
cat al yst '"wWOmet0es3780 vol une i s conposed of pores in the siPeTrsnyesed 0.3 to
200 microns; and a catalyst nmetal. 47. The nethod of claim 42 wherein the
rate of said passing steamand hydrocarbon is controlled such that contact

time in the react : | S f m || iseconds;
and -18 WD 02/ 066%%'P@%ﬁ%ﬁ?‘%ﬁ%ﬁjqﬁgﬁgﬁﬁ,Chéﬁ?ée}frthggg@?énégg%nhrough t he
reaction chatRiersionfas rRpahesicd lagsiP Bophastlipdimn eryeisidAched at | east 50% of

equi | i brium conversion. 48. The nethod of claim46 wherein the catalyst has
a hydrogen productj vi 5 of at least 0.7 mols-'cm'3.  49. The nethod of
clai m 31 having a‘ltshyd?%@@??ﬂ}ﬂdc?g%m &S‘f’?/e"?)'f’ t@eﬁ@i@ﬁ & SvdEen ProBIVeY 1 cm 3
at a contact oftst kestdf.7 béhol-9'@6°.nsec. 10 50. The nethod of claim 31 wherein

t he hydrocarbon conprises a synthetic fuel nmade by the Fischer-Tropsch
process and wherein, after passing through the reaction chanber, the

hydr ocar bon convetSsi o hhastiodaf teich 3t havingst hyd®deo brodyetivity ¢fbetween Oénver si on.

15 -19 and 2 mmol-s™-cm™ at a contact time of 10 to 25 msec.
10 50. The method of claim 31 wherein the hydrocarbon comprises a synthetic
fuel made by the Fischer-Tropsch process and wherein, after passing through the
reaction chamber, the hydrocarbon conversion has reached at least 70% of equilibrium

conversion.

15
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