CATALYST CONFIGURATION AND METHODS FOR SYNGAS
PRODUCTION BACKGROUND OF THE INVENTION [0001] The
conversion of hydrocarbons to hydrogen and carbon monoxide containing
gases is well known in the art. Examples of such processes include

catalytic steam ¥éfbfthing | dutdNAEakar Adtshic iR MG @&t iytic
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processes has advantages and disadvantages and produces various
ratios of hydrogen and carbon monoxide. also known as synthesis gas

(syngas). The presegis nxentien jiggigeted o agataltie Rartial oxidation

process. [0002] Partial oxidation processes are also well known and the
art is replete with various catalytic partial oxidation processes. Partial
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methane, and an oxygen-containing gas, such as air, is contacted with a
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catalysts used in these processes are typically noblé metals, such
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ydrocarbon-containing gases, Such as natural gas to hydrogen, carbon
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and an oxygen-containing gas into a combustion chamber where
oxidation of the hydrocarbons occurs with less than stoichiometric

BN OAVIRRIRN C BPBRILELOTRUTEAN NS ERATURR i LIRAYGE ote

at very high temperatures, such as in excess of 700C and often in excess
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oxygen-containing gas, such as air, is contacted with a catalyst at elevated
temperatures to produce a reaction product containing high concentrations of
hydrogen and carbon monoxide. The catalysts used in these processes are
typically noble metals, such as platinum or rhodium, and other transition metals,

such as nickel, all on a suitable support. .

[0003] Partial oxidation processes convert hydrocarbon-containing gases, such
as natural gas to hydrogen, carbon monoxide and other trace components such
as carbon dioxide and water. The process is typically carried out by injecting
preheated hydrocarbons' and an oxygen-containing gas into a combustion
chamber where oxidation of the hydrocarbons occurs with less than
stoichiometric amounts of oxygen for complete combustion. This reaction is
conducted at very high temperatures, such as in excess of 700°C and often in
excess of 1,000° C, and pressures up to 150 atmospheres. In some reactions,

steam or carbon dioxide can also be injected into the combustion chamber to



1 modify the synthesis gas product and to adjust the ratio of hydrogen to
carbon monoxide. [0004] More recently, partial oxidation processes have
been disclosed in which the hydrocarbon gas is contacted with the
oxygen-containing gas at high space velocities in the presence of a
eeeifysheusnieaisreas prosvistendirecivahilee nabinantiyergorrata earbon
%%rag%gd:énb) support. The monolith supports are impregnated with a noble
metal such as platinum, palladium or rhodium, or other transition metals
such as nickel, cobalt, chromium and the like. Typically, these monolith
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temperature in the firs
over 100,000 per hour.

[0005] The partial oxidation of methane and other hydrocarbons is
exothermic and under ideal conditions can proceed according to the
stoichiometry of equation 1 to yield a syngas mixture with an H»:CO ratio

of 2:1 and equilibrium temperature less than 1100°C.
CH4 +1/20, > CO +2H; (1)

[0006] It has also been suggested that in catalytic partial oxidation bed, that
the partial oxidation occurs in the first few millimeters of bed length. See
Hickman and Schmidt, Syngas Gas Formation by Direct Oxidation of Methane
Over Pt Monoliths, 138 J. Catalysis 267, 275 (1992). Therefore it is logically
thought that only a small portion of the catalyst bed is needed to catalyze the

reaction.

[0007] However we discovered that the actual temperature in the first few

millimeters of the catalyst during a catalytic partial oxidétion is much higher



millimeters of the catalyst during a catalytic partial oxidation is much

higher 2 than expected. It has been found that nearly complete oxygen
conversion is achieved in the first few millimeters of the catalyst and
reaction performance improves when the length of the catalyst bed is
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steam and CO2 reforming and water gas shift reacti
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first few millimeters, oxidation reactions such as combustion, shown in
equation 2, and partial oxidation, as in equation 1, compete with each
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excess amount of heat at the t of the reaction zonhe, 0
IA50E e Ausiagresaantsdiigh temperature in the front layer. The
endothermic nature of the reforming reaction rapidly cools the
subsequent catalyst to less than 1100C. As a result, the catalyst zone
temperature is extrehely Righ in tB©frent lelyer followed by lower (2)
temperatures downstream.
[0009] Heat released by the exothermic oxidation reaction provides enough
| energy to further convert the unreacted hydrocarbon species with steam
or CO, produced from combustion reaction to syngas, through endothermic
steam and CO; reforming reactions (3) and (4) together with some water-gas

shift or reverse water-gas shift reactions (5).

CHg + H,0— CO + 3 H, (3)
CHy + COz — 2C0, + 2 H, (4)
H20 + CO <> CO, + Hy (5)

[0010] This explains the excess amount of heat at the front of the reaction
zone, of more than 1450°C, causing extreme high temperature in the front
layer. The endothermic nature of the reforming reaction rapidly cools the
subsequent catalyst to less than 1100°C. As a result, the catalyst zone
temperature is extremely high in the front Iayér followed by lower temperatures

downstream.



3 [0011] A significant problem can arise in the operation of partial

oxidation processes when using a reticulate monolithic catalyst at such

high temperatures of more than 1450C, where we discovered that

reticulate monolith supports, such as those made of partially stabilized
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gé%%‘let%ns which would be commercially attractive is one in which the catalyst
is retained in the form of reticulate monolithic structure. Catalysts for use in
such a process comprise one or more catalytically active components

supported on a refractory oxide carrier, the carrier being in the form of a
reticulate monolith.

[0013] However, it has now been found that problems can occur in the
operation of the partial oxidation process when using a reticulate monalithic
catalyst. In particular, it has been found that the refractory monolithic catalyst
structures are very susceptible to thermal shock and high temperature
prevailing in the catalytic partial oxidation process, causing brittieness of the
structure and ultimately leading to catalyst disintegration, especially when
using oxygen rather than air. Accordingly, it is an objective of the present
invention to provide a catalytic partial oxidation process, which combines a

partial oxidation reactor stage 1 with a shift reactor stage 2 to achieve catalyst
long-term stability. |



invention to provide a catalytic partial oxidation process, which combines
a partial oxidation reactor stage 1 with a shift reactor stage 2 to achieve
catalyst long-term stability. 4 SUMMARY OF THE INVENTION [0014]
The present invention provides for a method for the partial oxidation of
hydrocarbons to produce hydiddybhRividodarbioR mhreXaedy contacting
with a mixture of a hydrocarbon-containing feed gas and an
oxygen-containing gas a two stage reactor comprising a first stage
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about 5% and about 30% ywth respect to the ceramic monolith. In one
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rr%%%t&rltgatalx %e a metal catalyst consisting essentially of a metal supported by
a ceria coating disposed on a ceramic monoiith; wherein the metal is selected
from at least one of nickel, cobalt, iron, platinum, palladium, iridium, rhenium,
ruthenium, rhodium and osmium; the ceramic is selected from at least one of
zirconia, alumina, vyttria, titania, magnesia, ceria and cordierite; and the ceria
coating has a weight percent between about 5% and about 30% with respect
to the ceramic monolith. In.one embodiment, the ceramic is selected from at

least one of zirconia, yttria, titania, magnesia, ceria and cordierite.

[0016] The shift catalyst in the second reactor can be a low temperature shift

catalyst or water gas shift reactor catalyst.

[0017] The hydrocarbons that are employed in the feed gas are typically
alkanes having from 1 to about 4 carbon atoms. Most preferably, the
hydrocarbon is selected from the group consisting of natural gas and

methane.



[0017] The hydrocarbons that are employed in the feed gas are typically
alkanes having from 1 to about 4 carbon atoms. Most preferably, the
hydrocarbon is selected from the group consisting of natural gas and
methane. 5 BRIEF DESCRIPTION OF THE DRAWINGS [0018] FIG. 1 is
a schematic of the inegiate BRSCSHYE MRSt direDhrad¥HY A ention.

[0019] FIG. 2 is a schematic process scheme using the two stage reactor
of the present invention. [0020] FIG. 3 is an alternative schematic process
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%%@ﬁ\;@ﬁwn@: THE INVENTION [0021] The present invention
provides for methods for the partial oxidation of hydrocarbons to produce
hydrogen and carbon monoxide or syngas from a mixture of a
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gas Stream using a two stage reactor system. [00

Headtmsiend ibaeyistrcomposition which has two layers. The first layer is a
catalytically active metal dispersed on an inert carrier support. The
second layer is a reduced metal catalyst which consists essentially of a
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reactor. For purpos e present invention, the shift reactor can be
catalytic monolith or a shift reactor such as a low temperature shift

catalyst or water g $At EANSE TREAMEBASALIN AHRHASTON

containing gas streams are fed to this two-stage reactor and will react to
form the hydrogen carbon monoxide or syngas.

[0021] The present invention provides for methods for the partial oxidation of
hydrocarbons to produce hydrogen and carbon monoxide or syngas from a
mixture of a hydrocarbon-containing feed gas stream and an

oxygen-centaining feed gas stream using a two stage reactor system.

[0022] The first stage reactor is a catalyst composition which has two layers.
The first layer is a catalytically active metal dispersed on an inert carrier |
support. The second layer is a reduced metal catalyst which consists
essentially of a transition metal supported on or in a stable inorganic metal
oxide washcoated on a support. The second stage reactor comprises a shift
reactor. For purposes of the present invention, the shift reactor can be
catalytic monolith or a shift reactor such as a low temperature shift catalyst or
water gas shift catalyst. The hydrocarbon and oxygen containing gas streams
are fed to this two-stage reactor and will react to form the hydrogen carbon

monoxide or syngas.

[0023] The present invention also provides for a reactor system apparatus
which is used in the partial oxidation of hydrocarbons to produce hydrogen

and carbon monoxide or syngas which comprises a two stage reactor system.
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[0023] The present invention also provides for a reactor system apparatus
which is used in the partial oxidation of hydrocarbons to produce hydrogen
and carbon monoxide or syngas which comprises a two stage reactor
system. 6 [0024] The first stage comprises a catalyst composition of two
layers. The first layer being a catalytically active metal dispersed on an
inert carrier support and the second layer is a reduced metal catalyst
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%9\%%98%??@%%&%‘8%%% group consisting of nickel, cobalt, iron, platinum,

palladium, iridium, rhenium, ruthenium, rhodium, and osmium. The ceramic
material is selected from the group consisting of zirconia, alumina, yttria, titania,
magnesia, ceria, and cordierite. The ceria coating has a weight percentage
between about 5% and about 30% with respect to the ceramic monolith. In one
embodiment of the monolith catalyst, the ceramic is selected from the group

consisting of zirconia, yttria, titania, magnesia, ceria, and cordierite.

[0026] A further description of this metal catalyst monolith ceramic may be
found in co-pending application Ser. No. 10/143,705 published Jan. 9, 2003 as
US 2003/0007926 A1 to Jiang et al.

[0027] In a preferred embodiment of the catalytic monolith, a zirconium
monolith is coated by about 1 to 20 weight percent of ceria which supports 0.5

to 5 weight percent rhodium on the ceria-coated monolith.

[0028] The apparatus for the partial oxidation of hydrocarbons to produce
hydrogen and carbon monoxide comprising a first stage reactor which

comprises a catalyst composition of a first layer of a catalytically active metal
7



[0027] In a preferred embodiment of the catalytic monolith, a zirconium
monolith is coated by about 1 to 20 weight percent of ceria which supports
0.5 to 5 weight percent rhodium on the ceria-coated monolith. [0028] The

apparatus for the partial oxidation of hydrocarbons to produce hydrogen
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dBASIRN hergRnigastal oxide washcoated on a support, and a second
stage reactor comprising a shift reactor. [0029] The preferred catalyst
substrates to use in the first layer at the feed side are particulates -
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material can sustain under crush loading. The crush loading is that weight
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can withstand the typical operating conditions of a partial oxidation
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of a partial oxidation process for hydrocarbons. The layered catalysts at
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operating conditions of a partial oxidation process of hydrocarbons.
Accordingly the catalyst substrates of the present invention will not lose crush
strength during the normal operation of a partial oxidation process for
hydrocarbons. The layered catalysts at the product side may catalyze the
partial oxidation, but mainly promote reforming and water-gas shift reactions to
achieve high level of carbon conversion with high syngas selectivity. The
reticulated monoliths are more suitable for these subsequent layers,

particularly as the last layer.

[0030] When more than two layers are used, they can be layered in any order
provided the first layer is more stable to thermal shock and higher
temperatures in excess of 1100°C and the subsequent layers can further
catalyze the subsequent carbon conversion to syngas. The pore structure of
monoliths and the particle size of particulates are such that there is no
significant pressure drop through the bed. US 2003/0083198 A1 teaches a

fixed bed catalyst system comprising first and second zones disposed in



achieve high level of carbon conversion with high syngas selectivity. The
reticulated monoliths are more suitable for these subsequent layers,
particularly as the last layer. [0030] When more than two layers are used,
they can be layered in any order provided the first layer is more stable to
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. I f I the subsequent carban .
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monolith. A catalytically inactive substrate may be placed between each
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| First layer catalyst
Subsequent catalyst
Blank Support

First Catalyst Laver

[0032] The first layer catalyst desirably should be able to operate in an
oxidizing and reducing environment effectively without significant deactivation
over a temperature range from about 1000° to about 1800°C. The first layer
catalyst preferably comprises catalytically active metals dispersed on an inert
carrier support. The metals used in the present catalysts are selected from
certain transition and noble metals of the Periodic Table of Elements. Active
metals can be selected from the group consisting of transition or noble metal
selected from the group of nickel, cobalt, iron, platinum, palladium, iridium,
rhenium, ruthenium, rhodium and osmium and combinations thereof.

Preferred metals are nickel and rhodium.



First Catalyst Laver [0032] The first layer catalyst desirably should be able
to operate in an oxidizing and reducing environment effectively without
significant deactivation over a temperature range from about 1000 to
about 1800C. The first layer catalyst preferably comprises catalytically
active metals dispersed on an inert carrier support. The metals used in
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metals of the Periodic Table of Elements. Active metals can be selected
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ruthenium, rhodium and osmium and combinations thereof. Preferred
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of metals, metal oxides, metal halides or other metal salts prior to being
redbt eavepentpbtRicin PasUsest Abdbichersit efeiprieapdianecatalyst.
substantially in the metallic form. Generally, from about 0.1 % to 8% by
weight of the metal will be deposited on the support. Optionally Rh/Pt
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either a water-gas shift reaction, net partial oxidation, steam or dry
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sintering and a limited tolerance’to carbon formation. The present

thechtiirepebiatels Aneiadaivibyeuadsrmieblad i plafessrioféesing and a
sraply sahle ¢atalysh S46MhaStion. The present invention provides an
advantage inasmuch as it places more of a thermally stable catalyst, such as
a mixed metal oxide or a stable crystalline structure such as a spinel or
perovskite, more preferably CoCrOxide, at the front of the reactor and most
preferably 9.9 wt% Cog 2Cro gOxide / 1 wt% Rh/6.'1 wt% Yb supported on a

refractory support such as alumina or zirconia, preferably partially stabilized
zirconia (PSZ).

[0035] Inthe process of the present invention, the exothermic reaction is
almost complete instantaneously after contacting the first catalyst layer. The
primary function of subsequent layer is to effect the endothermic reforming
reaction. The "net partial oxidation" catalyst zone is considered as the two
layers comprising a combustion catalyst and an endothermic catalyst. ltis
important to point out that PSZ reticulate material is not preferred due to the
inherent phase transition at high temperéture and clearly Rh coating on Al,O3
is stable even after more than 7 months of continuous operation as the first

layer. It retains its catalytic activity as well as its mechanical strength.
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a mixed metal oxide or a stable crystalline structure such as a spinel or
perovskite, more preferably CoCrOxide, at the front of the reactor and
most preferably 9.9 wt% Coc.2Cro0.80xide / | wt% Rh/6.1 wt% Yb
.. supported on a refractory support such as alumina or zirconia, preferably
' partially stabilized zirconia (PSZ). [0035] In the process of the present
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rlna&auaissmca‘amjyabla(ms'ltgxeaﬁwelleaze itsupechaficalsrengthe 1 & fEE36partial

AR n% %dufo{%{%h A7E afé,ﬁg& made of a refractary, substantially inert,

rgl aterial W malntamlng Its s ape with sufficient
degree of mechanical strength at high temperatures. Typically, a material

0 edvfe% ne.supn ‘%]y yhig ma%% %t?'f%r'%w tht‘?&“%%ﬁo fé‘&&‘?}&g riers are
expansion, goo herma K resistance and high meltin
exawipleHoorliedte bnmanhihs: rsopsuitéh lerastrerfrert Myel\sajmimbet ifowarious
ureo ased arti OXId |on due to it Iower elting pain )
e o] B S e s LR e e e
catadigs asn &zowre plordénzemt oonomelithia guppotiisgre cofrmmppaidllytructures

BRIl namrons, siies ard sanigualon Asable shapeand seg e
pe 1L oF granule type catalystcan a “be purchase commercia
typep sty sif udtumdsa amwmiadezmccmmeo rwzehabﬁataemaetbwrooma ceria,

cramig materals;gelegied MM sialon™ (a silicon nitride ceramic with a
small percentage of aluminum oxide added), aluminum nitride, boron nitride,
aluminosilicate, magnesium aluminosilicates, and mixtures of these. Carriers
can be formed by any suitable process, including molding, pressing, extruding,
spray drying or die stamping, and so on. Inert support also includes metal
monolith, prepared as metal foam or sintered particles of metal at high
temperature. The most preferred support is a stabilized alumina, silicon
carbide or partially stabilized zirconia in the form of honeycomb, sphere, pellet,
ring, wagonwheel, Saint-Gobain Norpro’s Ty-Pak®, HexPak™, Snowflake®
media and Norton® saddles or granule. Preferably the surface area of

support is relatively low ranging from between about 0.1 and about 50 mz/g.

Subseguent Catalyst Layer

[0038] The subsequent catalyst layer beneath the first layer desirably should
be able to operate in oxidizing and reducing environments effectively without

significant deactivation over a temperature range below about 1100°C. The
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[

group consisting of alumina, mullite, zirconia, partially stabilized zirconia,
ceria, silica, silicon carbide, silicon nitride, Sialon™ (a silicon nitride
ceramic with a small percentage of aluminum oxide added), aluminum

nitride, boron nitride, aluminosilicate, magnesium aluminosilicates, and
FhoelinesaiatiesstiTuamaly S0 BE Fepredyripsortdidiproedakatalysts

HREIRARG-Bong, B%%?i%éeﬁ%’c%i%}éﬁ{@é %‘%ﬁ%\gﬁo"i‘ﬁ ﬁ@'BPé’%%p?‘”d
so on. Inert support also includes metal monolith, prepared as metal foam
ioveiiteredrpanivleditbf suepalrashigtiutea pames e eimashpeédfeardally

. " ) Fon. carbi _. e
T A ey =
'BHile-Gobaisionpmesal prrskn) i nedePakinerSrowiakedd eeeiia ametal

. irface. f is .
é%?é??gﬁr)ré?ggl?ﬁ’ e e @%M cmgré:’% &(ﬁg@gﬁtﬁé)onn%lggp ¥ ganic

relatively low ranging from between about 0.1 an
rsa@eaﬁ@ﬁtvwagmmmm@mmmﬁé subriennaralyt Ryrsitrineathe
g /ushiauee desiiaiyhaulce he-able, 0 opprale nEAGARD A8 0,

reducing environments effectively without significant deactivation-over a
tenfietiag e aiige bpwoapettel 1odel. Tele claddiettetraiorgaefioickel,

&%%'M,S%ﬂg@@ﬁﬂa %g}té% GRIRMHE AL SRERIY R SMOWD FRGSHER and

purpose. The metal catalysts employed in the present invention are
psomgthasshper sinadienesiweposBagianmatitiut pativally efalbikredhodium
Zigania washcoated with cerium oxide and impregnated with a noble or
transition metal or combinations thereof, As used herein, "metal catalyst"
refers to the entire catalyst structure including the metal, inorganic metal

T g e B e o
sionelstingahetdreiiensorgiesieunite se it frgrpaseages slisboiskelin
SRRAIOR RIS r QRS E T DRIUHY TSR Ry BLE0G e,
Preferred are the ceramic foam structures having irregular passages. The
support structures are made from conventional refractory or ceramic materials
selected from the group consisting of alumina, mullite, zirconia, partially
stabilized zirconia, ceria, silica, silicon carbide, silicon nitride, Sialon™, a
silicon nitride ceramic with a small percentage of aluminum oxide added,
aluminum nitride or boron nitride, aluminosilicate, magnesium
aluminosilicates, and mixtures of these. Metal monoliths prepared as metal
foams can also be used. The most preferred supports are partially stabilized

zirconia or silicon carbide.

[0040] It is preferred to incorporate the active metals on a high surface area

for improved overall catalyst effectiveness and activity. The surface area of
the support can be increased by depositing a high-surface area inorganic
metal oxide such as gamma alumina, ceria, etc. by impregnation,
Washcoating, adsorption, ion-exchange, precipitation, co-precipitation,

deposition precipitation, sol-gel method, slurry dip-coating, microwave
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osmium and combinations thereof. Preferably the active metals are

rhodium and/or nickel. [0039] A monolith support is generally a ceramic

foam-like or porous structure formed from a single structural unit having

- passages disposed in either an irregular or regular pattern with spacing
‘g@ﬁﬁl@én elgjacencpissadescartitersob sirettrewithdnicyonin setatovedes

BaMIRG dE AN RASS296 ST SHIPS rf‘rwséfé’l%%% gg%fé‘g?ngomgpor@ferably

conventional refractory or ceramic materials select group
BorBistnig @ 2eupiaTalrailbeatadconis! Heiall gosdibitinedxzqoniarateribe
ili il [ ik itri ialon: ilj itride ceramic

T e e Ty R A reca
puidm nitiiRlereflemsddsilivate, meajnpshas balaiositeatmspasd phixtugesic
Aldhert, ielalauanolin prapaied.asmsial I0AMSGAN AlRgReMSRd, e,
most preferred supports are partially stabilized zirconia of sificon car ide’
foodig]ngistprefurhedeto incorporate the active metals on a high surface

area for improved overall catalyst effectiveness and activity. The surface
area of the support can be increased by depositing a high-surface area
[Mtyhnid hastabdxitie s sehifasgarmmin algminea peétiss Btat bgn be washcoated

5@@9@988@{%}4@ u?%g%ﬂ%ﬂé%ﬁ%nblgg'%xg?%ﬁes’ilgéecri\%itgy%ndre cations
co-precipitation, deposition precipitation, so?-ge m ho ,s%rry
seesdatit mpiowsvA LY AcBihgnetty Rrottss & frdiodtaigesubstmtes

ith i | t I 5 i substrate with, a metal
o e R eI e
BoAditidhers duilisrdtertidescontirypeafe ey Oxidiziagahelpreitunsor to

S ] inj ide.. It is pr to have,
e L B on e e Teremaunte
tafeRvsepodingnose Hgh tenspidegredcioxde simultaneously or

sequentially.

[0042] Suitably the impregnating medium is in the form of an aqueous or
organic solution, slurry, sol, gel, suspension or dispersion of inorganic oxide(s)

“particles, preferably of a sol of colloidal inorganic oxide(s) particles. The
precursors of these washcoats are in any form that can be decomposed to an
oxide by thermal decomposition. A stabilizing agent such as an oxide of
alkaline or rare earth oxide may be added to the washcoat to prevent the

sintering of washcoat during the reaction or pretreatment.

[0043] The most preferred support is a partially stabilized zirconia foam
monolith washcoated with about 5% to about 30% inorganic metal oxide, most
preferably ceria. Optionally ceramic honeycomb or metal monolith coated with

noble metal can also be used as endothermic reaction catalyst.

[0044] In one aspect, the invention provides a process for the partial

oxidation of hydrocarbons to produce hydrogen and carbon monoxide
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oxidizing atmosphere. [0041] The stable high surface area inorganic

~ oxides that can be washcoated are selected from but are not limited to
oxides comprising one or more cations selected from groups iA, IIA, 1A

. and IVA of the Periodic Table of the Elements and the transition metals,

- preferahhg frontarbops IAtArd 04 d Iy d idosr BB -andttdieitaptbadides,and an

' ly fram ceria, aluminum, ,lanthanu irconiu nd barium
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aoovigguiatioxidet simuoitssieeusbhoe cset| werdially afa02] Buiably fthed gas
impregnating medium_is in the form of an a or or ' lugion,
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f.these washcoats are in,any form that can be decomposed to oxide
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shagee eatte oxidéomay e addeditootier mashtcoricie prevanidheu stateriingthe
f hcoat during the reacti retrea t, [0043]. The most
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preferr S apar Zirconia fo
opsiatogtat atituaB60t 58mtmalh GI030% THerganictant teh oxideuneosin also be

erably ceria, Qptionally ceramic comb,or . metal monolith coated
&/Fi%&er%ﬁe{:?n%?a nggﬁrg SO 8%uaseo gi@%&%%%‘l{:gﬁeé%ion catalyst.
[0044] In one aspect, the invention provides a process for the partial
idation of hydrocarpops ta produ ydrogen and carbon monoxide 13
[gg(lrfn%;risﬁl%r%@ﬁtg&%go a%n%ﬁé)P N ﬁ@dﬁo’ a?b%%%rﬁ?éﬁma%%a 8g§§nd
e gratgerivenstaiging: tesdrgsisivdthrasatalyticailjoeffecies multj-tayes allow

B s e R s phes 5o B
ozl into the integrated two stage reactor A. A1 is the first stage reactor and
the feed gas streams will flow through the two layers of catalytic material
present therein. These gas streams will continue into A2 where water quench
is entered through line 5 as well as steam through line 6. The now quenched
gas stream will continue on into section A3 which is the shift reactor and will
exit the two stage reactor through line 7 and enter a cooling unit B. The shift
reactor can be operated in a more efficient manner by adjusting the steam to
carbon ratio entering the second stage reactor. The now cooled product
stream will exit through line 8 to a further low temperature shift reactor C. The
gas stream ex'its through line 9 to a condensing unit D where water present in
the product gas stream will condense out. The water free gas stream then
travels through line 11 through a compression unit &, then through line 12 to a
separation unit F. This separation unit can be a pressure swing adsorption
system or a membrane system and this will separate out the hydrogen product
which will exit through line 13. The remainder will exit through line 14 and

consists primarily of carbon monoxide.
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and a linear velocity of about 0.2 to about 50.0 meter per second (mis). In
addition, the feed gas mixture may also comprise steam and/or 002. The
two stages of the reactor apparatus will operate at different temperatures

- with the first stage operating at about 800 to about 100C and the second
[604g¢ opkBating ataidauhaso &0 taleodit GRAG rdbeseattant gasankini@ntion.
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SR I B 0 b G L e RN i bR S 16
mt@grmmot\t\rceﬁmesm@@tmaﬁdn@prafmbmwrmmsmd fin Boamehd first
Il f f t as, an ox n and
SRRY (i e TR s Sl T Bl ToLE TR Skp e prapterec
istiage seaator Attehoighferd gas stieans willplamnirougb e te dayersrobm
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schematic of the overall rocess of the present invention.
proguc gas sttream into ydrogen which exiis hrough?me 26 to storage M and

tail gas fuel which will exit through line 25.

[0047] In FIG. 3, oxygen, natural gas, and steam will enter through lines 27,
28, and 29, respectively, into the first stage monolith reactor N. The product
stream from the first stage reactor will exit through line 30 where water and
steam are directed into the line 30 through lines 31 and 32. A heat exchanger
or cooling unit O then receives the gas stream and the now cooled gas stream
is directed through line 33 into the second stage reactor. The product stream,
which now consists primarily of hydrogen and carbon monoxide, some carbon
dioxide, is directed through line 35 to a syngas compressor R and the
compressed gas stream exits through line 36 to a gas separation system
which can be a pressure swing adsorption unit or a membrane system S. Tail
gas will exit through line 37 and the hydrogen product can be recovered

through line 38 and stored in T.
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Oxygen, natural gas, and steam will enter, respectively, through lines 15,
16, and 17 into the first stage reactor G. The product gas stream from the
first stage reactor will exit through line 18 where both water and steam
are entered into the line 18 through lines 19 and 20, respectively, prior to

(60 8hs Yireiaihimtavieriitie satbae sdgeodzetowlth Temprodogiayésular
shapBiiaion sRaniae ImaHly ahwdipdsmcRIRORManaKde and
carbon dioxide, will exit the econd stage reactor through ine 21 &nd go
theslideas oot ’oldngentsrn cvid g eimitidu S e thosecsidlsd proitheca gasT he

its tk nget. through line 22 to enter a lo
A R Qe T AP E i p cover a
siveOtheaesrigimirmangroediferiand eaibbrammeritwidheuttherdptot and
Q&%técg?qﬂy}g@g(?m WO@%W\” exit through line. 23 through a syngas
compressor K and the product gas stream exits the compressor through
line 24 into a gas separation unit L which can be a pressure swing
adsorption unit or a membrane system which will separate the product
gas stream into hydrogen which exits through line 26 to storage M and
tail gas fuel which will exit through line 25. [0047] In FIG. 3, oxygen,
natural gas, and steam will enter through lines 27, 28, and 29,
respectively, into the first stage monolith reactor N. The product stream
from the first stage reactor will exit through line 30 where water and
steam are directed into the line 30 through lines 31 and 32. A heat
exchanger or cooling unit O then receives the gas stream and the now
cooled gas stream s directed through line 33 into the second stage
reactor. The product stream, which now consists primarily of hydrogen
and carbon monoxide, some carbon dioxide, is directed through line 35 to
a syngas compressor R and the compressed gas stream exits through
line 36 to a gas separation system which can be a pressure swing
adsorption unit or a membrane system S. Tail gas will exit through line 37
and the hydrogen product can be recovered
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through line 38 and stored in T. 15 (0048] While this invention has been

described with respect to particular embodiments thereof, it is apparent

that numerous other forms and modifications of this invention will be

obvious to those skilled in the art. The appended claims and this MCSLLP
invention generally should be construed.to cover all such obvious forms

and modifications which are within the true spirit and scope of the present
nEenéouUESIdSEpibled tHaavinentiusg desdribedieimnvention, what we

claim is: 1. A method for the partial oxidation of hydrocarbons to produce

hydrogen and carbon monoxide by contacting with a mixture of a
hydrocarbesticodtionitig featiajasdtution okmeinmntmmgogamduw hydrogen

L t first sta tor which t
B GO0uh BT 51 R Ay BN OL e e er LG captaining
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matmcmm p;ts:mg areatt mﬁapmlsadherelan/vweﬂ armim;aammnerteat&f%i second

Laﬁ/segt oduc treae;(ré lfrgg% tlhetflrst stage reactor r tofIk‘lae tprod

??19 fRe'&esha ag%opés‘ésc‘: o¢ 7 sfﬁe fRethod 8s ¢ ﬁ?ﬁed‘ metal

muplmnédvmlrreoelrmwﬁatﬁmlym@waane@ma:lemaelmaﬂekﬂam theupport, and
%:88 oA SJ([StIn r828 kel rﬁyt}%lt |ron$ﬁ) f’fltrlegg% \& W"é?' ghP steam are

enim, ru n|um r um and com ma |ons ereof.
mﬁmedastdaanpobniudmgae whieasn &aitt dhalyiishlistagtiveeaatal figior to the

qcl}gpéé%rgt %lg]r%HPﬁg@s%ﬁgr% He{ogég%ﬁagc C%qkel 4. The method

claim In Claim rein sai Ive metal

2. The method as claimed in claim 1 wherein said catalytically active metal
is selected from the group consisting of nickel, cobalt, iron, platinum, palladium,

iridium, rhenium, ruthenium, rhodium, osmium and combinations thereof.

3. The method as claimed in claim 2 wherein said catalytically active metal

is selected from the group consisting of rhodium and nickel.

4. The method as claimed in claim 3 wherein said catalytically active metal
is rhodium.
5. The method as claimed in claim 1 wherein said catalytically active metal

is deposited on said inert carrier support in an amount ranging from about 0.1%
to about 8.0% by weight.

6. The method as claimed in claim 1 where said inert carrier support has a
shape selected from the group consisting of honeycomb, sphere, pellet, ring,
wagonwheel, saddles, and granule.
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is rhodium. 5. The method as claimed in claim 1 wherein said catalytically
active metal is deposited on said inert carrier support in an amount
ranging from about 0.1% to about 8.0% by weight. 6. The method as
claimed in claim | where said inert carrier support has a shape selected ycg)p
from the group consisting of honeycomb, sphere, pellet, ring,
wagonwheel, saddles, and granule. 17 [Vic SI.I.Lh 7. The method as
CﬂaimedheqiamhﬁdNia@r@lm:ﬁ@w ineybgardeseppiarsisid imeenedthisr support is a
%%%igrt havmﬁ a 3ﬁsha e. 8. The method as claimed in claim 7
W i'H‘é%ﬂJ BR Eoglppﬁ PPE made from a material
selected from the group con5|st|ng of alumina, mullite, zirconia, partially

tabilized zirconia, ceria, silica, silicon.car. |d silicon _nitride, silico

tride QATE R R, e RRRHE s Sr R RSy b monolithic
mqglitmsuﬂmrﬂidmﬁn@mlmatﬁeaajosatenwmlfr«nﬁqnhhgrgarsmmcon&stmg of alumina,
alurﬂ%osmcates and a\y 8er| C tei and. mlxtures or thes eI de. sil

ALq0iR err Rl seRTRs L A S e 'é’éle%{é%oﬂ a”%h ¢, stiicon

pitride caiiisstingitfde uceirzardc, paltialiystamiiddd ,zZvooomanikidé halorathosilicate,

as claimed in %lalm 1 Whe e|n sald |r}§art rrler su ﬁ]ort has surface

g?gg%?%{ggh? osﬂ ca he me ne %‘smc a#nng osmcates and

daimidosiieste) aaill rsu»ﬂpmslsfskﬁesmd from the group consisting of a

ceramic foam monolith, a honeycomb monolith, and a metal monolith. 12.

The method as claimed in claim 1 wherein said support is ceria

Washcotechost ipaaltiadycEabdd éu diagontawheneiitrsaighpateds| isheelected from

RSB LRI o BRI SRS et R LE i

10. The method as claimed in claim 1 wherein said inert carrier support has

a surface area of about 0.10 to about 50.0 m%/g.

11.  The method as claimed in claim 1 wherein said support is selected from
the group consisting of a ceramic foam monolith, a honeycomb monolith, and a

metal monolith.

12. The method as claimed in claim 1 wherein said support is ceria

washcoated on partially stabilized zirconia monolith support.

13.  The method as claimed in claim 12 wherein said ceria-washcoated
partially stabilized zirconia monolith support contains about 5% to about 30%

ceria by weight.
14. The method as claimed in claim 1 wherein said transition metal is

selected from the group consisting of nickel, cobalt, iron, platinum, palladium,

iridium, rhenium, ruthenium, rhodium, osmium, and combinations thereof.
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partially stabilized zirconia monolith support contains about 5% to about

30% ceria by weight. 14. The method as claimed in claim 1 wherein said

transition metal is selected from the group consisting of nickel, cobalt,

iron, platinum, palladium, iridium, rhenium, ruthenium, rhodium, osmium, pMCSLLP
and combinations thereof. 18 Mj1CSLLP 15. The method as claimed in

claim 14 wherein said transition metal is selected from the group

q@’liisgﬂﬁbof?ﬂbmﬂdrmsrid@h@éﬁ mnﬁbﬁwag of ripgrdivem agaimilﬂiﬁﬂsiliﬁnTh%tal is
(0] Clal inclaim 1 erei | u ortis (0] |t Su
AP PSS Shoth RoRsIs @ aBHIne A Gke AP a & e tnodium

e elickedupport. 17. The method as claimed in claim | wherein said

stable inorganic metal oxide is selected from to the group of oxides

comprising one or more cations selected from groups IA, lIA, lIlIA and IVA
abthe Peréodieiraleasf thaifakinanidaitheltrashstiein mamlswpbmix‘etuaemonolith

Q3 42 The Bl se ety oM AU U of s

nrenoiitimsapgdidrium and mixtures of these. 19. The method as claimed

in claim 18 wherein said cation is ceria. 20. The method as claimed in

claim 1 wherein said support is a monolith support and said inorganic

rtigtal okide isedbodt &stelabuet3n ppacent byhvesejht safdathbieriobitiganic metal

ort. 21 The tho as claimed |n laim 17 wherein s stabe
ggan%cs%lg% OXI ec%m%rlsgrou dOtI(;gl‘la s(fa[anf)zmg g%n? Iec?r‘a cations

&emdﬂmel drompg consssifng 18X, dioxiod b kkEime Beradicigblextite Elements,

ttf%%r r%sqﬁlégltmgtgl]se and mixtures of these.

18.  The method as claimed in claim 17 wherein said cation is selected from
the group consisting of ceria, aluminum, lanthanum, zirconium and barium and

mixtures of these.
19. The method as claimed in claim 18 wherein said cation is ceria.

20. The method as claimed in claim 1 wherein said support is a monolith
support and said inorganic metal oxide is about 5 to about 30 percent by weight

of said monolith support.

21.  The method as claimed in claim 17 wherein said stable inorganic metal
oxide comprises an additional stabilizing agent selected from the group
consisting of an oxide of alkaline or rare earth oxide, thereby inhibiting the

sintering of washcoat during reaction or pretreatment of said support.

22. The method as claimed in claim 17 wherein said support is a ceramic
foam monolith support and said ceramic foam monolith support is made from a

material selected from the group consisting of alumina, mullite, zirconia, partially
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sintering of washcoat during reaction or pretreatment of said support. 22.

The method as claimed in claim 17 wherein said support is a ceramic

foam monolith support and said ceramic foam monolith support is made MCSLLP

from a material selected from the group consisting of alumina, mullite,

zirconia, partially 19 MCSLLP stabilized zirconia, ceria, silica, silicon

carbide, silicon nitride, silicon nitride ceramic, aluminum nitride, boron

@Mbiﬁz@dummiﬁ;at%ﬁﬁawﬁﬁumilﬁbtﬁnmI@@teﬁliwﬂmmmioemﬂon nitride
e3|um luminosilicates and alumlnosé galte a d mixtures of these.
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Hnmihesticatesonsistingaitnasgiially siabilizedgrkesioia or siliatinssirbiles and
24 The rﬂethod as <é;lau edin ci%} m 1 wherein said second stage reactor

%’I@% 6\’5 of fhsg? of a catalytic monolith and a shift

reactor. 25. The method as claimed in claim 24 wherein sald catalytlc

| Sg!éh@cong ssen Hﬁﬁé‘l ‘Q\,ﬁtals eéjﬁé)\ ace %E%}Ellgtselected

east mgvbamloehsmmgtolﬁmmaymﬂamIpmwdjmnmaohmml|cmrmammide.
ruthenium, rhodium and osmium; said ceramic is selected from at least

one of zirconia, yttria, titania, magnesia, ceria and cordierite; and said

Geria cAdiengnbsod \aeighdiperdantcladitvdentadrain S¥Hdsdaimlis&fd reactor is

wit%ﬁrfsgi) r%t tot aldrceramlc m lnolt 26at-|e-1h IE;netgog)zl %s claim iﬁ%(r: %cr;?or
S5 ierel P RAIT ARG PR Sﬁ“t 00 GRS R T
10% and about 20% with respect to said ceramic monolith. 27 The

thodrﬁs claimed,in clai herein saidJpet resent in.a :
g]grr;'oun Weer{r]11 a%oufc' O@go@r\g é 'g%%?/ Waet}gﬁ?Wlt% respe({:1 glcszanaonollth
cermisits nesselitially of a metal supported by a ceria coating disposed on a
ceramic monolith; wherein said metal is selected from at least one of nickel,
cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium, rhodium and
osmium; said ceramic is selected from at least one of zirconia, yttria, titania,
magnesia, ceria and cordierite; and said ceria coating has a weight percent

between about 5% and about 30% with respect to said ceramic monolith.

26. The method as claimed in claim 25 wherein said weight percent of said
ceria coating is between about 10% and about 20% with respect to said ceramic

monolith.

27. The method as claimed in claim 25 wherein said metal is present in an
amount between about 0.2% and about 5% by weight with respect to said

ceramic monolith.

28. The method as claimed in claim 25 wherein said ceramic monolith has a

porosity between about 10 and about 100 pores per inch.

29. The method as claimed in claim 25 wherein said metal is selected from
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28. The method as claimed in claim 25 wherein said ceramic monolith has

a porosity between about 10 and about 100 pores per inch. 29. The

method as claimed in claim 25 wherein said metal is selected from 20

MCSL.t.P the group consisting of nickel, platinum, palladium and MCSLLP
rhodium, and said ceramic is zirconia. 30. The method as claimed in

claim 25 wherein a porous material layer is disposed between said ceria

geatigeapdssidisarymit mukelithp Blinlihe melhadrs caithedddiciimand said
further comprising a heat exchanger being present between said first
SEIGEYE &R BF EMl%aid second stage reactor. 32. The method as claimed

in claim | further comprising a heat exchanger being present after said

first stage reactor gnd sajd. secpnd stage reactor. 33. An apparatus for t .
i SRS OEA, SEABER Ao RS e KOBFaRbA AR GpRteral fayer i
dispoxidetntwostastivoritl aoatitgraraf adigfdrecariomausittining feed

gas and an oxygen-containing gas comprising a first stage reactor which

comprises a catalyst composition of a first layer of a catalytically active
Bretal disperaethod ars iokihoedrier Sappott fimtharsesoditiygraoheat exchanger

EUOREETEN BTN S FToHARE B 8B A oA g reactor.

support, and a second stage reactor comprising a shift reactor, wherein

ter and stean are entered ipto a,prodyct gas stream from the, firs
800 rLBEST OISR L e RTOGU L AE G QR aHe Lk ek sachanger
tesintpprédenhaf@ysaidtiisshstelgemedatockand 83idvbeceimdsstalge reactor.
catalytically active metal is selected from the group consisting of nickel,

cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium, rhodium,
3Smiurdandmoeanbtoatiéms ttereaitial oxidation of hydrocarbons to produce

hydrogen and carbon monoxide by contacting with a mixture of a hydrocarbon-
containing feed gas and an oxygen-containing gas comprising a first stage
reactor which comprises a catalyst composition of a first layer of a catalytically
active metal dispersed on an inert carrier support and a second layer of a
reduced metal catalyst consisting essentially of a transition metal supported on
or in a stable inorganic metal oxide washcoated on a support, and a second
stage reactor comprising a shift reactor, wherein water and steam are entered
into a product gas stream from the first stage reactor prior to the product gas

stream entering the second stage reactor.

34, The apparatus as claimed in claim 33 wherein said catalytically active
metal is selected from the group consisting of nickel, cobalt, iron, platinum,
palladium, iridium, rhenium, ruthenium, rhodium, osmium and combinations

thereof.

35. The apparatus as claimed in claim 34 wherein said catalytically active

metal is selected from the group consisting of rhodium and nickel.

21



35. The apparatus as claimed in claim 34 wherein said catalytically active
metal is selected from the group consisting of rhodium and nickel. 21
MCSLLP 36. The apparatus as claimed in claim 35 wherein said

catalytically active metal is rhodium. 37. The apparatus as claimed in MCSLLP

claim 33 wherein said catalytically active metal is deposited on said inert
carrier support in an amount ranging from about 0.1 % to about 8.0% by

Weight-13% HppARRGsals Asiflained daMRInE3EMAIRTR SAI IRBEERAKKIN active
support has a shape selected from the group consisting of honeycomb,
Epields pBRGIUMng, wagonwheel, saddles, and granule. 39. The

apparatus as claimed in claim 38 wherein said inert carrier support is a
monolithic support having a honeycomb shape. 40. The apparatus as

dhimed MEcRRRPERIh RN AME hdReSEIMmp InWRBTR: SBShoRiAcRIlY active
et R §'aépii el esiashifoimet e et pistinga A faah s maamyititefrom about

zirconia, parti?r%)/ﬂ%c}aglized irconia, ceria, silica, silicon carbide, silicon
tHd®

Rittitet s oM BEAtaluminum nitride, boron nitride,

aluminosilicate, magnesium aluminosilicates, a combination of
g\fagne?'um aluminosilicates .and aluminosilicate, and miﬁJreS f these.

 The' BFpaPRRIALS ASnIMEd AR st XNE5R SRl elfigrfscarrier support
selecieshdpurstile geoLframngistion ap adoméisting Ariahegtamizedphere, pellet,
zjrconia. 42. The ap tus as claimed in claim 33 wherein said inert
ERgioH 2ap R AL A RS R AT Uout 0.10 to about 50.0 malg. 43.

The apparatus as claimed in claim 33 wherein said support is selected

fram the group consisting of .a ceramic foa m%nolith,a.ho.ne comh _
#1 noIiti S ARPRIAMS AR SRipgd In claim 38 wherein 'said ineft carrier support is

a monolithic support having a honeycomb shape.

40. The apparatus as claimed in claim 39 wherein said honeycomb
monolithic support is made from a material selected from the group consisting
of alumina, mullite, zirconia, partially stabilized zirconia, ceria, silica, silicon
carbide, silicon nitride, silicon nitride ceramic, aluminum nitride, boron nitride,
aluminosilicate, magnesium aluminosilicates, a combination of magnesium

aluminosilicates and aluminosilicate, and mixtures of these.

41.  The apparatus as claimed in claim 40 wherein said material is selected

from the group consisting of alumina or partially stabilized zirconia.

42. The apparatus as claimed in claim 33 wherein said inert carrier support

has a surface area of about 0.10 to about 50.0 m?/g.
43. The apparatus as claimed in claim 33 wherein said support is selected

from the group consisting of a ceramic foam monolith, a honeycomb monolith,

and a metal monolith.
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22 MCSLLP 44. The apparatus as claimed in claim 33 wherein said

support is ceria washcoated on partially stabilized zirconia monolith

support. 45. The apparatus as claimed in claim 44 wherein said -
ceria-washcoated partially stabilized zirconia monolith support contains MCSLLP
about 5% to about 30% ceria by weight. 46. The apparatus as claimed in

claim 33 wherein said transition metal is selected from the group

mr;]sistmeoﬁpiggeim@twét drém@dﬁtiﬁut?mﬁmwiWheﬁéi@hiUé@ldrI]hgﬂbﬂﬁrt is ceria
ruthenium, rhodium,, osmiu combinations eof. 47, The
AR T AT SR AR R A U AR o selected

from the group consisting of rhodium, nickel and a mixture of rhodlum and
ﬁ% The a ratus as claimed in claim 3\% erein saj gort
nollt

L PPBAT A SRR e s BRI R abalt #irare coated

pyweight eitshiddmonoiia suepalitiSubperapomtains momrﬁeﬁ io elbisut 30%
33 wherein said stable inorganic metal oxide is selected from to the group
GPORi Qs Brising one or more cations selected from groups IA, IIA,
[lIA and IVA of the Periodic Table of the Elements the transition metals

d mnﬁlglres of these 50. The a arat s as ed in clai

RS o LD ot SR AP CHa AR AURCon metal i

l@éiétﬁednfromlepddamsmngmf mlxklmles:obmsieoﬁlprﬁnaum, palladium,
é{pcﬁaratu as claim g in.claim 50,wherein said cati n |s eria,. 52.

bkt e i) SUFp6h RS Eﬁee&%"f'

MCsLI_P
47. The apparatus as claimed in claim 46 wherein said transition metal is
selected from the group consisting of rhodium, nickel and a mixture of rhodium

and nickel.

48. The apparatus as claimed in claim 33 wherein said support is a monolith
support and said transition metal is about 2 to about 4 percent by weight of said

monolith support.

49. The apparatus as claimed in claim 33 wherein said stable inorganic
metal oxide is selected from to the group of oxides comprising one or more
cations selected from groups IA, llA, llIA and IVA of the Periodic Table of the

Elements, the transition metals and mixtures of these.

50. The apparatus as claimed in claim 49 wherein said cation is selected
from the group consisting of ceria, aluminum, lanthanum, zirconium and barium
and mixtures of these.

51. The apparatus as claimed in claim 50 wherein said cation is ceria.

52. The apparatus as claimed in claim 33 wherein said support is a monolith
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support and said inorganic metal oxide is about 5 to about 30 percent by

weight of said monolith support. 53. The apparatus as claimed in claim 52
wherein said stable inorganic metal oxide comprises an additional MCSLLP
stabilizing agent selected from the group consisting of an oxide of alkaline” "~~~
or rare earth oxide, thereby inhibiting the sintering of washcoat during
reaction or pretreatment of said support. 54. The apparatus as claimed in

dappdre avaesain sedegaerRoNibtalppiaE is abeereic ssntBonsdtbent by weight
support and said ceramic foam monolith support is made from a material

I%%@WBH?%@‘QP@ consisting of alumina, mullite, zirconia, partially
stabilized zirconia, ceria, silica, silicon carbide, silicon nitride, silicon

:}Pigide i%ramic, aluminum ni}ride %ororgitrid%ﬁfluminosilicat%, ble | .
gnediifn ZRAATABL i ARe Sl MBI SRR oPma¥HES I Said stable inorganic
ahgnainoslieatesvaprib et uan radditiates) astabiizingesgefithesteddd ihem the group
apparatus as. claimed. in claim, 54 wherein said material is selected from...
BT cBh RSP QAP el B S o SHiEor] IRl D ting the
Bheaprpoiwasiscoainedny oaiotid3 ovhpeetie stk fitsifesaldsaippecond

layers are serially aligned. 57. The apparatus as claimed in claim 33

comprising at least one of said first layer and at least one of said second

I8ger. 5Bnd 3@ penzarates ataitaeddd tlathisR38Hartinrsaidpresiotith support is a
cat%%%%ayé/ inactive ﬁﬂgbstrate between said fir?t Iagcerfand said sqciﬁng i
ST, PR A BIRIARIS SURROE T Saith ST ARLrelRULIIQAGIY Support s
stagie riractoa coatgrisk s electdy iomahelitrosaidocatsistiicgrafnalitmina, mullite,
consisting e tially, of a_metal supported by.a ceria coating dispaosed on .. .
AN Rt R B P S erio0 LA n e mitde,
Isitisboneniifidekaleanbidt, impplatmunmitride, boron nitride, aluminosilicate,
magnesium aluminosilicates, a combination of magnesium aluminosilicates and

aluminosilicate, and mixtures of these.

55. The apparatus as claimed in claim 54 wherein said material is selected

from the group consisting of partially stabilized zirconia or silicon carbide.

56. The apparatus as claimed in claim 33 wherein said first and said second

layers are serially aligned.

57.  The apparatus as claimed in claim 33 comprising at least one of said first

layer and at least one of said second layer.

58. The apparatus as claimed in claim 33 further comprising a catalytically

inactive substrate between said first layer and said second layer.

59. The apparatus as claimed in claim 33 wherein said second stage reactor
comprises a catalytic monolith, said catalytic monolith consisting essentially of a

metal supported by a ceria coating disposed on a ceramic monolith; wherein
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palladium, iridium, rhenium, ruthenium, rhodium and osmium; said

ceramic is selected from at least one of zirconia, yttria, titania, magnesia,

ceria and cordierite; and said ceria coating has a weight percent between )
about 5% and about 30% with respect to said ceramic monolith. 60. The MCSLLP
apparatus as claimed in claim 33 wherein said weight percent of said

ceria coating is between about 10% and about 20% with respect to said

cRiaMseReNRlitBeRbtdderapRariiusat Gagest imielim 23ndieraiprsaisiatinum,
metal is present in an amount between about 0.2% and about 5% b

wel@stiviith rdigadt theRid e di4RRR O SReA B BN R35aidis SRid ceramic is
gaisreshinfEdaimal3 jahstradnSalst SBrsBiStagRiELaatani SOMMIFRSsH, ceria and

catalytic monolith, said catalytic monolith consisting essentially of a metal

SOpPsHtRl BP9 Eaifh SR HLT0E8T BnPIEhRREGRBHBRIVERR about 5% and

\WHeIRIBORAIMRArAB Seatccitiihas anfeneinohgiween about 10 and about
100 pores per inch. 63. The apparatus as claimed in claim 33 wherein

said metal is selected from the group consisting of nickel, platinum,

Balladiarneangh paegius 2N el amid Caraptms 33camierdid. Jdie arpghatyercent of
as claimed in claim 33 wherein said second stage reactor . comprises a _
SRR GRNRG o5 P EHAS o TREHD I BRI AR b sl BEResfo said
eppentechbydliteria coating disposed on a ceramic monolith; and

wherein a porous material layer is disposed between said ceria coating

and said ceramic monolith. 25

61. The apparatus as claimed in claim 33 wherein said metal is present in an
amount between about 0.2% and about 5% by weight with respect to said

ceramic monolith.

62. The apparatus as claimed in claim 33 wherein said second stage reactor
comprises a catalytic monolith, said catalytic monolith consisting essentially of a
metal supported by a ceria coating disposed on a ceramic monolith; and
wherein said ceramic monolith has a porosity between about 10 and about 100

pores per inch.

63. The apparatus as claimed in claim 33 wherein said metal is selected
from the group consisting of nickel, platinum, palladium and rhodium, and said

ceramic is zirconia.

64. The apparatus as claimed in claim 33 wherein said second stage reactor
comprises a catalytic monolith, said catalytic monolith consisting essentially of a
metal supported by a ceria coating disposed on a ceramic monolith; and
wherein a porous material layer is disposed between said ceria coating and said

ceramic monolith.
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