CATALYST CONFI GURATI ON AND METHODS FOR SYNGAS
PRODUCTI ON  BACKGROUND OF THE | NVENTI ON [0001] The
conversion of hydrocarbons to hydrogen and carbon
nonoxi de contai ning gases is well
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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



steam or carbon di oxi de can also be injected into the
conbustion chanber to 1 nodify the synthesis gas
product and to adjust the ratio of hydrogen to carbon
nonoxi de. [0004] More recently, partial oxidation
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ceramc nDnoIith (e.g. foam or honeyconb) support.
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by Direct Oxidation of Methane Over Pt Mnoliths, 138
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of 2:1 and equilibrium temperature less than 1100°C.

CHy + 1/2 05 > CO + 2 H, (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 oxidation is much higher



- reaction. [0007] However we discovered that the actual
tenperature in the first few mllineters of the
catal yst during a catalytic partial oxidation is nuch
hi gher 2 than expected. It has been found that nearl y
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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 + Hp0— CO + 3 Hy (3)

CHs + CO, » 2C0O, + 2 Hy (4)
HoO + CO « COr + H» . (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

' -te.m'perature is extremely high in the front Ieyer- followed by lower temperatures

_downstream.



subsequent catalyst to | ess than 1100C. As a result,
the catal yst zone tenperature is extrenely high in
the front layer followed by.|ower tenperatures
dovvnstream 3 [0011] A significant problemcan arise
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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 o
operation of the partial oxidation process when using a reticulate monolithic |
catalysf. 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 brittleness of the
structure and ultimately leading to catélyst disi'ntegration, especially when
using oxygen rather than air. Accordingly, it is an objective of the present
.inv'ention to pro__vidé a catalytic partial oxidation process, which combines a
partial oxidation reactor sté’ge 1 with a shift reactor stage 2 tb achieve catalyst

long-term stability.



structures are very susceptible to thermal shock and
hi gh tenperature prevailing in the catalytic partla
oxi dation process, causing brittleness of the
structure and ultimately | eading to catal yst

di si ntegration, gen rat her
than air. Accordi mMﬂéydpiﬁ%MﬁT@Mof t he
present invention to provide a catalytic partial

oxi dati on process, which conbines a partial oxidation

[0014daciihey psasageintentidrn peovided forreemethand for doe pﬁrttab oxidation of

YOG BRVERY P dHATOGh S rqr*n causn H@béﬁ@ﬁ&v o with 2
mix Lﬁé Gt IR} di8EarbBh- 5dﬁ?alﬁﬁ‘1'gtfb ggc?én an ?% n-containing gas a

ydrocarbons to-produce hy on nonoxi
twolntag®e neaor mg’nmm;lhga finst xtlageereef:toawhlch comprises a catalyst

RCTp T e ———

carfer $UpdorbAR@ 8 JeRBARH PhyaMif GhreRRRRH Ins&al @at‘é%@hbjﬁ&stmg
conposition of a first-layer of a catalytically active

esseptially af 3 pansigidn anetahsiprarted onorirea stalppdnerganit metal
eco

I f
o dEBRApaRe ot alobSRSTH srarard G R S0RaS Y spit
rea8forbMhel freseatihdemRiredurthex besyines fsremt SshAat Happort
and a second stage reactor conprising a shift
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zwctdma caiumma yttria, titania, magnesia, ceria and cordierite; and the ceria
coating has a welght 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'c_onsistihg df natural gas and
methane.. |



coating has a wei ght percent between about 5% and
about 30% w th respect to the ceramc nonolith. In
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[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 carriér
support. The second layer is a reduced metal cétalyst 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 invéntion also provri'des' fdr a reactor system épparatus :
which is used in the partial oxidation of hydrocarbons to produce hydrogen

- and carbon monoxide or syngas which comprises a two stage reactor system.



oxi de washcoated on a support. The second stage
reactor conprises a shift reactor. For purposes of
the present invention, the shift reactor can be
catalytic nonolith or a shift reactor such as a | ow
tenperature shift catalyst or water gas shift
catal yst. The hydrocarbon and oxygen containi ng gas
[00231 T %@frrsﬁé@g@%rﬁ@rrée’%‘ §céﬁénys?tc69r?pdsﬁﬁﬁ1t S twddy¥bd | The
react to formthe hydrogen carbon  nonoxi de or syngas
first. |pg@2AB3ing laecatalytieaity aciiverméetah daalpeosepi ow iandpeftmarmer
: syste par.a
supRBRA B RARE Ve my arbest Bune' caaiRbaaRasinaiPsyialy
of sotRsh G ATt AP PoRR IV ée/mgaﬂgrawré Hbr§9ME ThS@P oRideWo
stage reactor system- 6 [0024] The first stage
- washspptadse’ asupRoal yst conposition of two |ayers. The
first layer being a catalytically active netal
di-spersed on an inert carrier support and the second

[0026RY €Thd §ecﬁ>rrde§tuge¢ea@tbaln et R s%‘r@fé?ﬁ ebiriiises a shift
- essenti al ﬁY, a transition netal supported on or In
&

reagtost abpeshi agmr @arréfrea$elec<tede‘rorw@s¢aiebrtlednmplﬁh or a low

e BUBR01S suf 080D S, AL PR RSP gl g
whicleasdyobe nrayd hﬁttﬁ@k@@ﬁrﬁﬂstbg@ Fedctoftiglayietal MaRAY$tvhier a
| ow tenperature shift catal )élst or water gas shift :

Conéﬁ%u%?%qnt'aﬂrr@f@ematahsuep%% ytehcerighredtinghgispesedea a n
corkil FEFOPE, SAORAESplocdd (BT ARl e

-cobattairomgpldiisyas pdllao:huran lrtduﬁhaﬂ‘i@uﬂmnﬁlrthtehrunﬂ'hﬁoﬁﬁmu ands
sel ec ed fromthe group consistin of nickel,

osmigfh| {he PPW'Cﬂpﬁﬁ%ﬁufﬁ Seﬂ%‘Ftpgcf %he OTRHRIGPNSIBEN @iy
zrrCBHFah%TUH%ma CARGA it n%%fﬁ Wakia TBRq %Si&ﬂgrlrt‘e TELLER

s selected’ fromthe’ gr up consi sting of zirconia,
coadingmiasag weightipgrceartagaibaiwemy absiis Y%cand aboatn@D% with

resigfibdhe SR capS SR .0 B b ent e crdtiyfit Rt
theeerémrcclsrgérédte@ rom fhé’@r%u@r@@r%@tof(ﬁrcbh% WRAa! fitahia,

cat al yst
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[0026] - A further description of this metal catalyst monolith ceramic may be
' found in co-pending 'application serial number 10/143,705 published
January 9, 2003.as US 2003/0007926 A1 to Jiang et al.

[0027] Ina 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



the ceramc is selected fromthe group consisting of
zirconia, yttria, titania, nagnesia, ceria, and
cordierite. [0026] A further description of this
metal catalyst nonolith ceramic may be found in
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hydrocarbons. The layered catalysts at the product side may catalyze the
partial oxidation, but mainly promote reforming and water-gas shift .reaction's 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 1 100°C and the subsequent layers can further
cétalyze the subsequent carbon _cdnversion to syngas. The pore structure of
rrioholiths and the particie size of barticulates 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 dispose_d in



the present invention will have a crush strength that
can withstand the typical operating conditions of a
partial oxidation process of hydrocarbons.
Accordingly the catal yst substrates of the present
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the_ gas distri but %:O:’g’g:&m ﬁg,@(tseggohon of the

reticul ated nonol i

v$t either fromactive netal
sintering or mechani cal st rengt h weakeni ng at high
t enperatures can be

First Catalyst Layer

[0032] The first layer catalyst desirably should be able to operate in an
oxidizing and reducing environment effectively without significant d'eactivation'
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, tron,_platinum, palladium, iridium,
.rhenium,_'rl.rthenium'-, rhodium and osmium and corr_tbinations tl'tereof.

Preferred metals are nickel and rhodium.



achi eved by shielding it fromthe high tenperature
using the first layer as the conbustion catalyst.
This concept of multi-layer catalysts is shown in the
foll owi ng drawi ng, where NG stands for natural gas. NG
+ 0., First layer catalyst Subsequent catalyst Blank
Support First Catal yst Laver [0032] The first | ayer

[0038pt a1h>é8rho§lte§rlefé\béd/ nidtaudfdhidegrab & EHODRR! atte: mdtas may

oxi di zi ng and reduci ng environnent effectively w thout
be pregentrort the: surrast intheiterm obvestals. matpkpddes. anptghhalides or

o/ 0 S 25HL AR, 8082 on TA8,  bl Epe oo

the PRitalssard istipef=F@id| P ih e meeiilic foer. rGenesippPRoin. ab'81u$ 0.1 %
metal s used in the present catal ysts are sel ected from
to 88eby aiaightrafribe tefal wilbsaepesitast an e supprit PEPtIBHRIEY

R/ ghfzobaEhETRAh he AGdd 4O BLAhBfiRTeBESELAGHRS 1 o™

oup nS|st|ng 0 ransiiion or
selected fromthe group of nickel, cobalt, iron,

o S SR e S

T

oxyaeh Eieed sigamite gyngaentt herﬁrsheeaewpqohelcataltwes‘ mememf
metals, netal oxides, netal halides or other

parta %daﬂqnoqf the fBed ﬁgd@am%an@m Sw%%t% ﬁonegatalyzes
elth%zt%gw% cof g%lr?\ﬁwr anc'tetlragl ﬁ@g&%rrﬁglrané)g i t&?é‘ﬁd% r'd)fy g%%otrbﬁ'\g. _
Somemghlhe afost Iseleﬁt/alcamlyslts s atheqo BNt ek pot alle ts Mmhetand
=T AN o N AT N R
limithd Biiseheses camdr mrﬁ\aﬁ%.‘ ﬁh'&pr@%é%ﬁdeﬁt@&?bf&ﬁesan
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 end most
preferab.ly 9.9 wt% Cog.2Crg.gOxide / 1 wt% Rh/6.1 wt% Yb supported on a
refractory support such as alumina or zirconia, preferably parfially stabilized
zirconia (PS2).

. [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 oxidatien" catalyst zone is conSidered asthe two
layers comprising a combustion catalyst and an endothermic catalyst. It is
important to point out that PSZ reticulate material is not preferred due to the
inhe_fent- phase.transition at high tempe_reture 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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zones and nul tiple hydrocarbon feeds for converting a
hydrocar bon and oxygen feed streamto syngas. The
first reaction zone catal yzes the net partia

oxi dation of the feed hydrocarbon and t he subsequent
zone catalyzes either a water-gas shift reaction, net
partial oxidation, steamor dry reform ng. Sone of

[oostsg e Vﬂ_ﬁ?ﬁéfeﬁéh & Yeineat &Mt & made bf asrefActdt) Ssubttamtdig

_ withstand the heat and retain their activity due
inert,gigid otaterial which issapabie of inmgintaming its| shapeedith sLiciande

ek e T
selddied fa the ssibpbhewhrthadhitits & UG tRsrmaR cBeREATRIf&lxpansion,

oxi de or a stable crystalline structure such as a o
googthaenabshogkdesistioecanchbigl pedingrsinty faserample, candierite

mateB St syBhp e PR At BBy bRBLE R Bedrd bta
oxidatiohadueteyits lowee mhelting Pols arbumd Na501C zi rconi a,

preferably partially stabilized zirconia (PSZ).
[0035] In the process of the present invention, the

1003752 B adfAGH 4805 bP mete Mibr E8TRL e of such gaytiers are
knoway efondysomip maradlishié s0ppos aed combsaralafintavhiyiele ih vatkidus

~effect the endothermic reform na _reaction. The "net
Sizqsaaid aPniigyralien ofsuiabla $Rape and size efovelicl eF ggpnule type

. ’ | o L .
caufist P B0, ob RNERS: BUERIARID. BARUSLALN L Sy
aregoadé fram BQaveardioinalitedtaetorqtorrdesh micsmatdrigis eélectetifrdaethe

to the. .inherent. phase-transition at_ high tenperature .
GroYR GORFISHID P AIEGR: MY tSAeDst Paraalyt SAPWZEY gcaniBereria,

silidsRicbRRHidBP&lidsh RkridOMibidhOUS SRESAhitRde 8srdrie with a
- first layer. It retains its catalytic activity as
smalkperegptagsohalomimioaxide addgdh aluroinuoDBélide hnrefatrigd,
I nert ca a, refract

f or m.of rrier i.s nmade of ,
Ay A AT Py ST HEL FUmiToRE Hias ek o e agy Garders
carPbe fofhded BY BNPGuithBlesirapesindlugngirheidaty, préegnges@fuding,

mechani cal strength at high tenperatures. Typically, a
sprawdeyingoridée stamping, and so on. Inert support also includes metal
monolith, prepared as metal foam or sintered particles of metal at high
temperature. Th_e 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.

" Subsequent 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

11



sel ected for the support, which exhibits a | ow t hernal
coefficient of expansion, good thermal shock

resi stance and high nelting point. For exanple,
cordierite material is not suitable as the front

endyffFinic HERAPh cabliy R EFHERnPRP R RIS metliBlsR”
knowever alictypumicse. tTHzesetd! vamalgsisadmployed dntig petseatn of
such carriers are known. Honeyconb nonolithic

invesigp e Snanelitte SHARPE ﬁgppgwr@%&prrms@.m'%ﬂv hpartiadlyzes
statﬁi%ocﬁmqn%*@%g%‘agg@g%ﬂ % itles Saa{lgegﬁn@ﬂﬂan%@%té’é whtfi'd et

r‘anu sed

nobtoomeansiibh ynetBodricdryipieatiofis shwgrpof.t As Used therrein; "raeel
m conventional refractory or ceramc materials

Cataé)ﬁtefﬁf@gﬁ for 15/ aMiee cgiadR! %érelﬁétﬂ@tm%dlae the mgtak inorganic
metg}é!r)%(lgle%asﬁc'bﬁpgh@thé’ﬁﬁdoﬂ H %uﬁ%&l?b Iwﬁ)%%hﬁi §§t%ﬂ|l fe. The

sil1con car I-con ni
acti%e ahetatsnuded ivi the poeseanttoatalgstseararsetecied froen tman@rldup

oG55 s AR SRS bRt
cob@h%‘ﬂbr‘i‘oﬁéhhlﬁﬁt Blladhitd, MdiH! Aserfim! Hﬁﬁ@muﬁ?rrhb&h%\ aR@n

formed by any suitable process, 1 ncluding nolding,
osrrpu msamqh gominatiodss igereos p Pagfedally tige activk mesalarqne mgedium
d nd SR 0N- I nert support also includes netal
an n'?JFH‘ %h, prepared as netal foamor sintered particles
of nmetal at high tenperature. The nost preferred
support is a stabilized alumna, silicon carbide or
[003Rhr tA mor;plith awppark sdgeriaralyn acaramichioanolike of porous

stru%anrﬁ 8%3"%(3 1 hersm%g $ nrléqgalkwl; ﬁay_\gg%gﬁgges Hisposed in

eitheR @wfuhagafarr br ré@ i dpaestn Nar @Péélhg PR &S a8facehBpHbsages.

Preferably the surface area o port is relatively
Prefesied argythegcerapie fﬁﬁ"ﬂéé’HC%@Etha(YmB iaﬁaul@b@@ﬁsa@emme

sup?%ﬂsﬁﬂ}ﬁ@rtes%gqjgéﬁé frbﬂyﬁﬁn\[eﬁﬂ%%l Fé??ac 6@%‘?‘%%? |c materials |

yst l-ayer beneat rst layer desira
seladtod [fibm ee ghdup ¢onsigiimigadfeal umios i rdutkiten giraoniar ﬁddﬂllpg

T e IR A LTI LT -
silicbHOride’B&rarid with a small percentage of aluminum oxide added,
aluminum nitride or boron nitride, aluminosilicate, magne_sium |
aluminosilicates, and mixtures 6f 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 dipécoating, microwave
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endotherm c reaction catalyst conprises any of the

catal ytic netal catalysts known for such purpose.. The .
metal catal ysts enployed in the present invention are
nmonol i th support structures conposed primarily of

neafiib e PropBel o Redid) EEBHA BRI BB ey G
conit&ts@ cd?ﬂa@tm@)a Babswar Wities eeétal HadE precirepEipieferamy al
catalyst" refers to the entire catalyst structure -

maintiningithg Preciraet egated supglaicoat apadiionsxp eguilisatedhe

coo, R ERLPL D BAS s R L0y BHOAH A fand et

oxicke! et prbfémednd havgnatopsresysdddifg @%c@mbb@ﬁ@l'etdrgﬁnl@r
nobl e netal selected fromthe group of nickel,

mat¢eygIthe washgoahpad Tmnr@empeﬁngmat.mgmtempewﬁsumrﬁn

odi um and osm um and conbi nati ons
Ox'({'ﬁégeo'?.%% erably the active netals are rhodi um

and/or ni ckel . [0039] A nonolith support is generally
amic foamlike or porous structure forned froma

[004} ne'rh,5 %t@Pl?cta'ghaﬂuﬂ%ﬁtarﬁ%m%a%@%ﬁai spbdegvashcoated
are %'etel‘?éd ?er baEHY Rt IRhitd LW @61’5’1@ O|5'|n§I r{eh Gt ations

tween adj acent passages. err e ceramcC

selécﬂ)adrfmm guiup]seIA iy illhgy and rl‘égldfaine P@SBIS)d@e“Sablelm the
supfort%? ﬁ'Ct ures are made from conventiona

Elemenfs,ap S UPR e aHmPET LAY Trod) Graes I B i NI,
VAY Nae eneqnéuéﬁthaa.q%fs gwénpgkgeréw krohfeedd faﬁ@rw.rﬂ;

partially stabilize nia, ceria, silicon
Iantbanbrml gjrcamibivcand miarinirdand Siistlcew of thase s iThiedoarmimtaryibee

B e

Seq@buﬂ@mp5|llcate nagnesiunr alum nosilicates, and
m xtures of these. Metal nonoliths prepared as netal
foams can al so be used. The nost preferred supports

e i zl rconj si l.icon carhbi de
1004245, St ighrBahp bl e oRlrbis B Pstterbies gy fRLE &
orgamicalotutiom, almmeostgd U paASIan cerﬂspe’i‘ﬁlbﬂVcﬂﬁ’n@*th@ dxide(s)
catal yst effectiveness and activity. The surface area
parfigles, 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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t he support can be increased by depositing a

hi gh-surface area inorganic netal oxide such as ganma

alum na, ceria, etc. by inpregnation, washcoating,

adsorption, ion-exchange, precipitation,

co-precipitation, . depgsition eci pi tatiar al - gel
comgefigecortpatfic 8 B8 B By e ibB bt dzef o5 Bpen
oxyJERE8RaHind Begat With SRSV RERS efibtiivd MARBRYEE Net al

oxi des conprise contacting a substrate with a mnetal
contgur@topralcuprassurg betweeibl yndrel) atraesphages.Hefgndegas sor

staresRy g PORRY PrBR S ek e pey sBb g g pour
andsalsddratefo 9 aibdiub 0. YRS About®Bd. Oenetet pbBs@ssiEmiel o

have macropores by addi ng deconposable organic nmatter
addition; He iegdrarsamidue Miay @l Hecompose siearm and/afi@Rz. The two

stad 08 kPaciDe aPp AR SPAEL Ak B TP Emrkra s i tne
firstwashs opéetingaitabdak 600Tth AbeuN 100°Csed B séddiid £egé 0
- oxi des conprising one or nore cations selected from

Ope@@@lﬂoi%t ARUL AR’ 1 PPAULRR0IC/ATEE reﬂ@tapbea%mhftun%gf@a@p be
Pref a7 Buna AT R PP I PRoUPAG. oo’ e

| ant hani des, nore preferably fromceria, alum num

| anthanum zirconi um and_barium and m xtures of these.
[0045}¢ Tﬂ’éﬁ'ﬁﬁrﬂ@” kethe frﬁiﬂé@n%‘l(%d % 3 Acheynatic Aiagrapef the

o ! . I ‘ bl
RS ERRSR fch  ateauslon oni RIS 1ok o s o
for thfe ferd apspeatvealy, of@tgami, aatwaldasyandsdxygen,arsoéntegiirough

ineghis esgterPie b PpoBreacisB of | dbieci ap SBRaPRar end
B e i N R A A e R KRy
presérirthateinie d bape gasistiearns willadnrtinzierigtoad2 mhesel elatersquanch
is e{qﬁeié'gaélgr{qggﬁltliﬁ?%é gg &%@Irésa%tﬁg%a htrgug?ﬁ( .\ir%e GWebr?ove%%%HcF\gd
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 témperatur_e shift reactor C. The
gas.stream exits through line 9 to a condensing unit D where water bresent in
the product gas stream will condense out. The water free gas stream then
travels through line 11 through a compressioh uni_t E, then through line121to a
“separation unit F.- This separation unit can be a pressﬁre 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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sintering of washcoat during the reaction or
pretreatnment. [0043] The nost preferred support is a
partially stabilized zirconia foam nonolith
washcoated with about 5% to about 30%inorganic metal

oxide, nmost preferably ceria. Optionally ceramc
[0048]n &Y Corts Srshematicrribe ovAralberosasst e pigspat iveation.

OxyERf, FhEalEadi gl ASa R LARLIT G HeRGL M BAFINEL 15 10 |

e aspec & I'hvention r oCessS
andf of lrﬁdmehepf:lrdt istdge eecttatd. Oﬂfhefprbydctcgw éIOEmS'nth)rﬁltI@éi fiese
nd car bon nonoxi de- risi ngz contacti ng
Sfa%év er\@ &X't&hwhd@&%wh@éﬁpa fhwa rfa@é @a@ %\rrederaﬁred

|ntogp¥glﬁ@ ftﬂﬂr@*gﬁ Med 8dngan Yot v%ﬁ;t %F foct"fllee%as stream

ective -lTayer ~ configurat
entm@msécm{wcbtﬁ@e acamspHerids produeeday e&eastwhrd:arabrg&s

. h I b 5, 0 t. bout 500, 000
pringiy b oy B SR Ra S HaRoY dp oBie RatonalinuReonY oot ffout
secafd Qtdmd Féaoﬁﬁ*th?cﬁ%ﬁﬁwe(fﬂ $hd d&thrasr’gﬂaé @Rt e@ar@ﬁgx

gas mXxture may al’so conprise st nd/ o
cooting unﬁtlad’é@ raﬁw t:heledemodoct Wahreﬂm@om Itthe bpat axehatger
tures Wt eoperatlng

di t
threhiohg iR K80 6 g P ESYEra A0 RECRE o
templRetate aﬁuﬂ%aa@@lﬂ@nﬁeﬁ%ﬂ\@s&ﬁ@%w@%ﬁ}? hTHI%c'é?é’é‘ﬁ @HB caftson

m xture can-al so preheatedtoa eratureo
monrdyde fqrtbherdnﬁbwnun@gmyd[r@@%]wmoh mnlhgxmmmtxghﬂme 23

throlePt SThad comPesRgE Kt PBEUEREES Feam bRt i on.
compraesorthrdugraiivie 34 ahtbgad eephiftiohesftt L WRRPESAH BElaY |

- of steam natural gas, and oxygen and enter through
Pressuyre SWing egsertioNrnigeraa aternbiane: sigterm el wilhseparate the

oS, 445208 1y oS0 5810 PRl

tail gaedeatwhibbmeil axit ireagh ¢ias 2&.reans wi |l continue into
A2 where water quench is entered through line 5 as
well as steamthrough line 6. The now quenched gas

[004513“r gtﬁfﬁlga?'t oK d’Hé%]u%f‘gé@té’nc?@fetah?ﬂlllrag’nt\émrﬁgubﬁ IihB§ 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 how 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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exit the two stage reactor through line 7 and enter a
cooling unit B. The shift reactor can be operated- in
a nore efficient manner by adjusting the steamto
carbon ratio entering the second stage reactor: The

roduct . streamw | | exi throu to
(00487 SRt TR HALRD Rt U baribeEiuth teorec npaufar
emBbdigRnte Mdreof, Wl@@%BaFérﬂ%eﬂ r‘itﬂnérdi%ﬂﬂﬁ@:sfdr‘&suéﬂd D '
wher e wat er present in the product gas streamwll -
mogi§aatigrseoblilis inYhetiomwdlbe pewioyado shossashillateim thterat/elrbe

BRI IS BB Ao Wobred overa

sucae:ma/rcars formgririd wadifileatieénPwessHaR withindhaeser §Hifitihd
system or a nmenbrane systemand this will separate out .

SCOPﬁéﬁﬁpﬂpﬂﬁﬁﬁ”ﬁﬁﬁﬂ@@ﬂ which will exit through line 13.
The remainder will exit through line 14 and consists
primarily of carbon nonoxide. 14 [0046] FIG 2 isa
schematic of the overall process of the present
i nvention. Oxygen, natural gas, and steamw || enter,
respectively, through lines 15, 16, and 17 into the
first stage reactor G The product gas streamfromthe
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 the
gas stream entering the second stage reactor H The
product gas stream which consists primarily of
hydr ogen, carbon nonoxi de, and carbon di oxi de, w ||
exit the second stage reactor through line 21 and go
through a heat exchanger or cooling unit |I. The now
cool ed product gas streamexits the heat exchanger
through line 22 to enter a | ow tenperature shift
reactor J. The low tenperature shift reactor. further
drives the remai ni ng hydrocarbon and carbon nonoxi de
further into producing hydrogen, which wll exit
through.line 23 through a syngas conpressor K and the
product gas streamexits the conpressor through |ine
24 into a gas separation unit L which can be a
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pressure swing adsorption unit or a menbrane system
which w Il separate the product gas streaminto

hydr ogen which exits through |ine 26 to storage M and
tail gas fuel which wll eX|t through line 25. [0047]

In nat raI steamw || enter
Hatvmg hUﬁ dfaﬁﬁ@%g(g&é lné(gn oYV , ? Q@H@d?i vely, into the
first stage nonolith reactor N. The product stream

fromthe first stage reactor will exit through line 30.
1. wheAengthogrfoailte psttehaxidationiof bydrgarens tcherodioe 30

iR 8Pn Mo §oF Ry HubEhe AN AN e et ool 2
hy@Rafddreédhtairinglisar &gl ahimauatygbhte mininy @ag Qw/o stage
second stage reactor. The product stream ~ which now

rea@AssRETIPRG elifst §iage ediosydrchapaMesspo R cRtRiEsi de,

coft %g@ﬂﬁ% gla 'g‘?g ndg?@l é&?@é@}/é?ﬁ%@gggge&epg nir?ert-

camerfs&pbbﬂ @lmgiha be@@ncﬁﬁaybﬂ oPa g8susaPaicdsl caly¥sédiBisting
whi ch can be a pressure sw n% adsorption unit or a

espptAl R asty%ri%fﬂﬁrsmerah Juppgaied@n er léb@ stalte magaanic meetaly

xR aclf BT B0 ST it o8 So gt PGPS op BhTHtRhg o
shifnreaotdron has been described with respect to

“particular enbodinents thereof, it is apparent that
nunmer ous other forns and nodifications of this

2. nVGr%‘ rRBtH gfd dé Pl%urﬂQH P URirh W/RORsn $4ld é&%}tn@alf;}"&t%t

he appen i's 1 nvention
mestlablaladaldfmeed:mm theegraup ccnmseatlngl of nlskmhccnﬁnn tros, lblatlmBm
ﬁ% nodl i catjions whi %h are within the true spirit and
Pagadpe dﬁ‘ 't”ﬁ'e”b‘?%'gghtru RO [GRAILB, @HDI% ad Fmbinations
théleseri bed the invention. what we claimis: 1. A nethod
for the partial oxidation of hydrocarbons to produce
hydrogen and carbon nonoxi de by contacting with a

m B A mgfho% as claimed in claim 2 wherein said catalytically active

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

4. The method as claxmed in Clalm 3 wherein said catalytically active

metal is rhodlum

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,

' rmg wagonwheel, saddles, and granule
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hydr ocar bon-cont ai ni ng feed gas and an :
oxygen-containing gas a two stage reactor conprising
a first stage reactor which conprises a catal yst
conposition of a first layer of a catalytically active

met ' d i ner [ rier .support and a ..
7 gecong MERERE LAl A5 o Rt 4R sh Rl sRgort i
'a resseithicalupportfhavirig amehtyesmbrsrlpesupported on or in a
: stabl e inorganic netal oxide washcoated on a support,

-and a second stage reactor conprising a shift

rea Fnattind HE~ : ' pglhal wherein.., .
8. sai ?j-hgar?%ﬁ'ypi%a I?@%ﬁﬁ @émqrlzg‘{vg?r%iﬂsgas'éIhg)&%géowlbd%o?ﬂlgh'c
suppant 5 madsifeim rgmafertl eklekted froal the droop copkigtihg oM '

al ladiym iridium rhenium ruthenium rhodium -
- a'l@%’ﬁ?umUﬁﬁ%b Zisepig Rerialy stabylizedrircania Tepsiansiligadsiieon
. . I . . . .

cattide fonifict: SeoNBRNGH LB, SErRhti filidel vBfod M
aluanidosilicitel maghesilime anmhihosiliastes| aicortbination éf magnesium

wherei.n said catalytically active netal is rhodium
alugninggllicates iahg %Q”‘é’f "fﬁ?&eyi%ﬂimtmef HHBeesn said
~catalytically active netal is deposited on said inert

carrier support in an anount ranging from about 0.1 %
9.t o abeunet®odoashglainedd)int claibn STkensirt baid rastetibhisretedtad

claim1 where.said_.inert carrier support has a shape:
frofy s rouProRINAG o AP e ST ST RNGS P EH &) EoRe:
sphere, pellet, ring, wagonwheel, saddles, and.

granule. 17 7. The nethod as claimed in claimb6
10whel éerimetiiod ameaimedhin ¢laim dupbenein said inemroaoidrtsuipport

‘na PRl el Ut R &1 R ahig cont monol i thic

support is nmade froma material selected fromthe

gr 0l+p consi st nq of _ _ )
11. he 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, paliadium,

iridium, rhenium, ruthenium, rhodium, osmium, and. combinations thereof.
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alumna, mullite, zirconia, partially stabilized
zirconia, ceria, silica, silicon carbide, silicon

“nitride, silicon nitride ceramc, alum numnitride,
boron nitride, alumnosilicate, nagnesium

158l ufhp Qﬁét]lhb‘a a%secﬁam?eéncﬂ'@éi?ﬁtl 4Q/Phé3rE nn?a%mf 'n%ﬂte{idpggal éﬁ

‘alum nosiTicates an aI um nosi i ca

seltbtesiefror. th@lyeouyetoosistirsy of o] ﬁickélaarm 8 miieIreiof
sai d materi al is selected fromthe group consisting -

rhogiurgiag migkelr partially stabilized zirconia. 10. The
nmet hod as clainmed in claim1l wherein said inert
carrier support has a surface area of about 0.10 to

16.aboiﬁhe5@emodﬂdsgclai]lﬂed 'ﬁhﬂaimetlhmdei@m sdiditredition medading 1

e n_sai is sel ect fromthe group
ab‘\&l\@réf%?i’ﬂﬁt ‘gPe e@é ?ﬁ"dgritd%fnsi ﬁ?ﬂ’]ot"ﬂ‘ SYPBheyconb
nmonolith, and a metal nonolith. 12. The met hod as

cl ai med in claim1 wherein said support is ceria
17vvasiﬁbeatietthodraspeiainiead Inyclainabi Whereth gaid ctathla imagahid imetal

por %{13 The thoda imed in claim12 wherein
oxiggf {iaave &!iouesaft% 95/ CANREPING AAE 9 MeEmFations
sel@E!é‘éi' ﬂrér'i‘i g%eagiA wmnmnﬁj nh%i tr%/Péﬁo&iE%tbiée%hece“ a
by we The method as claimed in claim1
Elamemtei %uamitlmramtalsmdmmmeseof thesected fromthe
group consisting of nickel, cobalt, iron, platinum
pal l adium _ iridium rhenium ruthenium rhodi um
18.0SNTHEVMaMMdd LRI iroA8inh RETWRérein. §aidatidRes BBIRa

as clainmed in claim14 wherein said transition netal
fromsthe, @f@luécqoéiélsﬁlﬂ@mfFﬁéagaluupnuwﬁrﬁhamgﬂoilmdmmd

baPuﬁ]kgrl,Od ﬂgﬁeasi%rgthg%ﬁ of_ rhodi um and nickel . 16. The

AT m 1l wherein said transition
metal is about 2 to about 4 percent by weight of

sai d nonolith support, 17, The nmethod as clained in
19¢l ai Hielmﬁii@ide%dw%d it gpire S whersin saidwalipn is ceria.

20. "~ The method as claimed in claim 1 wherein 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 ceramic foam
monolith 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 alumindsilicﬁatés, a combination of magnesium

aluminosilicates and aluminosilicate, and mixtures of these.
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oxide is selected fromto the group of oxides
conprising one or nore cations selected from groups
A II1A IIl1Aand | VA of the Periodic Table of the
El ements, the transition netals and m xtures of these. -
18. The nmethod as clained in claim17 wherein said
cation is selected fromthe group consisting of
23.certiie nidtihisd BY MaimatihHim 22 Wheesih waid rthtefaris daleatsd
m xtures of these. 19. The nethod as clained in claim
fromgheugeoun rorgisiing at pamially siadilized zigoniener siticatvbearlide.
claimed in claim1 wherein said inorganic netal oxide
is about 5 to about 30 percent by weight of said

24.norhé trietisowpaerdaimat. in Demmeifiedeidssaid 8bosnd B’@ag@' rekBlor is
17 wherein said stable inorganic netal oxid

sele@Ap fiofe sheyAradieen g %ftaagatalsﬂicmoagléhtar@ea sbiftegactor.
fromthe group consisti.ng of an oxi de of al kaline or
rare earth oxide, thereby inhibiting the sintering of
25. vvasm@atetdm as gl ihwlainT 24 wHereiat 9@ tatdlytandnolith
ort. 22. The nethod as clained in claim1l7 wherein

corgsg:‘,t essentialy Cff@ametﬂ[ﬁH’@PPftﬁdQ}’pﬁ)G?'ﬂa ceatiRgidisppsad gn a
cergﬁwtl@ FHolie 'vﬁ%réﬁl {di@ M tBRis KRG Foph St Ie%&t oRE é’f nickel,

um na, nul zirconia, partrally sta
cobalt, ronj platinem, pallsdiuing aridism, whexmum:ambuedmmsnﬁodum and

- nitride, silicaon njt qu cer m c, alum numnit dtfe
ST a CRIRTEC 15 SPIRRSLEPT ELPaS! SRy ALGT G, vitta, Gtania,
maghég‘an&‘éhé bﬁé%dleﬁté%m'% 'c@ﬂa %Baﬂﬁ@ﬂ%?a%l ht percent

'um nosilicates and alum nosilicate, ures of
betiweesesabal® 528 antrabonwt 3ROewith rebpéctdad snani cdarannnn: 2aonolith.
wherein said material is selected fromthe group
consisting of partially stabilized zirconia or silicon

26.Car Phdenethdd abN@aiddPkigien ObaliEdin shig vidightlp¥behtedfsaid
said second stage reactor is selected fromthe group

cerpARAtiNg Isdpaivean eloal | DPcand bbht RO Unith resnedt to said
5. The nmethod as clainmed in claim?24
cerj\%ﬁrﬂ?ﬁ(ﬁ]noshgfd catal ytic nonolith consists essentially
of a netal supported by a ceria coating disposed on a
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 25a wherein said metal is selected

from the group consisting of nickel, platinum',.palladium and rhodium, and

said ceramic is zirconia.

'30.  The method as claimed in claim 25 wherein a porous material layer is

disposed between said ceria coating and said ceramic monolith.
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ceram c nonolith; wherein said netal is selected from
at | east one of nickel, <cobalt, iron, platinum
pal |l adium iridium rhenium ruthenium rhodium and
osmum said ceramc is selected fromat |east one of
zirconia, yttria, titania, nmagnesia, ceria and
cordierite; and said ceria coating has a weight.

* 31.per Tromethed \weadaiaieaiin &Q/mamdur@morﬁﬁﬁ@mgtahhéaﬂ%@@ﬁénger
to said ceramic nonolith. 26. The nethod as clained in

beippArasem hahween saighiist asiggHeapler esdtsaid seepnrt siageirgactor.
coating i $ between about 10% and about 20% with
respect to said ceramc nonolith. 27. The nethod as
32cl arhednéthod laai aiaigfedineri @i S@dtldeﬂmjrﬁbriélﬁg RY iI®s¥xchanger
an anount between about 0.2% and about 5% by wei ght
beiggiieseFiter sal! Ut gladedieanior ansrrald sRCONS Stagﬁ?ereﬁﬁTtOIﬁod
‘as clainmed in claim25 wherein said ceramc nmonolith
‘has a porosity between about' 10 and about 100 pores

33 per Ahrapiparals fa'mmermmabbmtajrmwBﬂjrbﬂamba'sﬁbMuce
h %;hereln sai d netal 3 elected fromthe grou
nydigaeR i Ben mide BY SPRiRGHN it & dek@AkST hodi um

hy%@arb%%l-c%rﬁﬁnﬂ{ﬂ féé #d 5508h %xg%érq COE%”@E}%]%%@%?S'?% a

clained 1'n claim 25 Wwherein a porous nat
firstiistagesedctos wisem ceaipdises ki catalgstt ¢argpasitios af d firstrlayércof a
The nethod as clained in claim1l

Ljth.. 20
calP ALY TG SR HEL N SRR GEr S TR %@@rﬁecond |
Iay@?bf’\@@@d@@@ﬁétél%atﬁ?ﬁ%ﬁs%ﬁ?%rsséﬁﬁlal fda %%ﬁ@l’ﬂ?urt

react or : hod as clai nmed laim1
supRettad en agiraistzhie @X@‘gan@enetabemg vpaﬁmmte@bnasmsmom

d 33.
e sl araes FofedheineRuR STRERGER0r hyar ocar bons

to produce hydrogen and carbon nonoxi de by contacting
wWith a mxture of a hydrocarbon-containing feed gas

34and ThA apReFHS @sriaimediy driE 33 mhareinrepia cataly‘ucally 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.

36. _'The apparatus as claimed in claim 35 wherein said catalytically active
metal is rhodium.

37. The apparatus as cIaiméd in claim 33 wherein said catalytically active
metal is dep_osited on said inert carrier support in an amount ranging from
about 0.1% to about 8.0% by weight. - '
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first stage reactor which conprises a catalyst
conposition of a first layer of a catalytically
active netal dispersed on an inert carrier support and
a second |layer of a reduced netal catalyst consisting

ess I | Li-Qn. al u rted on or in
385" er s B ratala e ARIRLN GRE s B Fhe P Subon
" hasupgieige seletidddr@e eion dralpesn $iswed 6f heRbhE, R@hare, pellet,
.. shift reactor. 34. The apparatus as clained in claim
- ringgwagepwhaels saddleat ang grasmliey active netal is .
sel ected fromthe group consisting of nickel, cobalt,
~iron, platinum palladium iridium rhenium
39r ut Mgl apparafuedisicaintsdTinueTa N G8ootdrenas 4ie MSert tARTR Gupport
. 35. The apparatus as clainmed in claim 34 wherein said -
is @ MeNQlithie SUPPOB AEVING a RepayCcoBb$EREet ed from the group
consi sting of rhodium and nickel. 36. The apparatus as
claimed in claim35 wherein said catalytically active

* 40rret dihei sppanawisues cldimedrimeciairn B0akhisrelrs s&itl diomegcommb
clajm 33 wherein said catalytically active netal is

MRNUGUF SHAPRR is made; frpta Bateiidselrfiebirem Hegrosrsansisting
i-ng . ] . 0 . Weiahnt L :

o S R R AP0, ool o R0 o R SRR, i

carbride t sii@mr niides spicon thitridaceaastia @éursiziuet hitddé,rmroh ndtride,

roup..consi sting.of honeyconb, sphere, pellet, ring,
BRI, MAS R SREOsHigalese & cRmbinRGoR 5 agnes
- alythMo¥Ridale’d & PAITMISoIMERE! A RhiuréShi the@ET 1 €r support

is a nmonolithic support having a honeyconb shape. 40.
The apparatus as clained in claim39 wherein said

41cel Gt O gried TR A0 wiSred SafTaietal & ddfectee

froftikthe R UPZEdrEMIing, ofRAAIrd bY pafial siabhtcdi i8Rz
ceria, silica, silicon carbide, silicon nitride,
silicon nitride ceramc, alumnumnitride, boron

gt rT*r*ﬁeeapparatus 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 monoilith,

~and a metal monolith.

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 about 5% to about 30%

ceria by weight.
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al um nosi | i cate, magnesi um al un nosilicates, a

conbi nation of magnesi um al um nosilicates and
alumnosilicate, and m xtures of these. 41. The
apparatus as claimed in claim40 wherein said material

4Bpar 115 Tt o o RO 33 Rre e iflangtal i

 selek@id®en fhecéraumcéasi&ﬂﬁ of Rickal, EobBR itort PlatirRim SpaR@idm,
has a surface area of about 0.10 to about 50.0 n2/ g

iridaigm, m@lu@pa@ta@wnasrheﬂmmmw%|a@ﬂrﬁ0313blmnté@ré$ H\ega%l
support is selected fromthe group consisti ng of a
ceram ¢ foam nonolith, a honeyconb nonolith,* and a

47net Jhenafisdratus. as4é||a|n:|_ét§3|rﬁﬂéﬁﬁ alpushersin shiditrmition Sledd| s
33 wherein said support is ceria washcoated, on

selegted HPNYther aeHPicoaaisHng ©bRediHBh GIGkehare gBpeuress,
rhgﬂﬁnﬁgﬁé‘hﬁf‘xléﬁ as clained in claim44 wherein said

» I'a-washcodted partially stabilized zirconia
nonol i th support contains about 5%to about 30% ceria
by wei ght. 22 46. The apparatus as clained in _claim 33

- 48yherldienaRRaratus ahelatmes Thelgin Jwherginsaiddransiinn metal is

t f t
0BLPPRGRRSH ek R o YRR of PaRThaol BepBly L ™

osm um and conmbi nations thereof. 47. The appar at us

as alnedlncla|m46Wn dt t '
18 Soharatys S BHECH DB DORLEeTSHh SO0 SthB: DRioanic

mé‘t‘a?gﬁihqu‘%e%cﬂ%&(ﬁéﬁmo%e quQH | e &brﬁbﬁélngﬂo?he dhore

apparatus as clained in ¢ wher ei n” sal
catioas setdaoted fretragrqugs l&bbat 1A and dBdof the Periodist Tdlye of the

. —,weight of said nono u rt. 49. The apparatus as
EigRiatedfe vBelom st ard MECps ol fieste i nor gani ¢
nmetal oxide is selected fromto the group of oxides

conprising one or nore cations selected from groups
501 A, Thenappanatusagi claimedfin eladmpte whgrein salsl eatisn isreelected

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 inorgan'ié metal

oxide is about 5 to about 30 percent by weight of said monolith support.

53. The apparatus aé claimed in claim 52 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 reaétion or pretreatment of said support.

54.  The apparatus as claimed in claim 52 wherein said ceramic foam

monolith support is made from a material selected from the group consisting
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El ements, the transition nmetals and m xtures of these.
50. The apparatus as clained in claim49 wherein said
cation is selected fromthe group consisting of

ceria, alum num |anthanum zirconium and bari um and

ot B 5 Bl AP PhrielD S ABREEL . SR ThEe! dhor
carRi¥AIsAiced mpidel 8iligBa nitAdé tardmi3aieih8MnigRded boron nitride,
inorganic netal oxide is about'5 to about 30 per cent

alupyinegilicate, oragsesmmBhisninphilisates oa comigaatiorhef magnesium -

IPRBPHHAEs SPGBl B G ReS o "

stabilizing agent selected fromthe group consisting

~of an oxide of alkaline or rare earth oxide, therebﬁw _
55j nhiTBetaPRgratie asselaimsd Wgclaim Rdssain shi imeteriabistselasted

o B RSB Ss  RBGlp DB AR et0B°

monol i th 'support is made froma material selected from
t he group consisting 23 of alumna, mullite, :
56zird ma@paﬁ@ﬁuﬁaeﬂ ¢lgimedyihi ¢laiye @3 hersin said disstiand said

se%c%rid” ershid §éﬁhl|yciq]§hbge silicon nitride, silicon

ecer mnumnitride, boron nitride,
al um nosi | i cate, magnesi um al um nosilicates, a

nati on of magnesi um al um_nosilicates and
5740 u DR AARArEEES ClAMTA it ¢lps 33ConpRiising bleashane of said

ﬁrs@m@r%@satgéagm@fﬂsm s%l:@h(ﬁnla?‘é fwherein said naterial

I's ‘selecte romthe group consisting of partially
stabilized zirconia or silicon carbide. 56. The
at us as, cl ai

d' . cl ai d fi .
585n0 108 ApPeLadt Paverd s BE o tuther Gpmgriend eataiigally
inaRAPakabYFaRkSbétwdlelBshid ArstRjdNa?d LRIRELSHHyRE. | east
one of said first layer and at |east one of said

- second layer. 58. The apparatus as clained in clai m 33
S e R DR R A
consists essentially 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, rh_enium, 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 pércent

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

60.  The 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

ceramic monolith.

61. - The apparatus as claimed in claim 33 wherein said metal is present in
an amount between about 0. 2% and about 5% by we|ght w1th respect to said

ceramlc monolith.
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59. The apparatus as clained in claim33 wherein said
catal ytic nonolith consists essentially of a netal
supported by a ceria coating disposed on a ceramc
nmonol ith; ~wherein said netal is selected fromat | east
one of nickel, cobalt, iron, platinum palladium
iridium rhenium ruthenium rhodiumand osmum said
62.cerBm apparated as ickimiedamcidin 8tisitheosie safid zeratoisinagnolith
tria, titania, nesia, ceria and cordierite; and
 nad aiparasiyi BEt0BR0 A5 IS ANt (repeieRer Stteen about
5% and about 30% w th.respect to said ceramc
nmonolith. 60. The apparatus as clainmed in claim 33
63.whefiee apparatusvas gheimeelrioefdinod3 waereincszid anetalit iselpcted
bet ween about. 10% apout . 20% wi th. respect to said
fro'@é&‘érﬂ@“%%@? g © T‘Ck?ﬁé’vaéw&? a[%‘flﬁég&g“ angi h@ﬂ'”l”ﬁ and
Sa|§|0@}é’ﬁ]%as%§6ﬁlan said netal is present in an anount
bet ween about 0.2% and about 5% by wei ght with respect
to said ceramc nonolith. 24 62. The apparatus as
| ai m 33 wher ej d ceram c _nonol i
64 o 18 SpbRedis GO i ST 2 S ol A eleblaver
is d?@doée'ﬂjoébtw@%n sHit® céﬁ@%b@ﬁh@ af8 salREEREhIt &It 33
wherein said netal is selected fromthe group
consi sting of nickel, platinum palladiumand rhodi um
and said ceranmic is zirconia. 64. The apparatus as
clainmed in claim33 wherein a porous material |ayer
is di sposed. between said ceria coating and said
. ceram c nonolith. 25 :
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