10

15

20

25

; e3e&d&\ F86Tdt "19~91~I A~~EB~ ~m~-~~w~nt+~ CATALYST
CONFI GURATI ON AND METHODS FOR SYNGAS PRODUCTI ON
BACKGROUND OF THE | NVENTI ON The conversi on of
hydr ocarbons to hydrogen and carbon nonoxi de

|
Cooh b ongsee T nctude cat rye ¢ st oo e o UMMM

auto-thermal catalytic reformng, catalytic 10 pasdisoal
oxidation and non-catal yticqypartial oxidation. Each of

broduces var T ous rat1 05 of hvar agenand. car oMM

nonoxi de, al so known as synthesis gas (syngas). Th&oo*
present invention is directed to a catalytic partial

oxi dation process. is Partial oxidation processes are

al so A LS I | rd

cat al ;?Jib\t:mlgart [ gf@}%ﬁli at ?gﬁoﬁ'r%'ggg‘é'ggﬁ%% Cgﬁ sPReAS
oxi dation is an exot her fPROBECTION wherein a

hydr ocar bon gas, such as nethane, and an

oxygen-contai ning gas, such as air, is contacted with

a catalyst at elgaakalkoOMPFDR FHESINVERTRINCE @
reacti on product contalnrng high concentrations of 20
hydrogen and carbon nonoxi de. The catal ysts used in -

t hese .processes, ar VEJ&CC%'% nople netals, such as
pl ati nUIfi EPNYEIBIGNARhYSRRFaPRBS tq PydrooenaNdearlios, mepexide
pnRAIAIY gastlslis WbIkriowr FPhe SYPERKMIdLSE §fh processes
oxi dati on processes convert hydrocarbon-con alﬂlng
daclede catalytiosteam reformiap, gato-thermaticatgéyic reéarbiing, catalytic

SRERF B A Fon el BERET PR uBy3R < it Siaheraarocesses
Hifs SWanthGss ARG dyRNE ARG s Y Mﬁéeé‘%ﬁﬁgﬁbﬁe‘t}os : of hydrogen

ox¥gen-con alnLng gas i ntto a conbustion ¢
dicieanben reenexide halae koawb@sss\otbesis gast(eyngasy. tTenpresent

h BB et dle PV Rlnt 8BS very i gn

tenperatures, such as in excess of 700C and often in

excess of 1,000 C, and pressures up to 150 _
at nos JTAItaOXiqationgrecessas aremiso webknpwn ansk therart is replete

: - QCk eps o Len .
o SN0 ol S i cRbGses PERREPRbKESY i an
aotrermideeactivh avhreinyeh ydreatbonaash sachras prétane Mrican
recently, partial oxidation processes have been
d?’%’@?%éatq? THNGPREHSYIEAH I8 CaPiastedywith ascatalysbat elgvated
VebeHIBI 990G 1240 8588 coanEIgS congongratons o
rydsdgeatedind Carbdnonoroxide.afrhe chtalysis aked in {rese. prboessesrare

oG MR, Suchyr o/HlBRm ouoARES diceihes fransition metals
Erich & mmép,rawmgigg,ﬁhb@rs_@baqr transition netals such

as nickel, cobalt, chromumand the like. Typically,
these nonolith supports are prepared fromsolid

f : . ] i al h | na,
21 v com il g ted s ool rVafRhaRiob R Riation ogses. such
tdeesaturat gas & hiy@dgen! CRbbY AP and 6ﬁférgl%%%scéﬁ1vﬁ"\ﬁ?ments such

oxygen-contai ning gases are initially contacte
t%&f’@%dl%&ﬁa@@gwaéﬁr. Theprocessiistypicallycastad ot By0B@Cting

t Vi ' t . t d .
pEEhFReL by EHER ] R AR TPOwR Ry 65 RY eihution
Zhahiberathere exidation df tHeahydrbear@at oedinfsabitieldsstRsh

ar r,aﬂigement for the catalyst for use in the catal ytic

RIENIBMELG amouptS foOWQQP%QFaﬁ%Hét%MbUSﬁOH- This reaction is
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condi tions which would be cormmercially attractive is
one in which the catalyst is retained in the form of
reticulate nonolithic structure. Catalysts for use in
such a process conprise one or nore catalytically
active conponents 2s supported on a refractory oxide
carrier, the carrier being in the formof a reticulate
nonol i th. However, it has now been found that problens
can occur in the operation of ,the partial oxidation
process when using a reticulate nonolithic cat al yst.
In particular, it has been found that the refractory
nmonol i thic catalyst structures are very susceptible to
t hermal shock and high tenperature prevailing in the
cendugiedatysgry high tsmpﬁaﬁwmﬁ SHelk @sdn exeess @fg700°C and often in

B4 51RO, EHR SHAURAALE O R s,
{sﬁaeeha rortchdisbrad loxldéoc!awt flso @leylb\Jegtedl mtcﬁdihelaiutrﬁMStmt@famber to
e present inyention to provide a catalytic parti
%!g)t ﬁ?'@rﬁymf&%%sas REAdust éa%@ Adibshthg @ﬁ'\f/miwgrqgen to carbon

qﬁ%ﬁ&g (?onver sion to syngas with high selectivity and
evel of structural stability of the catal yst

at h| gh tenperature. 10 SUMVARY OF THE | NVENTI ON The
pr esegﬂol nvention praovides a process for the cat alytic

par t i aYlOBieganIbPaskal Oxiclatipp FupeRssesdYetnar disgipsed in which
GREPHSERr ééﬁé %tgLQCtE GAthARs dxi/g&‘? 'EBHa'?H\IHg ggs at high space

hydr 6car bon edst oxygen ntairnin
ogladitiestindhe presancei afieocetalystsudhhae a nhetabdepdsitet! o & ceramic

PSR TES: Bl Bt ol B therel oo o
ﬁﬁbfé@ﬁ‘ﬁ@@%th'@n@@létméféi §uch 5&1 %tlhmf?g‘aus@iuh?ordﬂ eg}rﬁdor

to a novel nul t|-Iayer cat al yS confi'gurat i on

tatleer tsangition swetalastich as nickehlopbalt, ehrphiyracaral thedike. Typically,

kst P aot ot o B e S el eyt materials

tsuehpisesienm®, Hircbhig, ﬁfafghlegia ahd #hetiiken DUy &&rhtloﬁ 8¥ flese
cat al yst confi gur ation enpl oyed in the présent

.rﬁa@tms@the:bywpp@@@na‘eed gases and oxpgerdcoptaining geses are mmauy

R Eicied F Tno Tl SRRN! 1 CoheRedlien ercP B bR AEOHC. hlcany

Tiy pikceds (yf)600‘?€ andrat al styrdardfgdsttouryispacsetvelocity (GﬁSV) of over

f ratlon is always at a higher tenperature t
t@@ Q@gﬁ%@@l‘ft | ayers due to the contribution of

exotherm c reactions in the front |ayer foll owed by
the endotherm c reform ng reaction.
It has been found that the most suitable fixed arrangement for the

catalyst for use in the catalytic partial oxidation of hydrocarbons under
conditions 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.

However, it has now been found that problems can occur in the
operation of the partial oxidation process when using a reticulate monolithic
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4 The hydrocarbons that are enployed in the feed gas
are typically al kanes having from 1l to about 4 carbon
atons. Most preferably, the hydrocarbon is sel ected
fromthe group consisting of natural gas and net hane.
s DETAI LED DESCRI PTI ON OF THE | NVENTI ON The partia
oxi dati on of nethane and ot her hydrocarbons is

exot herm ¢ and under ideal conditions can proceed
according to the stoichionetry of 10 equation 1 to
yield a syngas m xture with an H2: CO ratio of 2:1 and
equilibriumtenperature |l ess than 1100C. CH4 + 112 02
--~CO+ 2 H2 (1) It has also been suggested that in
catal ytic partial oxidation bed, that is the partia

@ﬁt?d}é?etr bmpaidicules. it has eenifound thai the Irefraetosy mastolithia catalyst
;‘;'ﬂ %H?g% t§ ?%)(/Ebf%ﬂ}‘%’r% op fél\}gctﬁan eélﬁb%/&%anq\ﬁﬁgltgﬁr%ar 5

prevGEilieg irsthe Gdlytie part(al dXidationproedsy, Q:auklrigsbnttleness of the
Shtsfue anskl (et beraing & LalPhis) sisiniRgr 3t sacialy when
IR Sh, SRR, LG 143 chBRGE B e prden

imtaitiphi to revidea catalydistpantiali xidation ﬂmo@bgs Wlhll@h comblnes a
nmple 1, cordierite mater

%ﬁ]eg § ehcartb%'?vgcmnyé?ﬁlgé?%mﬁq Wﬁbhlqu%leéwb'eaﬂdaaemh level
RISl ﬁébﬁ@%f;@é&%@l&%ﬁ@ﬁaﬁ madspite its

mel ting poi nt I'S s gnificantly higher
than the expected reaction tenperature of |ess than

1100 C. It has been found that nearly conpl ete oxygen
conversion is achieved in the first fewmllinmeters of

the catal yst and seaghia®y B TAETR\EENT[ENOVES 5
when the | ength of the cat al yst bed 1s !ﬁﬁ)creased As

shown in exanple 2, by stacking a reticul ate catal ytic
ronol i BEAER) DBl pEided SRS M s

B4 RAie_f a hydrocarbon feedstock, which comprises contacting a feed gas
comprising a hydrocarbon feedstock and oxygen-containing gas with a
catalyst under conditions such that the catalyst will be susceptible to thermal
shock and high temperature, and still retains its structural integrity and
performance. In particular, this invention is directed to a novel multi-layer
catalyst configuration inside the reactor so that the catalysts employed are
particularly robust with good thermal and mechanical stability under the

extreme conditions prevailing in the presence of the partial oxidation.

The multi-layer catalyst configuration employed in the present invention
comprises at least two serially aligned layers, each layer containing a noble or
transition metal catalyst supported on a monolith structure. Typically, the front
layer of the catalyst configuration is always at a higher temperature than the
subsequent layers due to the contribution of exothermic reactions in the front
layer followed by the endothermic reforming reaction.
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s Based on the above observations, it appears that
direct partial oxidation is a conbined effect of
conmbustion) partial oxidation, steam and C02 reform ng
and water gas shift reaction. In the front of the
reacti on zone where feed gas contacts catal yst first,
possibly only in the first fewmllineters, oxidation
reacti ons such as conbustion, shown in equation 2, and
partial io oxidation, as in equation 1, conpete with
each other, leading to al nbost conpl ete oxygen
conversion. CH4 + 2 02 -~ Q02 + 2 H20 (2) Heat

rel eased by the exotherm c oxidation reaction provides
enough_is energy to further convert the unreacted

hydr ocHi®Bydrosathans thiet Aresempinyed iadhe feediges dré typically

n&wg' LQn to nga t hr ough, endot herm c

ga? IR %Vq&g’%?‘iﬁ3Prﬁbr?¢‘?¥e‘%&§%ﬁg°’?§-) '\4;\9153 Rr ﬂ!;’r?tgléetﬂ?er
Wiyidhosarien WL 8lecasBirem the Poup BALREEN '
reygcti ons (5). 20 CH4 + HZ% (% + 3 m@’?}%?ﬁbt&%&ﬁg&&%@&
-methapge + 2  H2 (4) H20 + CO H C02 + H2 (5) This

expl ai ns the excess anount of heat at the front of the
reacti on as zone, of nore than 1450C, causing extrene
hi gh t enper DETAILED DESCRIPTIONDE THER\ERGPIANT M C
nature of the reformng reaction rapidly cools the
subsequent catalyst to less than 1100 C. As a result,

front | BatieS PROGGAES nikafe ABatbar iR bcaRns.F sffhermic
farsi gmdéri ideal cqditi rencaraproazeedeadcording to Bes sloiclo®btry of

partial oxidatjon processes when using a reticul ate
FiationH 10 UaldS §uboss moere WG idrbe Etlr eee drantor e
ISRMEHERR femBlRitGrBsE aaPY POGE L hat Teticulate

nmonol i th supports, such as those nade of partially

stabi | i zed ZiHscloMi2206 PSQO of 2AH203, are very (1)
susceptible to high tenperatures and thermal shock,

and ultimately lead to catalyst instability and

brittl ' I r -1

pot ent'| IS piscb6én 86e 8 theh 1 oBidt: BEYELBation bed, that
rtee ipeutial toxidationl dadurs holhledirstieiv mjifimeténs wf theddength. See

RGESR 885, ST bR Al it R o

aetianerOvaPENBhslitfs| n n .
C r etni cul ate m)nolltﬁtshq;?é%gpg?ggyfﬁggvhg?gy?%f l'!'s)é%ore ftis

deaipally thewght thed mindy 2 esB)l portion lof e cafialyshbed ds needed to

' tL.ength and gi ve excellent reaction
L%?%]g?%'ée%#@ﬂvw le trying to address this problem

we have al so discovered that for materials such as
Al z03 with the sanme thermal properties will give
st r ondapwayeriwe gispoveradthgt therpetnahteieperaturean the first few

e by RIEERRP0cHRY B o IS pAHB L BRL LB e Miber
dkah expacied, Astshdeesinraianple M, icbedighetmErtza Mg when it is
strength aftef%reactlon. The tenperature 20 of the gas

ised-A5 SYRRAM Tasmsire eroentPased catalviespaydinboxidation process
ffeot] Of - ack i i

BB 4 P18  SUPARALIP R e

téxpectdd reastiab tempeataturesdf less thars 1400 PCck- wal | ed

It has been found that nearly complete oxygen conversion is achieved
in the first few millimeters of the catalyst and reaction performance improves
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honeyconb support in the front to 'shield the high
tenperature. When 2s catal yst tenperature drops bel ow
1100C due to endothernmic reactions, a reticulate

nonol ith support with catalytic material is followed
to ensure a high | evel of hydrocarbon conversion to
syngas with high selectivity and a high I evel of

catal yst stability. A catalyst bed in a

mul ti-layered configuration using substrates that have
di fferent thermal, nechanical and physical properties
to inprove the overall catalyst stability for high
tenperature operations is disclosed. The first

catal yst layer at the front end of the bed will have
iiRbihadlength of theceatalyskbed is inareasiede Rsanovat mbexample 2, by

t u | ayers wher
Ha0hi0 2RTPSRE HaBIRE el USRS pRIE Sl STS
(&ﬂtalgslpthlgherng]ydmdwbo@@DM%I%IdPﬂamildrﬁg’éwgéleéﬁ\hﬁﬁéﬂe%émeved
may not be high. The preferred catal yst substrates to

use in the first layer at the feed io side are

PagonvpesEon 1 BB BoSIRRGHs, (PaOREAS BRC Ui A dRirial
Indnrdtionkis anecinbineaneffdétiof conthadtbe spartialdtdation, steam and

e forr‘o nonol i ths or any other suitable supports in
Aﬁ@ ke CEpingLRRA WatRrT as %h'édegﬁmén e froptot thesieaction zone

| Wﬁér%%%@ %idsrborﬁéétp %ﬁgé]éeteftr%tc gbé&ﬁ& % {Héjﬁars%e\p millimeters,

I mprove hani cal str e use
reddatiorcElactions Bgclm as anntimstlbh ushaswm mleqoatlcﬁruzpeﬁa$aﬁﬁal

th t. whi ch th
Al 8810 880Efop . cAwsls Rh sich e iesdlnade sbmash
| sreplate oxy rpémrélgﬁdl ng is that weight and/or

pressure t w1l fracture or conpact the catal yst
substrate. GIh-la-bﬂtQ;l-yesCCEubﬂH@(Des of the pres¢p)
invention will have a crush strength that can

wi t hstand the typical 20 operating conditions of a
parti
Phe catay el S Ry S e8I 1eAGtor BRidGS Phéuon
renergy e furthesicopvedige hnokwcterg hydjmcadmrabp@cﬂes aithogteain or
82 0 process for h dr ocar bons
1082 Plodtiost B M RRE ERetith to Seb sty obab anpaeric
rmamaénda@oi&bmﬁm@r@admhal (3) @ﬁd’(@)tt%géﬂfé?wmgorﬂﬁ%?ter-gas
water-gas shift reactions 2s to achieve high |evel
HYifb OR reveisR Meteimgas shiftregetiensn@s sel ectivity. The
reticulated nonoliths are nore suitable for these
subsequent |ayers, particularly as the |ast |ayer.
When nore t@mﬁmgomw&g used, they can b$3)
| ayered in any or provided the first |aye
nmor e st abl eCia # G€hral 260Bock2dhd hi gher tenper & ures
in excess o0 10 C a he subsequent |ayers can
further cat P-é é*dﬂ%nt car bon convers{®h to
syngas. The pore structure of nmonoliths and the
particle size of particulates are such that there is
no to This 28plains 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 layer followed by lower
temperatures downstream.
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significant pressure drop through the bed. US
200310083198 Al teaches a fixed bed catal yst system
conprising first and second zones di sposed in stacked
serial flow arrangenent in order to achieve better
flow distribution, where first zone (upstream section)
has a greater resistance to flow of the feed stream

t han second zone (dawn stream section). However, in
the current invention, the first |layer (upstream can
be | ess resistant than the second | ayer by using a

| arger pore size honeyconb rather than a reticul ate
nmonolith. A catalytically inactive substrate may be

pl aced between each of the catalyst |layers to inprove
the gas distribution. Protection of the reticul ated
monol it h, catal yst .either fromactive tal _sinterinpg .,
or mechSaMEEANL BroBle FaR s I e APase N o6 RpEIaL oxiegon
PROcB B B8inBYa Féiicfala% ﬂ%hdntrﬂi&%élgﬁ 4t %h high

tenperature using the first layer as the conpust

demapiaturesTof more thasp! 450° Gnwhérelwe discoserdy/thias réticulate

R ByblB 3 e ot MO 1258 e P2y or
PUQY, Bé vBHPSEsHEDTbICRY lﬂbM&émPg?ét&reCdiﬁﬁ@'tﬁerm shiotRtand

| ayer catal yst desirably shou be able to operate In

aitireately siaddonadalysidnsiabiite and iyitttenassadftaroeactiony. There are

Selat el i o Sitiked B bBBneds B Kicliatggrnonai: hollow
wdistypedstalctenm ialivsdreRtl¢ Wlakdhige WthpERRure, phase transition of

catalytically active netals dispersed on an inert
Er4 matedalpiist so ompHomever whesdbeiraactien iaregenature is controlled

f I i i1 .
e ceoHan, P00 56, BECREEE RMORE Stirld 16t o4 PArRAYD stapiiized
ziroehial (PSArord, 0 etare herintairotheimmeghanipakstrengthiand give
transition or nohle netal selected fromthe group o
fﬁ’@ﬁiﬁ’r}t regelign perioBRaned.at i num pal | adi um iridi um
rheni um ruthenium rhodiumand osm um and
conbi nati ons thereof. Preferred netals are nickel and

r Eogi While ﬁryiﬁgetomxkireps ﬂ'gslpr@bienﬁlwd ha\ﬁelzq alsosdigeovared $hat for

r hodi.u The S . e present on the, support in
TREHBR S A Ak Wit SarR das MaldTapeHiss Wl g sttonger
%trfﬂl%furapét?éng&ﬁg/ﬂi%rpﬁig@g ihfbl Qﬁﬁi@l@-ﬁaﬂ%&ﬁﬁ{%oﬁ?ﬁ&ppon than when

reduction, as described bel ow, the netals
dabpricated inip| g ratigutate stroctiréi ¢n Spitenof Goararakagtiorf performance,

3B Palnthh 15 65% PRPEhic) sl forsShrtion. Tha tamperature
oitieé gab streanbafteiskeha@Eohils catspish arepsbEIBAC 1 GOP C.

catal yst. US 200310198592 Al discloses nultiple
serially aligned reaction zones and nultiple

hyd . t] d

oxygen Heagre BRI fle SRBE'SRIRo Y} B RIONGRTE spusse
cadrl stretutalg roietsteard thermally ewblsimaasriglfsudhead 8ekick-walled
hgdrocarbon and t he subsequent zone catal yzes either a

yoegme simpert indhe fiomh o iskieldtheihigh tamperateie. V¥hemm

Sataljst RO roti BBl HIRT 3o WBRGHEc ipactians. -
Iretitulatedmoablithrsuppeirt witle tatalytic matertad ifoliblvedstoshsaréa high
%%nterina and a limted tol erance to carbon formation.
el of byBracarbrn ReNYRTSINJQ; syagas withuhightselctiviy and a high
[ [ «ces nore of a thermally stable
égﬁﬂg?fﬁzséc%a@s'@a m xed netal oxide or a stable
crystalline structure such as a spinet or perovskite,
nore preferably CoCrOxide, at the front of the reactor
and nost preferably 9.9 w % Coo, 2Cro,eOxide / 1 wm%
Rh/6.1 wt % Yb supported on a refractory support such
as alumna or zirconia) preferably partially
stabilized zirconia
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10 (PSZ). In the process of the present invention, the
exotherm c reaction is al nost conpl ete instantaneously
after contacting the first catalyst |ayer. The s
primary function of subsequent |ayer is to effect the
endotherm c reformng reaction. The "net partia

oxi dati on" catal yst zone is considered as the two

| ayers conprising a conbustion catalyst and an
endotherm c catalyst. It is inportant to point out
that PSZ reticulate material is not preferred due to
the i nherent phase transition at high tenperature and
clearly Rh coating on Al203 to is stable even after
more than 7 nonths of continuous operation as the
first Agptalystihed isramutifayeredcanfjguratiae using suksirates that

Jot j f [ form of. i nert
Tk BreRE 0GRy, PdcRaRlcar o PHISERLERREMM § imnlBte the
rovgirell oadadyst atability ¢or highaempergtupd opetationk s Bicldsed. The first
;I;%gle with sufficient is degree of nechanical strength

yghiayerpking fipriencrotihediad willhawe immraved sesistance to
SRS SRS o B U A s

relséret rearty eordplete bxygent cogvarsiontis aEhTev@&ﬁth@sPonding carbon
cordierite material 1s not suitable as the front |ayer
SHYErsion @lndpﬁ}’PQaéﬁhﬁfﬁ'y%g@y Rtk Bighoxi dati on due to

its lower nelting point around 1450C. 20 Several

general types of material for construction of such

carri efle prefeknedwatalystrsibstnabesitonedé inhthe firstlpget st thiedfeed

O ELS PR AR P Bl BnERie, Dol 4rungs: wagonuhegs,
VARG PP RoFFA YHIPA®) HEEaK?, SHERNAREE media. and Norton®

commercially. Both types of suppor t Hgs structures are
ragdislies, gauzerwies thaneycombf maoolithy avanyather suitallesuppsrts in

‘ h . Lumina,
PR SHEORT TR 258 Shesethodt belharain, anough
qeticalated hiowlithd Witls fRpRRERi ri8ch4iitd Saangtt E4f @iso be used.
Sialon ( a silicon nitride ceramc with a snall

pHtie sngchanical sinengthoan brillbistraterd for purpoasesafihe present

T TN N ——
carstdia Unaemerusiyloadings UTh@bhushloadiegds thataleighand/or pressure

| di ressing, extruding, spray drying or die
;{BaﬁWﬂ%&&H%O% IBRACk W@rqatgluﬁfp%rhs rate,o Thacatrlyst substiates of

TRk FieRR TR SRR HAGH IR e Tpica
upgrating cenditians ofi ki partialcoxid atidnerocess bt hydreaakidis, or
eyl P S0P ! B vt o s
AgIPauRhg e eiaPordiEitn RN prkEs T Tl 2
drystioearbenppof he jayered aatalysty at the pradychsidé moay batalyrerthe

: d t. 50 m2/g. to Sub Catal yst™ .
B! et B8 Pasio ePEicHa e Baplnd itk Bter Gasshit rgections
|t@)@jhiéib%shigﬁbé\Yel;‘tﬂ‘éHI'lerbé’or@\Hrﬁoh_Qvigf@ib@;sgngg?%lélsé?:'ti%i'tﬁgl'he

and reduci ng environnents effectiv
Jetjaulpteshmonelitistareamosnsuitable forttbese sabseqent fayers,

....The endotherm c reaction catal yst
%ﬁ%'?ﬂgggﬁﬁ‘%%&t‘%ﬂcat alytic netal catal ysts known
for such purpose. The netal catalysts enployed in the
present invention are nonolith support structures
conposeheprnate thap o lgxets anel ysest #isy careble tayeredimany order
washcoated with cerium oxide and inpregnated with a 20
noble or transition netal or conbinations thereof. As
used herein, "netal
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catalyst” refers to the entire catal yst structure

i ncluding the netal, inorganic netal oxide washcoat
and the nonolith support or nonolith substrate. The
active nmetals used in the present catal ysts are
selected fromthe group consisting of a transition or
nobl e netal selected fromthe group of nickel, 2s
cobalt, iron, platinum palladium iridium rhenium
rut heni um rhodi um and osm umgand conbi nati ons
thereof. Preferably the active netals are rhodi um
and/ or nickel. A nonolith support is generally a
ceram c foamlike or porous structure 12 formed from

a_ singl tructural unit havin assages di sposed in
rBKEEAdnS frvidguerar reprersigbiedtd thammel shagkiand pigéieng

. _ b :
FEPHRABLACS RGBT ARG, BN 1 SEbsdifor I8ydS B fpper
siatalyze thes sabsequet chrimon comwersiondoayngas r Fleé poye structure of

ceram.c materials.s selected fromthe gr consi stin
JRo8P ke MR hemaride S dnrtioligis aia fuchuiheb tarsaino’

y ™ 3 Sl . : b
TGRSR A b e 2 L5290 50 8 eaghes o
Jixed besteatahshgystem aomprising first ared adctart] zahesrdisposed in

b E Bl FR0 e b iR B B bG8 Lyer Ao etiButon,
rAReYel ArEBzoNeE RATsBdan® sé‘@ﬁcﬁig He 4 g%meﬁmiaéﬁe%ﬁpgkggﬁ-the

The nost preferred supports are partially sta
Aepd Siieambhas seaand zanehiddwn stream sectiber). Halvewer, in the current

i , ' I hi gh
SRR S8 BB BB el LG o
dayenmby usingelasger sure sifeeRoRdydotnty PSRN & r&fdUIR® monolith.

i pcreased by depositing a high-surface area inorganic

catalyigally nagtive subghiateamay he placed betweereachiof the catalyst
[ [ S ' . . adsor ption, ion-exchange,
d?@%ﬁgﬁ?@*ﬁ@kﬁtﬁ§§¥%?§%kgﬂ?9ﬁron, deposi tion

precipitation, sol-gel nethod, slurry dip-coating,

nicroW@v heaﬂkn%) et c. Processes for coqtin% .

subst riafosectign:of thaseticiatedrpenelithaatelystceitharitenm active metal

[ § ar

SRR o inetratice ool iaRefb s i (Bl el e e

aachieyvedi by shislding #dedrh ithe at% mhqoe:raagé ugingeihé firsErayer as the

oxl1 Qi zi.ng tnhe ursor t orm.a substrate contal ni ng
bdesemiatbivBl T2 Shesat ol Tt avessas sbonp in e

FONOWIB gAY PHYre NG 8N ds R nkfiral gaé.he. washcoat and

then deconposing it at high tenperatlres in an

oxi di zi ng 2s atnosphere. The stabl e high surface area

I norgani ¢ oxi des thq&;ggp be washcoated are sel ected

frombut are not limted? o oxides conprising one or

nore cations sel edted om proups IA I1IA II1IA and

VA of the Peri odi [IHIRTRIAN rubeayer byl ements and the

transition netals,] YoubdeQIAM@EAWRS | A, T TA,

ITTA 111B, |VA Lia‘”“‘*«-;$ﬁm@mﬁghdes, nor e
““““““ num |'ant hanum zirconi um

preferably from cqg e
hese. The foam nmay be

and barium and m xtures of
I npregnated with nore than one inorganic oxide

ﬁg |t aneously or sequentially. Suitably the
F#Eﬁé%ﬁ@h@h%@%ﬂdiun1is in the formof an aqueous or
organi ¢ solution, slurry, sol, gel, suspension or

di spersion of inorganic oxides) particles, preferably

of a shie fifst tayler cathystidesirgblyishoud besble®y bp&iats in &R

" The,.precursors pof these washcoats are in any formthat
CXidigaGANEs r

citg environment effectively without significant deactivation
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- The total anount o

to an oxide by thermal deconposition. 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 pretreatnent. is
The nost preferred support is a partially stabilized
zirconia foamnonolith washcoated with about 5%to
about 30% i norganic netal oxide) nost preferably
ceria. Optionally ceram c hongyconb or netal nonolith
coated with noble netal can al so be used as
endotherm c reaction catalyst. 20 | n one aspect) the
i nvention provides a process for the partial oxidation

Rre P ETIRSRNS $HgR O HeutLpaD P ahaie 18RO The firstlayer
reaa198en r‘%@é}‘aBRf‘é&}tghg& E@t‘é\%ﬂgﬁ fy 80ePMe fals dls[pyersed on an inert

oxygencont ainin cataly | cal
éfafrmﬂt sumaorhl'l’the nayads usedﬁm the ptesent cataly&tsp afs sellre@ted from

rpgurgql eprggs@gggé\%\,ri‘qt)tﬂo Lﬁofatggﬁgrgn%%ﬁp%t &B%@Enden s. Active

TROtEpP R B etiod il pe?‘"isfﬁﬁ’d YRiEe 3t Pangiit by ofi meta
fsgdertgd from khejgmuraqf ritkel, cobalt,iimn, ptatimoma mpdliadiud®dridium,

nt S ture an al so be preheated to a
FE%B@?@JB?%@%%“ PR BT andeBhEMaRans etgor.
Preesried h‘\éﬁal@'ﬁ?@d‘hé@?bn@frhbaﬁmpresent invention, the
present inventors have discovered that effectlve

partial oxidation of hydrocarbons is achieved by

not 1 vl Horalt brasget ahélah oS Biup Banpatm s Biatdisgnay be
prasehteorlthd éuppitﬁ'hlrﬂhéff@hﬁrof ma% fetaCHxibbk Crruetal halides or

cordierite honeyconb nonoliths having 400 cel
LKihar weta alte psior Yo Weing reguegdatpdn veduction, b§ dascghed below,

She Oy SOSERA A Ao .

rte 8¢ by vesightofthegnetzd wéll beidebpsitedbnahs I@Gﬁpoﬁe()?ﬁbhdlly
gﬂ(‘l’io 000 per hour. Wthin 10 m nutes from sta

gpQZe ﬁ@ﬁ%‘é&?"fb%ﬁ’ﬁqd s the sxpthesmisuagstion Icapaly\sts
observed. Product tenperature increased from900C to
about 1200C. The catal yst inspection after reaction

i Edl cdﬂ%QOﬁéym%@tQQfM Ufscfcrwstmghm&{s@‘galwwéheﬂlrééctlon zones
| S pOI' ur. I's unders n | er

taé\ﬁifJ@PE : Byqiacarporn &&ﬁ’ﬁ faueom\@rté&@@ﬁmdmarbeamd@wgen

FsadBtrearn @sﬁdga%h¢heqﬁﬁ%§5ﬁ’6}¢zén§ cﬁ?afi\ﬁztésocﬂe net partial

mechani sm a di aneter and 1" 20
poddationzef the rfaed aydicpasbdroany cthm’eubmuem rzegeaiaeajyms éither a

B 088 A oot et R s sleaiict sy 5 sk Some of
ang nidst\seldstive %a@aq¥ﬂ§ NsYEHad RS %% hBt QHIQrtotW]ﬂwsg&?&sfﬁ heat

al amount, m xture was maintal ne
aoghigtain theiraetivtydise tﬂ)pm@dﬂms sHch @s sifiteriag anidoa Iimited

Eﬁl&ﬁ J%C%jggﬁ rf%rﬁxé%f Ihéspr%%gﬁ H&é@t&%\“&o‘%}’fes an agvantage
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% Cog2Cro,O0xide / 1 wt% Rh/6.1 wt% Yb supported on a refractory
support such as alumina or zirconia, preferably partially stabilized zirconia
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conpared with 900C typically observed for reticulate
nmonolith only, was observed with carbon conversion of
70% and syngas selectivity of only 75% No oxygen slip
was detected. The used sanple is still very strong
with crush strength of nore than 900 | bs. 15 To
conpare the effect of nulti-layer configuration, a 1
inch diameter and 0.4 inch thick partially stabilized
zirconi a nonolith) having 45 ppres per inch, obtained
from Vesuvi us Hi -Tech Ceram cs, was first washcoated
wth 20 s % ceria and then inpregnated with 2% by

wei ght of rhodium nmetal to prepare the netal catalyst.
I s labeled as 'ST-1'". One ST-1 reticulate nonolith
i@ en stacked beneath | arge-pore honeyconb cat al yst
HC-1. In other words, the first layer was HC- 1, in
direct contacts with feed m xture and the second | ayer
was t He thetprocesst &f tB&-presentdhyertiont, theé\ekethdrmictadation is

a3t Bodieih taniEnes PR con et B TShoralel iyer. The
ity RholGPer SR SH 1 SH8UNESHBIRAIE Srotming

re was no deactivation of reaction performanceé over
Sepoliers e tnettpanial xidationi catalystizoweris goodideted as the two

JBR Bt ing dikecupiion Grgbelind A ehdetadBu Seidst. tis
GepoRIanE &516in% baftHat g@@&qs&ume Peaferil i ﬁmwﬁags%gue to the

syngas sel ectivity of about 94% No oxygen's _
dabetané @hasp transgition atdigh tamperatune and bleadyRh acating on Al,0;

t, S,..as, shown in the . ,
S RIb AP B PP SOMDelR shlfpton e the st
dayect |t vthingztssedtatic vctivitp s wedtarl ivsifechaRical strength.
strengt hHC- 170980%'5%No gray-col or> 900 | bsand

strongHC-1 (upstrean) No gray-col orHC 1: > 900

I bst ol A pperidY oim b &t @4 is made of a refractory, substantially
inert, rigid material which is capable of maintaining its shape with sufficient
degree of mechanical strength at high temperatures. Typically, a material is
selected for the support, which exhibits a low thermal coefficient of expansion,
good thermal shock resistance and high melting point. For example, cordierite
material is not suitable as the front layer support for pure oxygen-based
partial oxidation due to its lower melting point around 1450°C.

Several general types of material for construction of such carriers are
known. Honeycomb monolithic supports are commercially available in various
sizes and configuration. A suitable shape and size of pellet or granule type
catalyst can also be purchased commercially. Both types of 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, boron nitride, aluminosilicate, magnesium aluminosilicates,
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and strongST-1 (fresh): - 300 | bsdownstreanST_1 used :
-- 300 I bs As shown above, although nore thermal and
structurally stable catalytic material (HCG-1 ) with as
the first layer alone gives relatively poor reaction
performance. When it is conbined with reticul ate

catal yst (ST-1 ), it 16 effectively inproves both
carbon conversion and syngas. Catal yst front
tenperature was higher than the subsequent |ayer in
the feed flow direction. Nearly conplete 02 conversion
in the first layer strongly supports our understandi ng
of higher tenperature in the front due to exothermc

reaction foll owed by endothermic reform ng reactions.
paeresofdRass @amrwﬁe@@ feroedrty amnsuitahlegreess,

(AU A5 80 BB 8 GHIRGR 08 BRI, an s

o, hers suppdnt atdd cludesanietah n\mmllthﬂ,l prephrst a6 hietblfoam or

injectjon., The total anmpunt of feed m xture was

ﬁ‘wﬁ* tRteq Radicles @fﬁnsiaérﬁs|he9f2ter@mrﬁ§§soﬂib¢rﬁgm@tdorafemctﬁuwort is
r

SEABI kol QAR SLar b o RSB 435198 S BB AL form

o tioneyoormbo ppheatd, elled, vnmgpmgonwmaehmimt-@obainSNofpro’s Ty-

FkR e suvrafrBimedta 4ty Roriap® s#diRapr aranule,

q’r@f@rﬁﬁ%e"ﬁﬁf&c@émﬁ"&ﬁ sru‘ﬁbbﬁ% 186D RO rEnGiRb 3R between
becanme very brittle aft se. ,

@hout Gut andm&mﬁgsed cat al yst Crush

strengt hConv. sel ectivityselectivityST-1
onl y92995%93%= ay col or on theST-1 (Fresh): - 300

@ﬁsfglgﬂu*en@%tmgéb’l_@[ért t1eST-1 (Used): 10 Ibs 20

anpl e Ow surface area (0.25 nk/g)'/4 inch a-A1203
pellets were inpregnated with 4% by wei ght of r hodi um
metal . eo sﬁ&@ﬁe‘?\t cla?alysotqué ecgenﬂe%ftﬁ Cé fnpsr@ Iayer desirably should
be able to operate in oxidizing and reducing environments effectively without
significant deactivation over a temperature range below about 1100°C. The
endothermic reaction catalyst comprises any of the catalytic metal catalysts
known for such purpose. The metal catalysts employed in the present
invention are monolith support structures composed primarily of partiaily
stabilized zirconia 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 oxide washcoat and the monolith support or monolith substrate. The
active metals used in the present catalysts are selected from the group
consisting of a transition or noble metal selected from the group of nickel,
cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium, rhodium and
osmium and combinations thereof. Preferably the active metals are rhodium
and/or nickel.

A monolith support is generally a ceramic foam-like or porous structure
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mul ti-layer configuration, a feed m xture containing
natural gas and oxygen at 2s a carbon to oxygen ratio
of 1.73 was passed through the reactor with catal yst
configuration of 1 St layer of 0.4 inch thick Al 203
pell et catalyst foll owed by 2"d 17 layer of 1 inch
l ength ST-1 nonolith catalyst as in Exanple 2. The
space velocity (S.V.) was 150,000 per hour, based on
reticulate catalytic nonolithygnly. This catalyst
configuration remained in continuous operation for 6
nmont hs. There was no significant reduction in the
catal yst performance or s mechanical strength. The

reactor. outlet tenperature was nmaintained at |ess than
gomed framia $ig9A %@Mrataﬁv.hﬁxlf@&%&ﬁa@@m@msed in either an

el Sy tonEb P R BB SAERBI BHERH asiacentasmaossy. o
1Rrederred Gite Y& beVAVIHIEBONSINDLIIER tﬁimgﬁréqw&}ms%%?es. The
freshlrklﬁtgaégar ed6 weeks90994994%650 ampl e to To

sTYRRP ESeaigpmededam ganvertional refractgay or ceramic materials
 reat il : _ D {hi

oS98, Lo Bt O R AP AR Mot
hetabiliged Zirponies ceka, silieh silicbhasantsidef sitlcorV/aRKYé, WSialon'™, a

Hi.~ Tech. Ceram cs, S vvasricoat ed w tr} 20 % ceria,

LR e PRt i SialtpSioe adaal gmarum 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. -

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, wash-
coating, adsorption, ion-exchange, precipitation, co-precipitation, deposition
precipitation, sol-gel method, slurry dip-coating, microwave heating, etc.
Processes for coating substrates with inorganic metal oxides comprise
contacting a substrate with a metal oxide precursor, preferably maintaining
the precursor coated substrate at conditions to equilibrate the coating, and
then oxidizing the precursor to form a substrate containing metal oxide. It is
preferred to have macropores by adding decomposable organic matter to the
washcoat and then decomposing it at high temperatures in an oxidizing
atmosphere.

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, lIA, lIIA and IVA of the Periodic Table of the
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is rhodiumnetal to prepare the netal catalyst,
| abel ed as "ST-10". Four 10 inch dianmeter and 1 inch
thi ck a- Al 203 honeyconbs with pore size of 114" were
i mpregnated with 3% by weight of rhodium A feed
m xture contai ning NG and oxygen at carbon to oxygen
ratio of 1.85 was passed 20 through the reactor with
catal yst configuration of 1St |ayer of three 1" thick
Rh/ Al 203 honeyconbs, called 'HC 10", followed by a 2"d
| ayer of 10 inch ST10 nonolith. The space velocity
(S.V.) was 120, 000 per hour, based on the reticul ate
catalytic nonolith only. There was no significant
actiYati n of reaction performance. The react

emants @ é*ﬂ%ttr@.né'tkﬂaéﬂﬁalmpaewéablmfrqregoupq_!aﬂ\fliﬁdIIA, B,
§9ACIV AR tha 18RERiRs ﬁ%&;dggf&féblgﬁgirgg%ﬂgow%npg{,e

t han 95% car bon conver $i on aro

slalhtdaanum,lzj/rpohirmmandrﬁwiuamdnd@ﬁixtﬁTeé@L thesel, iTHeffoamthay be
cat al yst re all as strong as when they were freshly
Iresegratedath mose ansan Qe airbyianagushor

i nv, sel ectivitysel ectivityHC 10 honeyconb
félﬁoqgtggggﬁj foll owed No gray col orHC- 10 (used): >900
I bs by ST-10 reticul at e95%95%93% and strongST_10

F ., 0.lbs(d ] 1- 10, : 300 Ibs 5 1t
éhéﬁfzgw@?ﬂm @Tﬁ?{%@ﬂg é§ %% U@usj'riglsee&ﬁmf? 2 RAHEOUDLr
| H 3 N ol o
{rabhRGNH &1y SR), ol ispbRsion dtifi¥ersiciofhBRSaric

\iniide(s) hadicles, prefeoably af atred of deltaidalbindrgsnitoxidefs@articles.

t t r .embodi ments thereof., it i ppar.ent t hat
TPl iy e SRt Catb e e aby Shich BatRALSS decoibosed
1tB\eRNOXiI88 by therrRgl GSOrmpGsifich. tAeadilfdind h§ent Sudmss 8hloxide of
The appended clains and this invention generally

ASkaling orerace earthuaxide maydveadded to the washcoat to prevent the

sintering of washcoat during the reaction or pretreatment.

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.

In one aspect, the invention provides a process for the partial oxidation
of hydrocarbons to produce hydrogen and carbon monoxide comprising
contacting a mixture of a hydrocarbon-containing feed gas and an oxygen-
containing feed gas with a catalytically effective multi-layer configuration, at a
pressure between 1 and 20 atmospheres, a feed gas standard gas hourly
space velocity of about 5,000 to about 500,000 per hour, and a linear velocity
of about 0.2 to about 50.0 meter per second (mls). In addition, the feed gas
mixture may also comprise steam and/or CO,. The reactant gas mixture can
also be preheated to a temperature of about 10 to about 450 °C.
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such obvious fornms and nodifications which are within
the true spirit and is scope of the present invention.
19 Havi ng thus described the invention, what we claim
is: 1. A catalyst conposition conprising a first |ayer
of a catalytically active netal dispersed on an inert
carrier support and a second | ayer of a reduced netal
catal yst consisting essentially of a transition netal
supported on or in a stable imporganic netal oxide
washcoated on a support. 2. The catal yst conposition
as clained in claiml1 wherein said catalytically
active netal is selected fromthe group consisting of
ni ckel, cobalt, iron, platinu pal | adium iridium
r heni dfmar @?ﬂeﬁtfwmwam oli&Ri RIS ARtdN¥eRtiRh Ahe present
" I by | ai ) _
ANROEs e IRofdeR A o R Ao RaiorT bl RiioBarbons is
sehiedby utiliming pisy thoaifirst tayeir f tg catalytically aotienthetal
g.ckel.d4. The c taLgst conposition as clained in
IRHSIP Y RALINETSCATHCESYRPY L cal Iy active netal is
rhodium 5. The catal yst conposition as clained in
claim1 wherein said catalytically active netal is
dopoapleedd on said inert carrier support in an anount

The o 4118 dEgles AR SECHE R saTdlante henevéomhangnolths
3 r .
grivihd #80 celisipbt §<!.‘4u§r@|ﬁl]lf’l{=9r:51 gmﬁ%ﬁégéﬁg%g%@g@ﬁﬁze%Melght of

the group consisting of h
8 hﬂ@lym\a‘g&%wtw&ma&mg}ﬁd vgtumael% méthafibanda3é vglkime %

SRR e BB 05 sco
eftytywthl 50HB0E per ha0r. JVitHiRel CAiMItES Fror9 SRAEUP) @Plﬁ i%gp

claimed in claim7 wherein said honeyconb nonol it
dggared fromd deta B¥mne oyoenisip was ebsesedr Broduot temperature

O . . 1 -~ . .
SRHBSEATET 0% 9 gAY A b Krrfi L ey eactor
drdibatee, meltingasfrthaiftont teer o Corderitel Thisds is %UBFth of our

alum num nitride, boron nitride, alumnosilicate,
HReEtRNAINg Rfhighas temnarature in thenbientduet exothagnissieastion.

alum nosilicates and alum nosilicate, and m xtures of
t hese.
Example 2

To further understand the reaction mechanism, a 1" diameter and 1"
thick, large pore-size, 1/4" a-Al,0; honeycomb was impregnated with 3% by
weight of rhodium metal (Rh/Al,O3), labeled as 'HC-1'. A feed mixture
containing 64 volume % methane and 36 volume % oxygen was passed
through the reactor. The total amount of feed mixture was maintained as in
example 1. There was no deactivation of reaction performance over 5 hours
of continuous operation. Higher product temperature, about 1200°C,
compared with 900°C typically observed for reticulate monolith only, was
observed with carbon conversion of 70% and syngas selectivity of only 75%.

No oxygen slip was detected. The used sample is still very strong with crush
strength of more than 900 Ibs.
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9. The catal yst conposition as clainmed in claim38
wherein said honeyconb nonolithic support material is
selected fromthe group consisting of stabilized

al um na or

partially stabilized zirconia. 10. The

catal yst conposition as clainmed in claim6 wherein

said inert carrier support has a surface area of about
0.1 to about 50.0 n2/g. 11. The conposition as clai ned
in claiml wherein said suppogd

and a net al

monol i t h.

is selected fromthe
group consisting of a ceram c tfoam nonolith,
honeyconb nonolith,

a
12. The

catal yst conposition as claimed in claim1l wherein
sai d support conprises ceria washcoated on partially

stabilized zirconia nonolith support.

vashoord eGeBre M PFER dinfikds

|mboAtinclothigk parttigwtaBiedPzindstih ndNOIRIS! havi

e

13. The catal yst

BRI  h blec

45 pores per

wei ght. 14. The catalyst conposition as clained in
dne.rRbtaipedfeom \esuwyivs Hindeeh Sieramics, was first wasbdoatedrwith 20

t St f, Di [t ,
p‘fﬂgtiel‘?%aéér]% @gﬁsﬂgﬁrhﬁﬁat%pi \gflﬂ’lij 7 by, &fﬂ?@% ofrrh{)ﬁ&qiw metal to prepare
rthednetal cataigstnt wakdabelelli a328ToTs One2d TihaitRAfate Fonolith is

T I
RN e
SEERATS 4 i B gl

ataly

odi um and

§ 4

osition as clainmed in claim 14

SrgpgieradioaryrembetatalystiHC-brin ofber words,
h 1224 rﬁixfﬁr?it%Laeg%fsecond

st “conposi

dagenwas the mtisulaté STwheatalpstsai d transition netal is
about 2 to about 4 percent by weight of said support.
17. The catal yst conposition as clained in claiml

L7. The catal _
om 4 [ SR bR

from

AoIiRER), A
conpri si’ng

Sitidfel 54 6h e %

one or nor

catygensvasepassastithiough theorgastdrAas bleforel Tha tatxl améuritfof feed

he Perj odi c.Tabl e of . the El
TS W A% n P

RIS

the transition

Va3 pg degctivation of

ﬁgﬁ@ﬁ’&h b&ABrrAgn&e BVERS! holrLbAédRtiviol8 Ypir Bt LSO prBBuct
temperature, about 900°C, similar to that typically observed for reticulate
monolith only, was observed. Carbon conversion increased to 95% with much
higher syngas selectivity of about 94%. No oxygen slip was detected. Both
used samples appear to be similar to the freshly prepared samples, as shown

in the following table.

Used catalyst

Configurations CH, coO Ha Crush strength
Conv. | selectivity | selectivity
HC-1 70% | 80% 75% N:n%rzi';ggg' > 900 Ibs
HC-1 (upstream) HC-1: > 900 Ibs
followed by ST-1 | 95% | 94% 949% N:n%ras‘{r'gﬁ'm ST-1 (fresh): ~ 300 Ibs
(downstream) g ST-1 (used): ~ 300 Ibs

As shown above, although more thermal and structurally stable
catalytic material (HC-1) with as the first layer alone gives relatively poor
reaction performance. When it is combined with reticulate catalyst (ST-1), it




sel ected fromthe groups conprising of 1A [II1A IIIA
I11B, I'VA 1VB, of the periodic table, the |anthanides
and m xtures of these. 19. The catal yst conposition as
claimed in claim17 wherein said cation is sel ected

fromthe group consisting of ceria, alumnum

| ant hanum zi rconi um and barium and m xtures of these.

20. The catal yst conposition as clained in claim17

wherein said cation is ceria.;21. The catalyst
conposition as clainmed in claim17 wherein said

inorganic netal oxide is about 5 to about 30 percent

by wei ght of said support. 22. The catal yst

conposition as clained in claim17 wherein said stable
effentivgly dupfemss otbaarbon galmversmta’nd synghs. Catplystrent

addi.t i onal ,st,abi ent s ected fr

BB i Nas iy thaf 16 sESE i Icarie tof e B gregtion.
NS, crRBIeed D, i ddRvBidibMth tHesrirst IRY/eF Sﬁsngxg SURPBRSur
during the reaction or pretreatnent. he cat al yst
@adpéandlag ofhigher tepparatuse i t’ﬁelfxommneetmemthermnc reaction

A ) ORI Bl | om 2 e o

mullite, zirconia, partially stabilized zirconia,
ceria, silica, silicon carbide, silicon nitride,
Sampanativeexample @ami ¢, al unmi num nitride, boron
nitride, alun1n05|llcate magnesi um al um nosi |l i cat es,
a conbi nati on of magnesi um al um nosil i cates and

al umi mofﬁdd sditare edstaming 64 eslurhe 9 esethané anEftEG volume %
cat al t 0S| |on as claiped in claim?23 wh

oxyge squ ST thedrearinn aonERiging il -d dﬁgmslat&@atafyst
e)[ iy hRbS ﬁéa%héh wészﬁﬂ{a{écﬁ QR F’i‘% Fecilgh' ?’ﬂ@ t&%’i ant oF feed

caf al yst composition as
saixtlrei |wa1=1 nmnuasmdcbsembminble)& rc&rmspoadhg&bla/space velocnty of

(g 26 The catal yst copposition as clained in

3599(5196 PEHRBYE- JiNgse ¥as ragigniicanb deagtivationaf reaatiar

?@e‘i‘f angaste? r5eh&§ rsS6 &) ﬁ%BUg o!p%}‘ﬁ on \Hll p}g&f(ﬁ( temperature
al uriher

yst conposition as
@cﬁmlmou!; pag° @1 aodtsthblei pmfdrmamewth/ez&’dmmboatcmrivetsme and

RB8 syhb38 splERVInG et R BERTHn Wk s 168 refiyiieta Banolith
st pstese ciittle VaRPBYttIERITRXILde, by contacting with a

m xture of a hydrocarbon-contai ning feed gas and an
oxygen-contai ni ng feed gas a catal yst conp03|t|on

Cb‘rﬂdﬁ’r’éﬂﬁ? ggﬁ rSEoraYET RoTPTTSTR %at*al?ét“' yEreeghEy strength
n

tirve v. | selectivity | selectivity

. o o o Gray color on the ST-1 (Fresh): ~ 300 Lbs
ST-tonly | 92% | 95% 93% | frontand very britte |  ST-1 (Used): 10 Ibs

Example 3

Low surface area (0.25 m?/g) ¥ inch a-Al,O3 pellets were impregnated
with 4% by weight of rhodium metal. To compare the long-term effect on the
multi-layer configuration, a feed mixture containing natural gas and oxygen at
a carbon to oxygen ratio of 1.73 was passed through the reactor with catalyst
configuration of 1% layer of 0.4 inch thick Al,O; pellet catalyst followed by 2™
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29. The nethod as clainmed in claim28
wherein said catalytically active netal
fromthe group consisting of nickel,
pl ati num palladi um
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33.
s PEAermance or

vihgorBMeYT. saddl es, and granule. 34. The nethod as
clainmed in claim 33 wherein said inert carrier support
is a nonolithic support having a honeyconb shape. 35.

TRenf®g hod 8m, CIai mag) 1 N [CTagyr SATWITEF BT BasHy sampl appearance
homeyecond roeRel i t BelectsPPOEdledtiGtymdde from p mater| a?
SserectedTfromthegrotp—tonstst+Rg—of—at-ui-hies

muPlift e, | zi ¥bnija, PHPti 4l | Y958 abi | i A88 zi | coni a)

c_e12 fs SI I |§0'32 s §RP 24 _Dl‘bl ie, 0| i cpn g‘dtﬁﬁéllgtg’and ST-1
silicon nitride ceramc lalumnumnitride %’cfngmh are as strong as
nitbrayte, | al #nvh nosi | 63%at e,| megmesi um agom npsi | ixedfyPsidpared

a __Compi mat OIT Ot [ megiesTgm at U St H-eates and

aPiiFeibsi | i Wk e, | anthi xtlur 4%f {hedB0 36| The met hod

as clainmed in claim35 wherein said nateri al

IS

sel ected fromthe group consisting of alum na or
¥QmB|Q‘§7 stabilized zirconia. 37. The nmethod as
claimed in claim28 wherein said inert carrier support
has a surface area of about 0.1 to about 50.0 n2/g.
To study the scale-up effect on the multi-layer configuration, one 10

inch diameter and 1 inch thick partially stabilized, zirconia reticulate-monolith
having 45 pores per inch, obtained from Vesuvius Hi-Tech Ceramics, was
washcoated with a 20 % ceria, thereafter impregnated with 2% by weight of
rhodium metal to prepare the metal catalyst, labeled as "ST-10".

Four 10 inch diameter and 1 inch thick a-Al,03 honeycombs with pore-
size of 1/4" were impregnated with 3% by weight of rhodium. A feed mixture
containing NG and oxygen at carbon to oxygen ratio of 1.85 was passed
through the reactor with catalyst configuration of 1% layer of three 1" thick
Rh/Al203 honeycombs, called 'HC-10", followed by a 2™ layer of 10 inch ST-
10 monolith. The space velocity (S.V.) was 120,000 per hour, based on the
reticulate catalytic monolith only. There was no significant deactivation of

reaction performance. The reactor outlet temperature was maintained at less




38. The conposition as clained in claim28 wherein

sai d support is selected fromthe group consisting of

a ceram c foam nonolith, a honeyconb nonolith, and a

metal nonolith. 39. The nmethod as clainmed in claim 38
wherei n said support is ceria washcoated on partially
stabilized zirconia nonolith support. 40. The nethod

as claimed in claim39 wherein said ceria-washcoat ed
partially stabilized zirconi g nonolith support

contai ns about 5% to about 30%ceria by weight. 41.

The nethod as clainmed in claim28 wherein said

transition netal is selected fromthe group consisting

of ni.ckel _copalt, igton, platinum palladium iridium
thap ABHNG- AfERaRIAWR Of RodliaUsRRTaon 4ilh e Hhan Plkscarbon
cdoRPERMN aftd-ardiied @‘55/{‘@@) afd (Hzaéé@&}\)itg ﬁéeﬁéey@oﬂbg"ﬁﬁael'd“ ST-
said transition netal is selécted fromihe group
1omenstithneatalyst wedsd almasrstokgl asawten theyx vere freshivhordipared.
and ni ckel . 25 43. The nmethod as clained in claim28
wherein said transition netal is about 2 to about 4

qeefigeationdy MWECHNT [ 0T coai 4 NOAPT T TTUSSHRRRAKEE | 44~ CHER strength
met hod as c|l @oned| béledtiliyi |rselBtivther ei n saird stable
Lnorganic netal oxide js iselected fromto the aroup of

HCOon HdRSyc6@BPIr I Si ngj one or nore cations selected from

(upgreatpildvind || | A, || 1 Aand |I VA of 1 heo fiaybamshi £ TafP gised): >900 lbs

by Shelobktenetet s, “the | t ridfsit)i ol fet 4l sinastony X1 u%’jo ,‘332)_' ggg IIES
(dbvenséreans. [The mefhod as |cl ai med|in clai m 44 whaP&Y3pd) S

saird cation IS selected fromthe group consisting of
ceria, alum num |anthanun) zirconium and barium and
m xt Ut ssoulfl hehesderstoid thaetheesiitdctinvehtionrsdnatrincited by the

45 ereip.said catign is cerja, 47. The netho S
cinien Sehfh g e Qs igtahisMRnad Byingude
duidlest 5 to about 30 percent by weight of said
nonolith support. 48. The nmethod as clained in claim

44 wherein said stable inorganic netal oxide conprises
Sp oﬁﬁﬂl’hﬁlé?ﬁiglin%n %nl hds bder gggéribse% v%ﬁh?gsgé&q]otpr:]a?‘ticular
embodiments thereof, it is apparent that numerous other forms and

moadifications of this invention will be obvious to those skilled in the art. The
appended claims and this invention genei'ally should be construed to cover all
such obvious forms and modifications which are within the true spirit and
scope of the present invention.




consi sting of an oxide of alkaline or rare earth

oxi de, thereby inhibiting the sintering of washcoat

during reaction or pretreatnent of said support. 49.

The nmethod as clained in claim34 wherein said ceramc

foam nonolith support is made froma material sel ected

fromthe group consisting of alumna, nullite,

zirconia, partially stabilized zirconia, ceria,

silica, silicon carbide, siligpn nitride, silicon

nitride ceramc, alumnumnitride, boron nitride,

al um nosilicate, magnesium alum nosilicates, a

combi nati on of magnesi um al um nosilicates and
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conprising a catalytically inactive substrate between

said first |ayer and said second |ayer. 54. The nethod
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WsmilRtand cohimatishs/gredfn said feed gas has a linear
velocity of about 0.2 to about 50.0 neters per second.

57. The nmethod as clained in claim?28 wherein said

Shout e Prelist Soh BN g Bl T bRTR L e e
daaaliniedlyfaotiveancep isélacted fastithe g%mﬁbﬁﬁéﬁﬁ’g of FHdYMIm and
di oxide to said feed gas m xture. 59. The nethod as

dliekeled in claim28 wherein during said parti al
oxidation said first layer nmaintains its crush
strengt h. 27 60. The method as clained in claim?28
wher eiThéd batatyst sbngiasttiont 4s clbirmed ¢h claim 3 wherein said

catalytically active metal is rhodium.

5. The catalyst composition 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 catalyst composition 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. |

7. The catalyst composition as claimed in claim 6 wherein said inert
carrier support is monolithic support having a honeycomb shape.



first layer is not exceeded. 61. A nethod for the
partial oxidation of hydrocarbons to produce hydrogen
and carbon nonoxide by contacting with a m xture of a
hydr ocar bon-cont ai ni ng feed gas and an
oxygen-contai ning feed gas a catal yst conposition
conprising a catalytically active netal dispersed on
an inert carrier support 62. The nmethod as clained in
claim 61l wherein said catalytocally active netal is
selected fromthe group consisting of nickel, cobalt,
iron, platinum palladium iridium rhenium

rut heni um rhodi um osn1un1and conbi nati ons t hereof.
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15.  The catalyst composition as claimed in claim 14 wherein said transition

metal is selected from the group consisting of rhodium, nickel and a mixture

of rhodium and nickel.

16.  The catalyst composition as claimed in claim 14 wherein said transition
metal is about 2 to about 4 percent by weight of said support.

17.  The catalyst composition as claimed in claim 1 wherein said stable
inorganic metal oxide is selected from the group of oxides comprising one or
more cations selected from groups |A, 1A, llIA and IVA of the Periodic Table
of the Elements, the transition metals and mixtures of these.

18.  The catalyst composition as claimed in claim 15 wherein said cation is
selected from the groups comprising of |A, A, 1lIA, HlIB, IVA, IVB, of the
periodic table, the lanthanides and mixtures of these.

19.  The catalyst composition 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.

20. The catalyst composition as claimed in claim 17 wherein said cation is
ceria.

21.  The catalyst composition as claimed in claim 17 wherein said inorganic
metal oxide is about 5 to-about 30 percent by weight of said support.

22. The catalyst composition as claimed in claim 17 wherein said stable
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high surface area 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 the reaction or

pretreatment.

23. The catalyst composition as claimed in claim 11 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 aluminosilicates, a combination of

magnesium aluminosilicates and aluminosilicate, and mixtures of these.

24.  The catalyst composition as claimed in claim 23 wherein said material
is selected from the group consisting of partially stabilized zirconia or silicon
carbide.

25. The catalyst composition as claimed in claim 1 wherein said first and

said second layers are serially aligned.

26. The catalyst composition as claimed in claim 1 comprising at least one

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

27.  The catalyst composition as claimed in claim 1 further comprising a

catalytically inactive substrate between said first layer and said second layer.

28. A method for the partial oxidation of hydrocarbons to produce
hydrogen and carbon monoxide by contacting with a mixture of a
hydrocarbon-containing feed gas and an dxygen-containing feed gas a
catalyst composition comprising a first layer comprising a catalytically active
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24)% oRhé Inethod as claimed in claim 28 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.

30. The method as claimed in claim 29 wherein said catalytically active
metal is selected from the group consisting of rhodium and nickel.

31.  The method as claimed in claim 30 wherein said catalytically active
metal is rhodium.

32. The method as claimed in claim 28 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.

33. The method as claimed in claim 28 where said inert carrier support has
a shape selected from the group consisting of honeycomb, sphere, pellet,
ring, wagonwheel, saddles, and granule.

34. The method as claimed in claim 33 wherein said inert carrier support is
a monolithic support having a honeycomb shape.

35. The method as claimed in claim 34 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
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36. The method as claimed in claim 35 wherein said material is selected

from the group consisting of alumina or partially stabilized zirconia.

37. The method as claimed in claim 28 wherein said inert carrier support
has a surface area of about 0.1 to about 50.0 m2/g.

38. The composition as claimed in claim 28 wherein said support is
selected from the group consisting of a ceramic foam monolith, a honeycomb
monolith, and a metal monolith.

39. The method as claimed in claim 38 wherein said support is ceria

washcoated on partially stabilized zirconia monolith support.

40. The method as claimed in claim 39 wherein said ceria-washcoated
partially stabilized zirconia monolith support contains about 5% to about 30%
ceria by weight.

41.  The method as claimed in claim 28 wherein said transition metal is
selected from the group consisting of nickel, cobalt, iron, platinum, palladium,

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

42. The method as claimed in claim 41 wherein said transition metal is
selected from the group consisting of rhodium, nickel and a mixture of
rhodium and nickel.
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selected from groups IA, lIA, llIA and’IVA of the Periodic Table of the

Elements, the transition metals and mixtures of these.

45.  The method as claimed in claim 44 wherein said cation is selected
from the group consisting of ceria, aluminum, lanthanum, zirconium and

barium and mixtures of these.
46. The method as claimed in claim 45 wherein said cation is ceria.

47.  The method as claimed in claim 28 wherein said inorganic metal oxide
is about 5 to about 30 percent by weight of said monolith support.

48.  The method as claimed in claim 44 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.

49.  The method as claimed in claim 34 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 aluminosilicates, a combination of magnesium
aluminosilicates and aluminosilicate, and mixtures of these.



tu”+-"10% 0& () -] +-"10% & () -] 1+-"10% 0& () -] +-"10%0
& ()-]+-"10% 0& ()-] hhhhhhhhxY) /K3

tu" +- 10%0&() ] +-"10% 0& ()-]+-"10% 0& ()-]+-"10% 0&
"()-1+-"10% 0& ()-]+-"10% 0& () -] hhhhhhhi n00/ +- " 10% 0&
1()-]#-710% 0& () -] o+’ 10%0&'()-]+-"10%o&'()-]+-"10%
' 0& ()-]+-"10% 0& ()-]+-"10% 0& ()-]iiiiiii+ hN/+"10

+
% o0& () - ]+-"10% 0& ()-]+-"10% 0& ()-]+-"10% 0& ()-]+-"
10% o0& () - ]+ '10% o0& () -]/ K3 gu"+i,i- Ij
jilj|oN +-' 10%0&() ] 109%&#&&' () - +10 10 _"+10_"
710% " & ()-Y+-"10% 0& ()-]1/K3 tu"jVjjj6kckzk|[: N
10%R#&&' () - | 10%RH#&&E' () - ' 109BH#&& () - 3100/&#&& ()-
10%&#&& ()-  109%R#&& ()- zkKIQllvm[:N
59 10%kheemethad gs claingd g oaim 49 M\ﬁg@ﬂ&@aq matenal is selected

ol %ﬂi&%ﬁﬁé&é“}?"y@%‘%@gﬁ%ymmﬁ i

@&10%&#&& ()- YUHFLO9BRHA&SE (
n' n n(n4nsS3N * #109&#&&' () - @#100/&#&& () - @#109BH#&& ()
416 method as claimed in'claim 28 wherein said first and said second
B®HA&E () - @n@ANBNCnVhQNWW N/ * #10%&
%a?%‘%mé RS
# #109RH#&E () - @ #10%8#8&' () - @ #10%&#&&' () - @nUnYnknnnn
BN *#10%&#&& cb
@2#100 #g@m&a&n JJaimy 28 compgising atdeasbors: oksaid first

ﬁ%’% &‘E%V gi%%g&é‘c{){‘dé%%m#&& () - @#10%848& (

) @ #10Y%&H&E' () - @nnoSooC:‘pHpa@B/ 10D&$D 9" 10%D&$D& ()-

0, 0, 0,
& (}/gé $& & 510 s (@]ﬂﬁ Bl () grmg;. catalytically

of 100'%% tis’“f%%@% @&iﬁgéé'%ge%?‘iéﬁko%%f@&% A1

00/$& () A 1096& () - A" 1098&' () - A" 1096& () - A" 1098& ()-qr

i Meihod a8 HAMER oIS WeebrSAGfend o5 gl

&%gﬁi%%%et%v)g Sitebout 1 0 A PR s () - ArEr | T

Qgrhr /B//Klv\N\j

')SI(I%{\Ahr I qﬁe%\?@?%%ﬁﬁ_@ 'Pﬁ'%%ﬁﬁ%’ﬁergﬂ ﬁ%l{% g8 %8%//%2

' dtandardQasshdury s gatdheel ity O LG 5,00a\td BB®E $00,D001der hour.
rrc30/// KIwWN

)" A 109B& () - A" 109$& () - A" 10968 () - A" 1096& () - A" 10%65&

(5?6 Pt /Iﬁ‘ﬁ%ﬂ% g%ke)d inclajgu3B hegein sid fesd gas hag a linear
(\be{dbufywﬁa?no(ul 012 ta absutstt.0/meterspépsedorid. () -
UL0%H& ()-3 9$L0%& () -

T L0%#E () - YA 1098& () -/ KIWN ) "t Gt uvvvvyv| obW4/

57 EK%D@?@MWWQ '?r%égwﬁ%%'\igéé ¥sed gas mixture is

Lpreheatado(d tempevatuveldf-about 10 to about 450° C.
#109%C$&' () - #100/6:$& ()- #100/6:$& ()- 110%3& ()- Y@
10%C3& () - Y 10%C$& () -

58. The method as claimed in claim 28 further comprising adding steam
and/or carbon dioxide to said feed gas mixture.

59. The method as claimed in claim 28 wherein during said partial
oxidation said first layer maintains its crush strength.
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65. The method as claimed in claim 61 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.

66. The method as claimed in claim 61 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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%\30840% COI’ISlStIng of alumina or partially stabilized zirconia.

70.  The method as claimed in claim 61 wherein said inert carrier support

has a surface area of about 0.1 to about 50.0 m?%g.



