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1 CATALYST CONFI GURATI ON AND METHODS FOR SYNGAS
PRODUCTI ON 5 BACKGROUND OF THE | NVENTI ON The
conversion of hydrocarbons to hydrogen and carbon

nonoxi de containing gases is well kno ' m .
Exanpl es of such processes include cammmmmmw mmmmm1
reform ng, auto-thermal catalytic reform ng,gatal ytic
10 partial oxidation and non-catalytic partia

oxi dati on. Each of these précesses has advantages and
di sadvant ages and produces various ratios of hydrogen
and car bon nonoxi de, al so known as synthesis gas
(syngas). The present invention is directed to a
catal ytic partial oxidation process. is Parti al

oxi dation processes are also well known and the art is
r epl et eATRHLME T/ &IONEKS GRATI QN ANPaMETHODS BAR SWNGAS

processes. Partial oxidat] exot herm c
reacti on wherein a hydro%E&EQLﬁﬁﬂqusuch as net hane,
and an oxygen-contai ning gas, such as air, is
contacted with a catalyst at elevated tenperatures to
produce a react i BACKGROUND @ AHE iINVBNFION
concentrations of 20 hydrogen and car bon nonoxi de. The
catal ysts used in these processes are typically noble

met al SThé H6RverSidh @ftﬂyﬂiﬂ&é}bohg‘fﬁ 'h?H‘roaq?-:i?'paﬁd B&fbon monoxide

transition netals, sSuch as nic , on a suitab
Sahsaining gesas lalwejkkruarvn tnther ate Exasnplesivésuch processes

NGB ba00E 80 LR ABS BB M ey BB RO o SEStayti
qrhaineid sticighd nep-cAaHe pﬁl’t@f'oﬁﬁia%@)ﬂ W @ of thBSe processes
process is typically carried out i njecting

FheAtaiagseipoe sisastyentaggsandr orriauairatipgashydrogen
52t SATURLL0D, oSUARHRR LS ApBl Al M prosen
amoemtcm isfdixyaeto & eatapippetial 6LaBHEH pPdcesEni S
reaction is

Partial oxidation processes are also well known and the art is replete
with various catalytic partial oxidation processes. Partial oxidation is an
exothermic reaction wherein a hydrocarbon gas, such as methane, and an
oxygen-containing gas, such as air, is contacted with a catalyst at elevated
temperatures to produce a reaction product containing high concentrations of
hydrogen and carbon monoxide. The catalysts used in these processes are
typically noble metals, such as platinum or rhodium, and other transition metals,

such as nickel, all on a suitable support.

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 Iess than

stoichiometric amounts of oxygen for complete combustion. This reaction is
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2 conducted at very high tenperatures, such as in
excess of 700C and often in excess of 1,0001 C, and
pressures up to 150 atnospheres. In sone reactions,
steam or carbon di oxide can also be injected into the
conmbustion chanber to nodify the synthesis gas
product and to adjust the ratio of hydrogen to carbon
5 nmonoxi de. Mre recently, partial oxidation processes
have been disclosed in which the hydrocarbon gas is
contacted with the oxygen-containing gas at hi gh space
velocities in the presence of a catalyst such as a
net al deposited on a ceramic 10 nonolith (e.g. foam
0] t (5]
i%%ﬁggﬁggggpé 829%@8? ﬁ%%ﬁ?@éﬂgﬁu§gﬂﬂﬁéfﬁg%b(Iandoﬂenm

paktest ofim,000% ﬁodndlmessurewubm 160mnmbtpl®éreﬁﬁﬂlab6n&u©bctlons
as, ni ckel, cob chromumand the like. Typ

t RESEN RHABIAN %Eﬁ&@ﬂsal%ﬁ emJ@gsﬂé@tOfth@ﬁpmusaonc amber to
r ﬁ{dcﬁiﬁ/ttﬁé% RiheSRI Y 83@{:] ﬁ@L&adj&%e%tl@Bf‘ﬂ% gen fo carbon
I ratiof o

zirco gne3|a an rin
t hewwxikte.r eacti ons, the hydrocarbon feed gases and

oxygen-contai ning gases are initially contacted with
the netal catalyst at tenperatures in excess of 400C,

typi calMore réBerﬁPSP Eﬁﬁla@gxﬁgﬁ& p?tﬂ%s@és ﬁa§%%§§ﬁro‘?sdi@s%d in which

hourly space vel'ocity (CGHS over
h#he hy@rocabonagashe e:nnfa@t&djthh athe Dhggemsmntamlmgagbs: at high space

o SRR B R R BTRnte bt hiat it s Bedleranited On a ceramic
Consfiditroftsg MobATloNRHeY cbmb) BIFBDR! FHeYmahbitASubBES Sre

one in ch the catalyst 'is retained in the torm of
r Eopkagnated with 6l nathe setalraushuaseplatiayml 96Ha§illﬂmrorulaedlum or

U AR EATRLI By SRR LR St bbb opieay,

Carerseennonblltb stppoite ard prepgired frohe sl mfr@fct@y or ceramic materials
reti cuI ate nponolith. However, it has now been found

t R4EN BB B, ZisPnia dnranesiaaad thpdkatr Dyrnefoperation of these
p?éé(%tﬁlns%‘e%'r&fbr%ﬁ?@fg%@a% bR¥¥eh- E(%tbﬁ'nmgabgses are initially

nono
contacted with the metal catalyst at temperatures in excess of 400°C, typically

in excess of 600°C, and at a standard gas hourly space velocity (GHSV) of over
100,000 per hour.

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



10

15

20

25

3 catalyst. In particular, it has been found that the
refractory nonolithic catalyst structures are very
susceptible to thermal shock and hi gh tenperature
prevailing in the catalytic partial oxidation process,
causing brittleness of the structure and ultimately
| eading to catal yst disintegration, especially when 5
usi ng oxygen rather than air. Accordingly, it is an
objective of the present invehtion to provide a
catalytic partial oxidation process, which conbines a
hi gh |1 evel of carbon conversion to syngas with high
selectivity and a high | evel of structural stability
O&ﬁ/g&%tdﬁt %ﬁéﬁla?tlt Ra9 Beéﬁ[@lﬁ{d"{% %e Y nStithi c'_!!‘:atalyst
r sen Invention provi rocess tor

t beuctared wte aergauUsncabtlbleXD dilad rina) shbca ahy!d'ngla aérhpérature
f eedst ock, ri s s contacting a feed

CBF&%&‘I]Q%I@ tghwaqlmngggﬁ puigation PrOGSSS. causmg%rlttleness of the
OXletin ARKRIATARIORSANG iy EaGRERULTHouRABH, E9PdkibhRRen

such that the cat e-’susce t

sheirk) @w@ehlrgmareh@reaat Aceordmgjly gt usldn otefeatnvr:sof the present
struc

[ nt. rit erf or mance. articul ar,
IRk I prBNEH e <ata Bt oaRi OXRE0E Pt WSt pombines a
CRlgH 1§E| @%Hrbgh' rc@hl/&%ldrﬂﬁi %da@%lfrﬁﬁ@h é&l\/‘it&%ﬁté‘ﬁlgh level

catal ysts enpl oyed are 20 particul ar

gobatrublararstakbiliy crfébe@ataimt at thagh tanngeraturer t he
extreme conditions prevailing in the presence of the
partial oxidation. The nulti-layer catalyst
configuration enployed in the present invention
conprises at least two serially aligned | ayers, each

| ayer cont ai ni ng aSkdHVARYT OFZBHEINNENTIEN net al

catal yst supported on a nonolith structure. Typically,
the front layer of the catalyst configuration is

aI ways Tale prebeghiavehisrmppravidesea predeskifer thlbstantie Martial
Xers due to the contribution of exotherm c reactions

idadon @ hydragaibondeedaieghk pyhichcosminassiantacting a feed gas
r %Bﬁ{dnsﬂgg 5 898F@APbortfeedstock 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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The hydrocarbons that are enployed in the feed gas are
typically al kanes having from1l to about 4 carbon
atons. Most preferably, the hydrocarbon is selected
fromthe group consisting of natural gas and nethane.
5 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 stoichionetry4dof 10 equation 1 to
yield a syngas m xture wwth an H2: CO ratio of 2:1 and
equilibriumtenperature | ess than 1100C. CH4+1/202->
CO +2H2 (1) It has al so been suggested that in

cat al yti, rti t t rti.al
oxi dat 155 FiorAbof A8 ReBRyeh Mine fadl 0 BF hhfeny
| atkginks hSemg frbokfremabout ASCBmodﬁatoB}mgHS)sﬁpl%fE@bWi&h@n
b% %cha Oxi dation of Methane Over Pt Mnoliths, 138
YERCAIRAN § sgiected fiom fhmgrouprerisistsigof Ratugal gas and
Iggaltﬁgfhé_y thought that only a small portion of the
catal yst bed is needed to catalyze the reaction. 20
However we di scovered that the actual tenperature in

the f t f st durin
ooyt palBLEHBESER PO o b bl
expect ed. shown in exanple 1, cordierite materi al
melts when |t is wused as support for pure

oxygen-baqsutialandatiarcofaethaale and dﬁte'rch‘rydﬁmc_cmbess RSexothermic
DR ddek el BrtfBrS Balierotiedd aesikintelcr Beclpighiometry of

t equalicH Yie yﬂild |ae§5ﬁwgfa§@ﬁ|xﬁﬁ9%fﬁ ah H,hee r@ﬁsra)ffzwaﬂd _
that nearly c | ét € oxygen conversion is achieve in
t BgUNiprigm teawerratureﬂmSe §no1f1Q0h6 catal yst and reaction
per f or mance inpr.o V8D co + 2 H, )

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.

However we discovered that the actual temperature in the first few
millimeters of the catalyst during a catalytic partial oxidation is much higher
than expected. As shown in example 1, cordierite material melts when it is
used as support for pure oxygen-based catalytic partial oxidation process
despite its melting point of 1450 °C, which is significantly higher than the
expected reaction temperature of less than 1100 °C.

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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when the length of the catal yst bed is increased. As
shown in exanple 2, by stacking a reticulate

catal ytic nonolith beneath | arge-pore honeyconb
cat al yst, higher hydrocarbon conversion and syngas
selectivity are achieved. 5 Based on the above
observations, it appears that direct partia

oxidation is a conbined effect of conbustion, partia
oxi dation, steamand CO02 refosm ng and water gas
shift reaction. In the front of the reaction zone
where feed gas contacts catalyst first, possibly only
inthe first fewmllinmeters, oxidation reactions

S std:AnA, | [ nd _partial
AR AR el P s T8, A6 sPfindEiebefore 2, by
ostemking aadiindateacaiblytis mormitp beh eatbXFaRAp SRV SicoMb

CH4, + 02 -)~ 2 + 2 H20O (2) Heat released by the '
e%ﬁ%ﬁ%nﬁ“é?hsiNﬂ‘gr%iCaFP%%\Qwedﬁ'Oﬁr%\ﬂ WEgasrelepiivity sre achieved.
energy to further convert the unreacted hydrocarbon
species with steamor (C02 produced from conbustion

r e?ct i ased csrythwbowm;mnegigammﬁthn?s trﬁteﬁ@bapdrtﬁw
ref orm ng_react.i.on a 4) together with sone
WSt @eTyad Bamhng drebepbeonabstarn darialiaidation. siasms and
: +
5k, 2 g S SaE st B 8 8% nd réfiflzono
exthess fegmgas contactmcatatyst fisstf postiblgfoniyhia thedicst few mafmeters,

i [ hi gh
+ BRarBh PRCons b 35 RemohSh Sheih Errbietion s, and partial
nakidationf as e @At Nébrigatet Witk ehaR iothor, Afé‘séfa'ira fd“@lmost

subsequent catalyst to | ess than 1100 C aTesu
t ReMPiRtgIgygen seBversiGfber ature i s extrenely high in

downst r eam B+ A S0GT {T At 2878bl em can ari s6 (31 the
operation of partial oxidation
Heat released by the exothermic oxidation reaction provides enough
energy to further convert the unreacted hydrocarbon species with steam or
CO; produced from combustion reaction to syngas, through endothermic
steam and CO; reforming reactions (3) and (4) together with some water-gas

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

CH4 + H,O—» CO + 3 H, (3)
CHs + COz - 2C0, +2 H, @)
H.O + CO & CO, +H, (5)

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

temperatures downstream.
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processes when using a reticulate nonolithic catalyst
at such high tenperatures of nore than 1450C, where
we di scovered that reticulate 5 nonolith supports,
such as those nmade of partially stabilized zirconia
(PSzZ) or Al1203, are very susceptible to high
tenperatures and thermal shock, and wultinmately |ead
to catalyst instability and brittl eness after
reaction. There are several petential reasons
attributed to brittleness of reticulate nonolith:
hol | ow web-type structure is inherently weak at high
tenperature, phase transition of 10 PSZ material and
so on. However when the reaction tenperature is
controlled at less than 1100 C, reticulate nonolith

suppor ssighifibanspidBldn @hhYarkledRithé perati SUrBal Hadation
or Al1203 can maintain their mechani cal strength an

gPO%CeSéﬁééwheéhwsm@adtan@uiapﬁ:mthﬁmeatawt‘ansueh figh ng

t férﬁsgrra?%%saq?srﬁ% r%(r:t Bk el'ERi)WgB U\&he?% Wteh(glsgtg\%&o%i ﬁlégtn:&thcﬁ‘late

pmmwhth sspportd, sgth @sthbea@edde 6t paiblly alabitze@ngiddonia (PSZ) or
EE made into a thick-wall honeyconb support than

- BEDYEYaFUsgepiiRlg ta high F%npgfta@r%raj theemnal smh@q:ﬁ 1a@d
Oﬁltlﬁ’r‘n’é’égﬂgélﬁg‘g b%ﬁ%{tﬁﬁwgﬁd brittle gg?%ﬂ%ﬁt@ééﬂon 2re are

ood ne reac I'on

t eawlaapu’ree\tlaoretmfsohhettgbeteﬁ toetoritt| e é < ofvestieM e nonolith: hollow
cat ? s below 11001 C. Therefore an effective
P%fs g @é%l renfYsweak st Bigh temreratise, phagse transition of

SP'S‘ZCrtn'é'E@rﬁeh)énH%kbuéﬁ h@%\g%@gﬁ%ﬂ@h h¥e ?%z?ckt’ bR tgﬁ'Fp htdke fsu&thtrolled

as a t hi ck-wal | ed suppor ron
theésdham H&0Ri°gh retemieeatanelith\8uepos scah alsysdrtially stabilized
due to endothermc

- SRR 85,5 AR Ear i am{aRdhe e Agr SR and give

cgk@é|betnneeéaroq,\r¢ea+orh%nfcgl |l owed to ensure a high |Ievel
of hydrocarbon conversion to syngas with high

sel ecti vi ty and a high level of catalyst stability. 7

Subot r AVl PR 20¢Rher s EXEIER PN AEh aRCokpraiipat for

phetedals spchpRerAlb©Os with theRadYeE tidihal properties will give stronger
structural strength when made into a thick-wall honeycomb support than when
fabricated into a reticulate structure. In spite of poorer reaction performance,
it does maintain its good mechanical strength after reaction. The temperature

of the gas stream after honeycomb catalyst drops below 1100° C.

Therefore an effective method of addressing this problem is to use
more structurally robust and thermally stable material such as a thick-walled
honeycomb support in the front to 'shield' the high temperature. When
catalyst temperature drops below 1100°C due to endothermic reactions, a
reticulate monolith support with catalytic material is followed to ensure a high
level of hydrocarbon conversion to syngas with high selectivity and a high
level of catalyst stability.
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overall catalyst stability for high tenperature
operations is disclosed. The first catalyst |ayer at
the front end of the bed will have inproved resistance
to s thermal shock and stability at high tenperature
than the subsequent |ayers, where nearly conplete
oxygen conversion is achieved. Correspondi ng carbon
conversion and syngas selectivity may not be high. The
preferred catal yst substrates fo use in the first
layer at the feed io side are particulates including
spheres, pellets and rings; wagonwheels, Saint-Gobain
Norpro's Ty-Pak(r), HexPakT"', Snowflake(r) nedia, and

N L bR T RIS DO SEE SER DS
mbave atiffercet trehat smeviednias! dibpkyditstprepbeIesitd .improve the
d nonoliths wth inproved

o AP ka6t HERYh o LHO P SRt ecaperaborhsdisclosed. The first
MRt 4R oSt tRE Yot SRR H%hé blHSHill %g% é%\ﬁ)},ox%'ﬁ %%?sﬁéncoé to

the present invention as "crush str .
t eenmeadisimook shdestgbifityadt ragmrMmpéEdtur@ahmansthstsallbeeq@dﬁd/ fMayers,
ht and/ or

oSG B oy R RIPIR SPIERE G boBOE SrBHbE e Cae s ing carbon
SebALERIdh alheyRghaLYRLFHONE HoEetiigh | N present

i nvention w ave a cru rength Yhat can

wi thstand the typical 20 operating cgnditi ons og_ a I
i al I dati f h .bons.. Accordin
Phe cat R RER Rl eRlRET SipStmigt b 2aarn ha vestinin aiie teed
neldd geepativgiatesSincRIMH J spiidie8Iptitds ré?lﬁrfﬁ{gsﬁ’wr%;%hb\@%els,
?or hyd s. The

of a partial oxidation process rocar bors
| SpintedobaindNgPre’saty-Pak®pHedBek ™siStowitake@tredja, eartdhidorton®

Lal ' J t j t ormr nd .
Al SELEE T oot SRRt Eok S UIEeR Supports in
canharceptabis Aanufattufedsigdp sy agisas o listéd YierdifR€although
reticulated nonoliths are nore suitable for these

sipltrisAimeRgEhs withyamroved gigohagisal Rsenatitcamnglep be used.

(Y8, ERCRARATS U o B Selip bR resen

mimve ndivakdse’crustt steemgth” shiabkisahe nidxitmern stress that a material can
sustain under crush loading. The crush loading is that weight and/or pressure
that will fracture or compact the catalyst substrate. The catalyst substrates of
the present invention will have a crush strength that can withstand the typical
operating conditions of a partial oxidation process of hydrocarbons.
Accordingly the catalyst substrates of the present invention will not lose crush
strength during the normal operation of a partial oxidation process for
hydrocarbons. The layered catalysts at the product side may catalyze the
partial oxidation, but mainly promote reforming and water-gas shift reactions
to achieve high level of carbon conversion with high syngas selectivity. The
reticulated monoliths are more suitable for these subsequent layers,

particularly as the last layer.

When more than two layers are used, they can be layered in any order
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tenperatures in excess of 1100 C and the subsequent

| ayers can further catalyze the subsequent carbon
conversion to syngas. The pore structure of nonoliths
and the particle size of particulates are such that
there is no 5 significant pressure drop through the
bed. US 2003/0083198 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 (down stream section).

H@W@éd tHé"futsW'Payé‘r”@ Bitkre 34HIOYE Hdr rl] shE@k bhéHigheyer

(upstream can | ess resistant t € seco
I iﬁmpewuml ln@xaesapgéﬂO(bS@eami the shdmey;uenblayets‘mn further
%@\I tg'tl Iate b Acat tlcal é,)(} i nacti ve
BB EET oD R E A hburdand heatta bcture of
| Wcﬁntﬁ@ahd"ﬂﬁ@hﬁrﬂd@snﬁé@f %‘aﬁﬂddlé%é’s ) sul:ﬁ th3tahErd IsHb
of the reticulated nonolith catal yst either from

aétqnv@aﬁépé@ssuge frep thigueh th\%bﬁdnUSaZOQa/G(é&@t% A1 teaches a

t b
RET Bt A Ao A R it e reofbsng oo risHased n
| abajkea%efnbeﬂowmnﬁéht@@b?dé’r&b achibve E@tﬂé?rqmw 8fstribution,
mul ti-layer catalysts is shown in the follow ng

dwmr%grst\m@edu reamrfestion} hﬁ%ﬁmfaategae&smlcsmmw of the

F r lyst Bl ank
CHtat shenSRLNTY 7oR TSN SaRABLIDY, HBRLE in the curen
catvahyleh thesfirstialygr elpmednbecaﬁnbtb@lds@ repitaiteham tisecond

nd reduci ng environment effectively w thout

di
aldﬁ;rf) é‘%’ﬂag B4AGET PAFe Blie onsyepmy ratigidhan @rreticulatrmonolith.
f %%Hté@/ﬂb‘éllylmggﬁ)vé SuBRHE n:l'ggpgg pla A bitdlen' YR of the catalyst

layers to improve the gas distribution.

Protection of the reticulated monolith catalyst either from active metal
sintering or mechanical strength weakening at high temperatures can be
achieved by shielding it from the high temperature using the first layer as the
combustion catalyst. This concept of multi-layer catalysts is shown in the

following drawing, where NG stands for natural gas.

NG +0,

v

First layer catalyst
Subsequent catalyst
Blank Support

First Catalyst Layer

The first layer catalyst desirably should be able to operate in an

oxidizing and reducing environment effectively without significant deactivation
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catal yst preferably conprises catalytically active

netal s di spersed on an inert carrier support. The

netals used in the present catalysts are selected from
certain transition and noble netals of the Periodic

Tabl e of Elenents. Active 5 netals can be sel ected
fromthe group consisting of transition or noble netal
selected fromthe group of nickel, cobalt, iron,

pl ati num palladium iridium 9rhenium ruthenium

rhodi um and osm um and conbi nati ons thereof.

Preferred netals are nickel and rhodium 10 The nost
preferred metal of this group is rhodium The netals
”BVerbé?terﬁbéﬁaQGFe @?\g‘éf’fﬁ‘orﬁ%‘aﬁj’i Y Ob@ L@Sb&ﬂrﬁcﬁf CT& Al first layer
nmetal oxi des, netal” halides or alts

peatatyst @r@fera’@y cothpeises cetnjyrtlcaéldl&dtwemnetats dissersedeath an inert

T T B B b5 3 Sy o

t B@rtgﬂtt?’énéﬂ‘ldﬂ aR@ n@B@ﬁ&aﬁQ o‘P'Ehé b%rléHiB Ble opE'i%rﬂ@ﬁ {s Wctive

Rh/ Pt gauze catal yst can be used e exot
r @@éalrsmnctm ablested WZOGISFOGQ&SBSISMQ d>|f trahsitien or noble metal

1 d ct.ion zqgnes and [ tipl
nytr R B3R R anbop sl MEER, caBalyah AT ae; Beladia. Mdfum.
oRyegflim, FeRenRint, eABt Ut 8MAERSiuANEnd bbﬁibﬁa%%ltﬁeréd?ne
catalyzes the net partial 20 oxidation of the fe

h§erisEedypataimara Rekeldybthastitmzone cat al yzes ei t her a
wat er-gas shift reaction, net partial oxidation, steam
or dry reformng. Sone of the npbst selective

cat al yFhe,mestairefarddhmetdlofrpis @bLS i mdMuﬁrhSTH@dnét%@s may be
heat and retain their activity due to problens such

akresient epithg syrRoY in the fasm ot mletdlanmetal exidesberetal halides or
f Sfl'fgf‘trﬁ@tﬁl |gs§plﬁ({)lel%%ln% AR L fUHH o?é'dggﬁ?r‘?nas ﬁg%ﬂ H¥below,

28 | hasmich l'aces nore o
ctiteangsals aselsbbatsanaalm ettle rmetadlic f@xmd@e(mrer@llwfr@brh @bout 0.1 %

ol B p e pathicf s, Bl b deposifonr e Rmadt Captiaraly
aRf/POSauAer @étﬁfy@pbﬂn b8 1 BeWt 38 Helexdth&miPré&&idn %'at‘gh/cé%

Rh/ 6.1 wt % Yb Supported on a refractory suppor
as alumna or zirconia, preferably partially

stabil U%egoﬁé/b‘iﬁﬁéé‘z %\q discloses multiple serially aligned reaction zones
and multiple hydrocarbon feeds for converting a hydrocarbon and oxygen
feed stream to syngas. The first reaction zone catalyzes the net partial
oxidation of the feed hydrocarbon and the subsequent zone catalyzes either a
water-gas shift reaction, net partial oxidation, steam or dry reforming. Some of
the most selective catalysts, such as Rh, are not able to withstand the heat
and retain their activity due to problems such as sintering and a limited
tolerance to carbon formation. The present invention provides an advantage
inasmuch as it places more of a thermally stable catalyst, such as a mixed
metal oxide or a stable crystalline structure such as a spinel or perovskite,
more preferably CoCrOxide, at the front of the reactor and most preferably
9.9 wt% C00.2Cro.80xide / 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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(PSzZ). In the process of the present invention, the

exotherm c reaction is alnost conplete

i nstant aneously after contacting the first catal yst

| ayer. The 5 primary function of subsequent |ayer is

to effect the endothermc reform ng reaction. The "net

partial oxidation" catalyst zone is considered as the

two layers conprising a conmbustion catalyst and an

endothermic catalyst. It is iWportant to point out

that PSZ reticulate material is not preferred due to

the inherent phase transition at high tenperature and

clearly Rh coating on A1203 10 is stable even after
psz.han 7 nonths of continuous operation as the

first layer. It retains its catalytic activity as

well as its nechanical strength A preferred form of

i nert i er a refractor tanti al

nort T faceda F ife Ripehnt /ipothe Srolhathicurar

| meseqampictdlinstthrbansly akBr @6%a%ﬁn§’ﬁhé‘ﬁ@ﬁ%%‘tél?§t layer. The

strength at high tenperatures. ically, a mate

i Prigwang durglionoy’ subseguppldayer Mmﬂffe@ktﬁeaen@of@ermw reformrng

:Eésfalﬁ L ancegfv%g{: hgr[ﬁ ! %p?ﬁﬁ@ng%t%&tst Z&god L her %redShoﬁ]e two

cdnyyretotrfpnsn‘@t@bombusﬁon@btaay@.ttaam &n éﬁdbﬂ%rﬁf@&étalyst It is
| ayer support, forﬁgure oxy gen based partial oxidation

ddBp@Bar\ftf@ RAReeUttat Phd re r:tmlfateamher@alﬁrsot:preﬂerred du]fe to the
t
SR By 9508 Pp 8 o R Bl ety K il v

sipgptabtesevgreattenmeres tredr y rﬁvmhbaﬁlcentlnum bpe%troﬁIMe first

and configuration, A suitable shape and size of pelle
ay&ramﬁgalﬂwé catalytig gelivityas el asrbté rﬁarpwg@lostrength

comercially. Both types of support 25 structures are

made from conventional refractory or ceramc materials

sel ect édprfefemed fmrngoblmprtcanmestsr mgdefof al refriastory, substantially

te,. zirco artial stabj li.zed zirconi a,

cliarh g il iR B Cadatd o MaNaIEE s ahangavih suficient

Saesy 81 fedhasichl §RShdth tat inflsh PR EeRatLrds Py ScSPld mat

pergenta e ofaall um nunqtoxr dg&]add %Fa r@’% nYﬁC Ve material is

niserac&@ asdhe suppeiti whichaxinbitsos iaw twreal cagffesnimf expansion,

ng rfﬂgrnlrél s% oCR 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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11 and m xtures of these. Carriers can be forned by
any suitable process, including nolding, pressing,
extrudi ng, spray drying or die stanping, and so on.

I nert support also includes netal nonolith, prepared
as metal foamor sintered particles of netal at high
tenperature. The nost preferred support is 5 a
stabilized alum na, silicon carbide or partially
stabilized zirconia in the forliln of honeyconb, sphere,
pel l et, ring, wagonwheel, Saint-Gobain Norpro's Ty-
Pak(r), HexPakTM Snowfl ake(r) nedia and Norton(r)
saddl es or granule. Preferably the surface area of

SHHH%&tdr s bﬁtl?ééevﬁa\frlér%‘éﬁégﬁlg@'fé%éd B gts‘ﬁﬁgﬂl a;ﬂ%%gs

1 and about 50 n®/ sequent

Th@ltsijrhgetpj@ng pe&&sllrygstexlraylarrg Ispragadirtylrtgwer tﬂuerssamlp&ygeland SO
deS||r shoul

d e i n oxidizin
B ERPsRe BendiEuds Fst GBROM pirtarey s methl foam or
Sbﬁ%r@b%iﬁcl@@%‘?%é’@ AOMgRYEM %rét@m’elfﬁét oSt EPé?Qﬁed support is
bel ow about 1100C. The e% doth grm Cc reaction catalyst
cargpabikzad alyniog, slheon:aar&lllqﬁt prparialy stahllalqcbzlmonlmmwﬁne form

fo such pose. tal cat al I d.i
BLogHfbol Bt ese, Bty wabewiine, S55 Rkin Rotmio's Ty-

cp&n@s erbxPakmar Shywhkd@intddh land N6RGW® IszedIA & ahale

washcoated with ceri um oxi de and i npregnated w t 20

nbreferahly th@aﬁgrfa@@ arefobsurportismelatelyoow rtamerr@offrom/tmtween

u € ocatal yst” refers to the entire
cé? {;@ﬂ srﬁﬁ%% gqaudl ng the netal, inorganic

net al oxi de washcoat and the nonolith support or

monol i th substrate. The active netals used in the

peabsaguenitGatalst Laver sel ected from the group

consisting of a transition or noble netal selected

fromthe group of nickel, 25 cobalt, iron, platinum

pal | adiThmsubseduant cathbst l;myer bahb@ﬂt‘ni thmfirstlagendesirably should
' .. Preferably the active

?Tégané’]%@ g}ngpéq%g%:mﬂa;ll gzrrl:rgg talag he Lp@pg 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 partially
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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A nmonolith support is generally a ceramc foamlike or
porous structure 12 forned froma single structura
uni t havi ng passages disposed in either an irregular
or regular pattern with spaci ng between adjacent
passages. Preferred are the ceram c foam structures
havi ng irregul ar passages. The support structures are
made from conventional refractory or ceramc materials
5 selected fromthe group consisting of alum na,
mullite, zirconia, partially stabilized zirconia,
ceria, silica, silicon carbide, silicon nitride,
Sialontm a silicon nitride ceramic with a snal
p%r‘?ﬁ’ét‘j #8f Qfsnideé“é]trﬂﬂfﬂrgl)ﬁrﬁ ﬁg%’assgé #}BE&H i L¥8er an
boron nitri alun1n03| I ca esru
almuaguiasot rexpfisspatterd withké paaiisg bétvt/émadjah@hﬁ;bassages

Laateratbaf BB Gorais (A sliupbies haveo apevar pgssages. The
Sts@?bbhzs%@ctt?rbé ROradY S EGRENEBRAI r%‘?ralclérg rc])‘? ceﬁamH; materials

preferred to Incorporate the active neta
s gefemted froeathef groupnumsistidgmf edanine aballites tirconia, partially

L e L R

h lsﬂllaoﬁ \Hifride 8 ffc Wﬂﬁragﬁ'ﬂbl‘F pg?éé?'lta%é( bgglﬁr‘ﬁﬁnmaéx@@%ﬂed

alum na, ceria, etc. by iInpregnati wash- coat
a@%ﬂmumnltnd@or @mean@mzde mﬂemnrmsﬂlwarte)rmagnesmm

el RGBS sORBEES f sl MR incRelR aysBaredas meta

Pfesfs Lo él% bRARANTHEURSS FHerSrad Sliopated Sﬁg‘ﬂﬁ&mﬁﬁ%@{a}bllzed
oxi des conprise 20 contacting a substrate wth a neta

oxXirgenigrasciiliasdr carpidst er abl y mai ntaining the precursor
coated substrate at conditions to equilibrate the
coating, and then oxidizing the precursor to forma

subst r atie memrmdwmgcof@baéteqrie%twé métals & aftig edrfb€e area
h ve macropores by addi deconposabl e organic matter

TIMProves ReeRll Gatalys C&@@Bﬁﬁ@gnﬁgﬂqtlt/ltsatThﬂ gtiface area of
UL o O B 5 TR B o b
wasgtabaxidd 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, 1A, llIA and IVA of the Periodic Table of the
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are selected frombut are not limted to oxides
conprising one or nore cations selected from groups

A IIA ITI11A and | VA of the Periodic Table of the 13
El enents and the transition netals, preferably from
groups 1A 1A TIIA T11B, VA VB and the

| ant hani des, nore preferably fromceria, alum num

| ant hanum zi rconi um and barium and m xtures of these.
The foam may be inpregnated wi3th nore than one

i norgani ¢ oxi de sinultaneously or 5 sequentially.
Suitably the inpregnating nediumis in the formof an
aqueous or organic solution slurry, sol, ge

o rARBRLAhd tnelahgion ffbtdie, pRASRA fion? LS JAnila. B,

oxXVAle(\d apdrthe dzirﬂbamﬁies Tinere pesferady fonf céiwstuminum,
srgcoats are in ar¥ éormthat can be deconposed to

a PR PR e aT AN CBEBBGRT] MERUIeR S 1BBRE | DR dpamenay be

S%Bae??daﬁfho Eqﬁoﬁg hafll &rfd fn%pgz%lc ol sqﬁfuﬁtgn?éugﬁ o'frg%’

be a e vvas coat to event the
vvashuerahialuurl ng the reaction or pretreatnent. is The
nost preferred support is a partially stabilized
zirconia foam nonolith washcoated with about 5%to

about  3RfabROHEaRIpFedmitMy MEdRn is oMk fBFrﬁf&%ﬂbé%eour? or

ceria. Optionally ceramc honeyconb or netal
C OFgRMC \ﬁotu’ﬁlonobllueryneolageb anSQEB@obe@r déspeersion of inorganic

Rl E i e e ote 88l ot ol TS ASR Sieds! Paricles
Oﬁhﬁwéeﬁl%bb@%tﬁééemw#&%t@#g fneh that Bé’rﬁ‘ be decomposed

nonoxi de conprising contacti n% a m xture of
hy@l BB cxidsohy é*aﬁfmaal sieagmpesiioga %Iﬁbllla\ﬁlgcaq,ﬁyéﬁ%h as an oxide of

C%p{a"ﬁhﬁ'd?ga; Ig%%d\@ &Qﬁ%e %"(ﬁ@é&/{o t%%lvl/%sg\%{gfgfvég\éeevfnt the

con?lgurat e pressu

aemtém@bﬁwsphemasdurmgftaedegasorsbap:mfeétm@at.hourI y 25
space velocity of about 5,000 to about 500, 000 per
hour, and a linear velocity of about 0.2 to about

50.0 r LSk itd - -

o SRS oA ShEDS A 05y

r ezancith wgabcoatetdurith 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 (m/s). 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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al so be preheated to a tenperature of about 10 to
about 450 C. 14 |In an alternative enbodi nent of the
present invention, the present inventors have

di scovered that effective partial oxidation of
hydrocarbons is achieved by utilizing just the first

| ayer of the catalytically active netal dispersed on
an inert carrier support. s Exanple 1 A 1 inch

di aneter and 0.4 inch thick coldierite honeyconb
nonoliths having 400 cells per square inch (cpsi) was
i npregnated with 2% by weight of rhodium A feed

m xture containing 64 volune % net hane and 36 vol une %

10 oxyggmn@ferREHREEmbBHRHSR ?ﬁ(}@le tp‘?é’&%rﬂ %}%&8&’%’ ?ﬁé‘gresent

above catal yst at a space
hdwrentest fhﬂ\na dJSC(DNeTad etlsaifeft&ntwtearamaj mxmﬁ%rﬁd)ﬁ hwdrocarbons is

% 50/ en S observed.
orEhiaRa il st e ien Beb Y PreihBosl agiom mets
1%@&%rsé@@n%ﬂ lﬂbytsdarhé‘ﬁﬂ%drpn after r eact i on

indicated nelting of the front |ayer of cordierite.
This is in support of our 15 understandi ng of higher
t enp re in the front due to exotherm c reaction.
Exangﬁag; To further understand the reaction

nmechanifgminéh diantbtarBhen. @ﬂﬁh]{ﬁlck?c%rﬁla'n?é‘hoh@&&ﬁgb mor}]ollths

pore size, 1/4" a-Al1203 honeyconb was i npregnat
30ANING 4G gelts per $mewmh@p@| vq:mmmrzgne;ated wﬁbl2§’d bgsveight of

x nt a 64 V0O
a;ﬁoégm ’%r eee%d%mégj( téﬁ%ngpgg Qlyme h/? 81?3 ”‘8 Zﬂiavoeiume %
r exggen wa'Eh&asts@td&hrc&Jmuﬂhb rehclop edntFinihg "aﬁoV)@%atalyst at a space
mai ntai ned as in exanple 1. There was no deactivation

ofV ey 1af IR0 @@rn%@wevwvéa 16 mites fremostacton.i Gido akp
ORGS0 ot 9t S0 bSRNE Al i o roerature
mimweaséd ohy900kG to abser 1280°@. t The aataﬂyst@mbeﬁtléh@ﬂe@freactlon
7003|catedsr¥\elgng o] ?rh rto|n¥ at er 8]; cgrr(]jll rltg.S%?us is in support of our

understanding of higher temperature in the front due to exothermic reaction.

Example 2

To further understand the reaction mechanism, a 1" diameter and 1"
thick, large pore-size, 1/4" a-Al,O3 honeycomb was impregnated with 3% by
weight of rhodium metal (Rh/Al,Q3), 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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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-Iayer

configuration, a 1 inch dianeter and 0.4 inch thick
partially stabilized zirconia nonolith, having 45

pores per inch, obtained from Vesuvius Hi -Tech

Ceram cs, was first washcoated with 20 s %ceria and
then inmpregnated with 2% by wei ght of rhodiumnetal to
prepare the netal catalyst. It was |abeled as 'ST-1'".
One ST-1 reticulate nonolith is then stacked beneath

| ar ge- pore honeyconb catal yst HC-1. In other words,

the first layer was HC-1, in direct contacts with feed
m xture and the second I|ayer was the reticulate ST-1
cat al ' i b D vol )

ot har Camparg (ERTeE! §f MR ERRF SoRdaRdn e Mameter
arghBOtdoinchdbickefastialy Sthbilized aircammunonaoiithf kadngriSxpanes per

! i ntaj hed as i n exagpl . There was no ,

R e T oA CRODY VS5taes |r CoBG P Rl vy ot Brasggpateshwith 20
FHopl;

T AP Righated MR DPHIWELNE 51 HERREH ThekaFto prepare

thetrheldl gatalysioliovdst Iabeleldyas (GHs 10l6yer Séell retiubate monolith is
onversi on i ncreased to 95% w t h,much [ r.s as
B8P okl oe A BESTE s hais s uerriaiveh Hiad. ePBEr dprcs,
tRetflist lH§eEwa 3 ML 1S imBREeS cdrRa&8 withided mb@uidhgnd s &idbnd
prepared sanples, as shown in the followng table. 20

layer Wasithe refieslatpS TO qatalysed catal yst Crush strength
Conv. selectivity selectivity HCG1 70% 80% 75% No
gray-color > 900 Ibs and strong HC-1 (upstream) o0 o

No graYes®hikturEcdhtamifg®4 Wslume % methane and 36 volume %
oxygen was passed through the reactor, as before. 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. Lower product
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.

Configurations CH, Cco H, Used catalyst Crush strength
Conv. | selectivity | selectivity

No gray-color

HC-1 70% 80% 75%
and strong

> 900 Ibs

HC-1 (upstream) HC-1: > 900 Ibs
followed by ST-1 | 95% | 94% 94% N:n%r i‘t’r'gr?"” ST-1 (fresh): ~ 300 Ibs
(downstream) 9 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
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foll owed by ST-1 95% 94% 94% and strong ST-1 (fresh):
(downstrean) ST-1 used : - 300 | bs As

- 300 | bs

shown above,

stable catalytic materi al

al t hough nore thernal

| ayer alone gives relatively poor reaction
is conbined with reticul ate

per f or mance.
catalyst (ST-1), it 1

tenperature was higher than the subsequent
the feed flow direction.
conversion in the first

i

fe?rﬁ&ér'é”td}@ WEARIGh8R®han @@T&%

m Xt ure contai ning 64 vol une

VWhen it

eSosth 5

and structurally
(HC-1) with as the first

6 effectively inproves both
carbon conversi on and syngas.jgCat al yst front

l ayer in
Nearly conplete 02
| ayer strongly supports our

r tenperature in the front du

% GYIvESHRD by %’rﬁ‘@éﬁh@ﬁfvﬁ')&t front

&tgcl)ul'%fg% e an (?2@8 Cﬁ?gl re%}loon

meadxyzgmpla\VasOpaeﬁwstdmnouge frrsttéayaaattcmgl;cemb;mrm ogr

Tderslaids

ot honst mbdlatf,

on|

y after reactio

NRE fiae due

mnesmﬁqow\@rsdmenh@ r@ﬁ%nﬂﬁ%k@a&?@ﬁp' e 2, corr

to a space velocity of

0

si gni fi cant deact i vation of

Ehhitar ity Exmef 24

000 per hour. Th
reaction perfor

wi th 92% carbon conversi on and 93% syngas
selectivity. The ke
r et i cOifaed miskise icontaiiagdddywelumecdnmethane and 86lvelume %

Gl 435 g SRA0 UL R0 PR SS, EGR o

mrlﬂy)aﬂ%%@c&%r%.% (Hinateaalieti HOMjebROSTHHE tbfél@ﬁﬁéuntof?@@d

Lbs front and very

differe

nce was that the

brittle ST-1 (Used): 10

nh%rf'nl@é%ptlon
espondi ng
ere was no
mance

onti nuous operation wth product
bout 900C and st abl e performance

bs

BRAWIS Was MY a8 dn sxampl®22ePHesRpNdingitq a@nace veIOCIty of
P5HBBDR P! Ph"Fad AB SIS deactivation of reaction

performance after 5 hours' of continuous operation with product temperature

of about 900°C and stable performance with 92% carbon conversion and

93% syngas selectivity. The key difference was that the reticulate monolith

catalyst became very brittle after use.

Configurations | CH, Cco H, Used catalyst Crush strength
Conv. | selectivity | selectivity
Gray color on the ST-1 (Fresh): ~ 300 Lbs
- 0, 0, [+)
ST-1 only 92% 95% 93% front and very brittle ST-1 (Used): 10 Ibs
Example 3

Low surface area (0.25 mz/g) Ya 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 AlL,O; pellet catalyst followed by 2™
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with 4% by wei ght of

| ong-termeffect on the
feed m xture containing natural
carbon to oxygen ratio of 1.73 was passed through the

reactor with catal yst

rhodi um net al .
mul ti-|ayer
gas and oxygen at 25 a

To co
conf

configuration of 1 St

npare the

iguration, a

| ayer of

0.4 inch thick Al 203 pellet catalyst foll owed by 2nd

17

in Exanple 2. The space

per hou

r,

| ayer of 1 inch length ST-1 nonolith catal yst as

vel otity (S.V.) was 150, 000

based on reticulate catalytic nonolith

only. This catal yst configuration remained in

conti nuous operation for 6 nonths.
I, QY o 4 t i0
I FEchaBe

chani ca

nBIifNEst

he reac

Ther e

pCo¥ H GOl aa gece

was no

e or 5

VeCsCitiyg(iSnV giweesd 180,0005ser HOWRNb&KY 6n rétisunatee4ehKtisA P liith

il ot e

| e appearance : _ /
QNS YEON TS TUENE G BDCAIRINICY SOTPBEretion darb

S < gon eB R Tof a0 Tl i etk

Ti ne

Conv. se

| ectivity

a3 ReliRENadls or

rodehanealeb@engix i eeaktdOodietsemdyratoee ae8lainmiféd a¢less

YR

zirconia reticulate-nonolith

s

[ti-layer configuration,
and 1 inch thick partially stabilized,
havi ng 45 pores per

one 10

i nch

inch, obtained from Vesuvius Hi-Tech Ceram cs, was
Rersingoat edci th a 2@ % ¢eri@Q thereafher || mpeegmaiesbpearance
W R 29 b{omei gheelertivitys | r $ptrsdtivitn et al t o jprepare the
[ clatalyst,| Tabeledjas —ol-10". Four [0 Tnch

i it cp S 111 net b k 2°K1208 hc?ﬁ(_gvconbs wi th
pames  si zgoaf 1/ 4"ggwer e|i npaegnat ed 2pht h [3%E¥n pBetIBAd ST-1

Hom—A-freet—i-xtte monolith are as strong as
10 days 91% 95% 94% 680 freshly prepared
6 weeks 90% 94% 94% 650
Example 4

To study the scale-up effect on the muiti-layer configuration, one 10

inch diameter and 1 inch thick partiaily 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,O3; 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/Al,O3 honeycombs, called 'HC-10, followedi 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




cont ai ni ng NG and oxygen at carbon to oxygen ratio of
1.85 was passed 20 through the reactor with catal yst
configuration of 1st |layer of three 1" thick Rh/A1203
honeyconbs, called 'HC 10", followed by a 2nd | ayer of
10 inch ST- 10 nonolith. The space velocity (S.V.) was
120, 000 per hour, based on the reticulate catalytic
nmonolith only. There was no significant deactivation

of reaction performance. THé reactor outl et

tenperature was mai ntained at [ ess 18 than 850C.

After 5 hours of continuous operation with nore than
95% carbon conversi on and around 95% CO and H2

tisH 860101 AfYer @ﬂﬁ@bﬁc@m&\tlﬁﬂguég t%TantHrﬁ%‘Pé kfidh 95% carbon
catal yst were all as strong as when they were freshly
CpRepraiandand @mﬁﬂcb%%tGG@CUHM,sei@waUgedemrabgand 10" ST-

AR SR SELE5H0 RSB B

95% 95% 93% No gray color ST-10 (Fresh): 300 I bs by
ST-10 reticulate and strong ST-10 (Used): 300 | bs

m

C()B%W@?'?sea QoH“It ﬁf)ctﬂl.t q"\? der Yte95atelvptal ¢ h&rush strength
subJ ect i nyefitTon FTEONEY | FYSYEd by the exanpl es set

rin _above. The [SCope of thrs hnventTomr 5 Thtended

HCH ho -
equi valent. 10 VWile this inventd®mo R&&d): >900 ibs
prséiﬁ;m?}éfo% i| b@8%wi |t h 96%s pectasto pa’P‘?Pé’pF%l?r esrbwl?nmn; 800 Ibs
g@&m) It is apgparent that nunerous "Other S0 oiUsanx300 Ibs
cat+ons—of—this—inventiontwill be obviogus to
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those skilled in the art. The appended cl ai ns and

LNl S 1SRN beILraeRabAL kit IO UL eLRNGBARMY KT iniGRVSY the

al.l  such obvious forns and i cati ons
exgmplas setdorth aboypi The saopke vbthiciopentidn tshiatgrdesigntinclude

chYgALion- LLOYD WSE

While this invention has been described with respect to particular
embodiments thereof, it is apparent that numerous other forms and
. modifications of this invention will be obvious to those skilled in the art. The
appended claims and this invention generally should be construed to cover all
such obvious forms and modifications which are within the true spirit and

scope of the present invention.




19 daim 1 . A nethod for the partial oxidation of

hydr ocarbons to produce hydrogen and carbon nDnOXidELOYD
by contacting with a m xture of a

hydr ocar bon-contai ning feed gas and an
oxygen-contai ning feed gas a catal yst conposition
conprising a first |ayer conpﬂ?sing a catalytically

WISE

active nmetal selected fromthe group consisting of

@ladmel , cobalt, iron, platinum palladium iridium

rhenium ruthenium rhodium osm um and conbi nations

t hereof dispersed on an inert carrier support and a

$econA rhathed fonther partinboxidatimuckllydrecalbocattalpyeduce hydrogen

consisting essentially of a transition netal selected, ..

and FAI0D HPBRYIBRYSFILRHNLWI qirpRdyre Qf@o'aHfPC?'ib&ﬁ':CO“tam'"g
L d BAld@EERBontdihifh48ed GBS A dHthlyEUESHAPbSIfbN comprisin

frélhegoqéugrjn£rr1| gsmxggn a%ncc;r_rlblbnati'gns ther()e/of squorted or? ?

afirstriayerstombrising arcpdaly icatiytadtive ongtabselasteddsrvdhe greup

Somsiting otiickslcboSalh oy hiatinARE pelpdprt SHpL WAL ©
HAhESIURETROGILAS dshiBmCasd cohbinhliBRStHdranf didpdrseeicemndn inert

| ayer. 2. The nethod as clainmed in claim1 wherein
cairiér suppoyaNdA s§canst laver eamarising & redused saetal ertatyst

[ OuUp,. consi st ' ' -
SERORSHTED o AT 808 SRS oy nEfp B ilting o
AlRkEN eobalt aton, iptatifueali pattadiim Thdiumetrhediuas, ratheinied, ihodium,
claiml wherein said catalytically active ngi?al is .
gepbLn ead mkigrhonstareel:aunported e i 3 siakie Kofdaftic metal

nai t 9/ . e 0 . i
SRE SR BF S slbpbe e 8 B i Sl s are
seviallyealighedrard sdiddirst lagdraip enarel stabledo tempetdturagriogxcess of
consi sting of honeycomb, sphere, pellet, ring,
WABBnHER ?a'géﬁﬁP%éTaygﬁd granule. 6. The nethod as
claimed in claim5 wherein said inert carrier support

is a nonolithic support having a honeyconb shape.
2. The method as claimed in claim 1 wherein said catalytically active metal

is selected from the group consisting of rhodium and nickel.

3. The method as claimed in claim 2 wherein said catalytically active metal
is rhodium.
4. 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.

5. The method as claimed in claim 1 where said inert carrier support has a
shape selected from the group consisting of honeycomb, sphere, pellet, ring,

wagonwheel, saddles, and granule.

6. The method as claimed in claim 5 wherein said inert carrier support is a

monolithic support having a honeycomb shape.



LLOYD WSE 20 7. The nethod as clainmed in claim®6

wherei n sai d honeyconb nonolithic support is nade from

a material selected fromthe group consisting of LLOYD WISE
alumna, nullite, zirconia, partially stabilized

zirconia, ceria, silica, silicon <carbide, silicon

nitride, silicon nitride ceran18 alum numnitride,

boron nitride, alumnosilicate, nagnesium

%u uni Fess Metbed as claimesipiciaii & whereifsgit Bpa@ycomb
Hmltﬂﬂzséddﬂ‘;o?f %%pﬁa‘éﬁ' r%'rr*‘glnﬁ‘é’t%héf %&edQ%%ﬁgHﬂﬁﬁc&{smtmg

dfas claimed in clai
@f’aaldmm enuléfe, zscsmhepamdlly stailizedezirgooiap cenasslhd;a rsgjucon
of al unj na or part. abilized 2| r.coni

GRcbiisa SGoe P e Gpn. Figide SeraRE e MU TiFge; boron nitide
QIE h@%hc%‘ﬂ@prﬂ%gngﬁﬁm SuRtihdA6&iteE eRcothbRBdh df rﬁaérﬂesmm

he nethod as claimed in claim1
alherieosilicdes and @huminosiicate, @antdedixturesnof thesegr oup
consi sting of a ceram c foam nonolith, a honeyconb
monolith, and a netal nonolith. 11. The nethod as

gl ai mpge Hbtﬁbé"a@clé]m@aeihﬁlélnﬁ'ﬂwﬂ\e‘ﬁéhhwd maie64llis 8elected from
washcoated on partially stabilized zirconia nonolith

thergroup congistimpof aurnioa aipaciiallyratabilized FEEenial wherein

sai d ceria-washcoated partially stabilized zirconia
nmonol i th support contains about 5%to about 30% ceria

®y weT&imetAdd ashshaimridiactia@im ¢hhiereid daid iHeri cartier support has
wherein said transition netal is. selected fromthe
geudpce area of abeptdt- 1 tnabruhp0-Rinei@l and a mi xture of

rhodi um and nickel. 14. The nmethod as clainmed in

claim1l wherein said transition netal is about 2 to

#bout THe pethedtasiplaimadgintclaim $ avheéreinrsaid shppaen pselected from

t%%%¥QUWC%ES|s%%g of a ceramic foam monolith, a honeycomb monolith, and a

metal monolith.

11.  The method as claimed in claim 10 wherein said support is ceria

washcoated on partially stabilized zirconia monolith support.

12.  The method as claimed in claim 11 wherein said ceria-washcoated
partially stabilized zirconia monolith support contains about 5% to about 30%

ceria by weight.

13.  The method as claimed in claim 1 wherein said transition metal is
selected from the group consisting of rhodium, nickel and a mixture of rhodium

and nickel.

14. The method as claimed in claim 1 wherein said transition metal is about

2 to about 4 percent by weight of said monolith support.



15. The nethod as clainmed in claim1 wherein said

stable inorganic netal oxide is selected fromthe

group of oxides conprising one or nore cations LLOYD wiSE
selected fromgroups IA I1A IIIA and | VA of the

Periodic Table of the Elenents, the transition netals

and mixtures of these. 16. The drethod as claimed in

claim 15 wherein said cation is selected from the

% oupTeemathed ag caimesinclaig 1 whenein saitheiakig ierganic metal
%@g%&&%@%dn&ﬁf{ @Iﬁ of@fgfe\l;\é;qer ;955&@%@@ -or hore'&tions

od as al ned ern s cation 1s
selectad fidn gT@la;)srt# Htﬁd IHA anlddMieof the Rermidic Tablkecofdhe Elements,

aid inorganic nmetal. oxide_ s about 5 to about 30
%@rﬁ%ﬁ"%”\ﬁé@'@ﬁlﬂddﬂxﬁg?ﬁ% Sth support. 19. The
met hod as clained in claim215 wherein said stable
i norganic metal oxide conprises an additional

$6.abi The mejhag@ustclaam@tme;dialm bormiheseigrsaigh caltarnisi saleetgd from

B 08 B BHA i ol SRy B pfym am

Rixtoretsrapesent of said support. 20. The nethod as
claimed in claim®6 wherein said ceranmic foamnonolith
support is made froma nmaterial selected fromthe

g7 oupT %Er?ét g%@léz? H?édﬂw didim 1§WHe'rélﬁ saﬂi EQQ(?H %;ﬁ:c?ricadn,

partia Zl rconi a,
carbide, silicon nitride, S|I|con nltrlde cerani c,
al um num ni Frlde boron. nitri silicate

Wagneshemeihadiassdaim mevéamﬁm%ﬁwaaa@moasa%gﬂ%@. | gipe is
abANSRSEB AP RBA b W &% LhiCRbRolIAHoK ur es of

nmet hod as aimed in claim vvhereln
said material is selected fromthe group consi sting

98, P35t bR Bl P T B s S e meca
bRaeé lcofipftisek drradditiondlistaiRye Eg ag@ﬁt gélettedStorAnke gfoup
sai d second layer. LLOYD WS 23. The nethod as

conrgisting ofanPaidmof alkalineer rasnpati Pxigeatheaseby yihibiting jhe

sintering of washcoat during reaction or pretreatment of said support.

20. The method as claimed in claim 6 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.

21. The method as claimed in claim 20 wherein said material is selected

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

22. The method as claimed in claim 1 comprising at least one of said first

layer and at least one of said second layer.



i nactive substrate between said first |layer and said

second layer. 24. The nmethod as clainmed in claiml
wherein said feed gas is at a pressure between about LLOYD WISE
1 to about 20 at nospheres. 25. The nethod as cl ai ned

in claiml wherein said feed gas has a standard gas

hourly space velocity of about %5, 000 to about 500, 000

er hour. 26. The nethod as clained in claim1 wherein

i d Themeaihed paslaimediaglaim,tfusthancogpriging a catalytically

RGeSt bEhig A koM ordnd 38 TR, |

preheated to a tenperature of about 10 to about 450C

28. The net Jaimed in claiml furth _
Hormpr 167 Mip R0 PRG ATESn ALY IR BRUIe5 9o istgu pessure
éﬁggegasbéfmttu%quggo a'[nﬁ,spﬁé,@gd as clainmed in claim1

ein during said partial oxidation said first
| ayer maintains its crush strength. 30. The nethod as

ﬁ}? al n:ﬁc]i? '51;}_:&6!)3 I§r5nr9i Imn%%glgg:gaé%]h? w%%‘#éiﬂ Ssatlci Fercle%t gl?as(? F\ag %is%ndard

T st
gas hourly space velocity of about 5,000 to about 500,000 per hour.

26. The method as claimed in claim 1 wherein said feed gas has a linear

velocity of about 0.2 to about 50.0 meters per second.

27. The method as claimed in claim 1 wherein said feed gas mixture is

preheated to a temperature of about 10 to about 450°C.

28. The method as claimed in claim 1 further comprising adding steam

and/or carbon dioxide to said feed gas mixture.

29. The method as claimed in claim 1 wherein during said partial oxidation

said first layer maintains its crush strength.

30. The method as claimed in claim 1 wherein the crush strength of said first

layer is not exceeded.



