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a continuation of and clainms priority to and benefit

from currently pending, U S Patent Application

Serial Nunber 10/888, 645, filed on 09 July 2004.
Background of the Invention Field of Invention This
invention relates to highly active catal ysts useful

for syngas generation, and nore particularly to

pronoted cal ci um al um nate supported catal ysts,
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consisting o ani um I‘rconiuny 'y

el ements of the | anthanunseries, such as, w thout
limtation, |anthanum cerium praseodym um
neodym um pronet hi um samarium europi um gadol i ni um

ytterbi um and conbi nati ons thereof. The catal yst

conprises an active netal selected fromthe group
consi sting of nickel, cobalt, rhodium ruthenium
pl ati num pal | adi um iridium and conbi nati ons thereof.

The catalyst is highly active, stable and resistant to

coki ng when used in produci ng synthesis gas,
especially low H2/ CO synthesis gas. A process of
manuf acture of the catal ysts and a process of use of

the catalysts are al so disclosed. Background Art

Production of synthesis gas or syngas (various bl ends
of gases generally conprising hydrogen and carbon
nonoxi de) is an inportant process step in the
manuf act ure of numerous chem cals, such as anmoni a and
methanol. It is also useful in nunmerous other
comerci al and devel opnental processes, such as iron

ore reduction, Fischer-Trops hesi s and ot her
gas-toliquid pr oc(g'g?gg".i‘er%g?clg‘fﬁ%/%p ¥8% plants
produce. the synga team refarnm.ng of . lLi.ght. .

P oo s a8 AP oo R b BRI b il iy o and

GRATR BLY, DA Berdl COS” AlidnPa peRESSH s&lPQuriser 10/888,645, filed on 09

July 2004,

Background of the Invention
Field of Invention

This invention relates to highly active catalysts useful for syngas generation, and more
particularly to promoted calcium-aluminate supported catalysts, wherein the promoter is selected
from the group consisting of titanium, zirconium, yttrium, niobium, elements of the lanthanum-
series, such as, without limitation, lanthanum, cerium, praseodymium, neodymium, promethium,
samarium, europium, gadolinium, ytterbium and combinations thereof. The catalyst comprises an

active metal selected from the group consisting of nickel, cobalt, rhodium, ruthenium, platinum,



Typically, these plants enploy a supported nicke
catal yst, usually nickel on an al pha-al um na support

w@rooaioedeed on a pronot ed-al um na support. HoOweRET/USH05/022099
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problemthat often occurs with reformng reactions is
an enhanced |i kel i hood of coking or carbon formation
on the catal ysts. Several solutions have been Pro pose
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of H20 generates nore H2 via the water-gas-shift
reaction. However this solution is not suitable for
applications where a low H2/CO ratio syngas is
required, such as for the gas-to-liquid processes.
Anot her process for |im tBaskgromxdodrt f or mati on on

ni ckel catalysts during reforning reactions utilizes

IR I H IR R T L -
th %n %& kagt%onsinoglg)gi(\ilains #hi%g%?an? 1¥>§es %ep in O%gn% asctuae of numerous

re aln |C|en

S' e%ﬁca'is SLQE ad! dﬁka afn@ qneﬁ\‘x ag 15’02{15%% ll if? ﬂurgetrods %ﬁ{%{ commermal and
I S

CO ratios. The anmount o sulfur t present

t t(‘l@veﬁo@ﬁgntacltpfo%@E@s r§H§l1t as8n 6R rr&ﬁﬂ:’tto'n}’F 1&9&I'Irr$séhesgntﬁéglstammer gas-to-
the catalyst retains sufficient activity f

I Qi@ IPkddEksds© Addnk QR theaibal BBNP HRARS IhOyheR bp %ﬂh&h rraanﬁlg of light
substantial quantity of catalyst in the bed. Further,

| hy&bdaftiafis, uSualdy R@irg @as, b thel MBSt doMAONIE BhsAdnSICD rall§ ldrgdr than 3.
Fi scher-Tropsch synthesis processes, the sulfur nust

b&ypieatpy theke pihi remploy aGagpottédaniede] GHeNVIS Lsv@idmickthen eroXphagilumina
risk may be reduced by nodifying the catalyst

f ouppait at nickal onfagroneiediaimingna sighpit. Pat ent No. 5, 753, 143
proposes the use of a noble netal catalyst. It is well
known t hat nobl e netal catalysts have hlgher coke

f or mat FBACYFREPOPERLE epsEd ithgeleaHarh oA ansefﬂ@awp likelihood
REEUTRa fﬁé’g‘%??rﬁaaﬁ%ac{naﬁi G vl PR Fpgropied o addrss
BRI i B 5 B B e
applied in applications where H, is the target product and CO is only a lower value by-product,
such as in ammonium synthesis or hydrogen production. The excess of H,O generates more H,
via the water-gas-shift reaction. However this solution is not suitable for applications where a

low H,/CO ratio syngas is required, such as for the gas-to-liquid processes.

Another process for limiting carbon formation on nickel catalysts during reforming
reactions utilizes sulfur in the feed stream. In this process — referred to as passivation — sulfur
poisons some, but not all, of the nickel sites on the catalyst and produces a reforming catalyst

which retains sufficient active sites to be useful for syngas production at lower H,/CO ratios.



Mori oka has addressed the coking problemby the use of
hi gh di spersion of netal species over the surface of

w0 b@soatosd yst, such as various types of doubl ePCT/US2005/022099
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hydr oxi de catal ysts. U S. Patent No. 4,530,918 teaches
a ni ckel on alum na catalyst with a | ant hanum

| 8% SR A ol éa%?%'f@ T ek E{r%%l?n% B 0 cProled so ht
h

ca %Y i%ﬁtgnr_sgs&ﬁcpe { aﬁ%wg;a{gf ﬁqe r&d nrlr}gprea aﬁégmetpéocgﬁ Oogtan feaulres a

\?ogtg}é tlaf Illgl chaﬁagfsﬂl] M’l%tbgd %Qrtl'{ete %ﬁﬁur(}sa{ é:o n fo? rdE%Hrcgaﬁi catalysts,

cause oten gratio
t R SeRRLI Grdo hk%ufur ab &&@ SELH travel
.%%‘gﬁfﬁé %’&ﬁfg?*eaﬁn%ple%at ot S L O A SR JEE e
adeketditan steamreformng catal ysts to suppress car bon
formation, but nmagnesia pronoted catalysts are hard to

QidSCSF o B %ﬂ%%iﬁd“‘:ggﬂ g %’wﬁ?hprna‘ample,

IPXt%ﬁt aSQ' 75lgq%]¥)r%$oags%§esufsg c()]x] ayno an}e aFca't':We{ CIL,HwelYk:nown that noble

er co ies nce an per nce

C m%a?a sIs a‘yehﬁe h?lJ ogp@foﬁlhaldﬁﬂ &1@5 chr%)?{l d H)aC% \%ﬁl‘?&al steam reforming

reported. Ut C crumric CI um mna In

Stcﬁamtsrtﬁ;tqremmmg@ﬁlaéemt u@geenomgfmegﬁéak RRLA 'af%&a én?w especially
it e

hey” can hydrate readily and damage the |ntegr|
t Rth GRS ﬁﬁ%éstiualﬂﬁ}t B?Eﬁalys%%&th? lconv@ftiohally K@Y fof thtﬁ" bt reaction.
cal cium al um nate based catal ysts need to be treaF
t 0icRibkdHah ddeessea e cokifeprdblmOu it usdd bl g i spetioh &M&%emes over the
such as 12Ca0*7Al 23 and3CaQAl 233, and the
akurfach ofmhe icaklyphases, vagoshy@s ofCadble 1REBxidCaidRAl A0S, Patent No.
and CaO'6Al 2C3, need to be stabilized before nickel
I APB&YiRatacien a nidkdh bigdhenincatatyistnveith admthaeuwp eddéitvelr e can
force the calciumalumnates to be transfornmed to the

al um n@@ﬁv@ﬁtﬁ)nal @t@ﬁﬁ'?eﬁ)ngﬁié n@lke‘f"&l eﬁ@ﬁ%ﬁmﬁ&é fal@l?ﬁs ﬁéﬁkﬁﬁdqudltlves to
that is not desirable for nost catal ytic applications.

A eR{aA¥BAET pdrdAtanéetdnii td felc8 $heQokil PRBlet N Q«"opgél%ﬁle alkali compounds
transformati on process of calciumalum nates will nake

t Ry Gatadldedsh siEhh Qefbrinfdy @talys® oRddhde @FYdn Gartnationt bue Bbdaivse of their
A phase transfer facilitator would result in the nore
Stpatbitial mipghtiah dufingUigh terapeedture gloCdssifg ek @IKalh aieRls RARSESrsely impact
with

downstream operations. Magnesia has also been added to steam reforming catalysts to suppress

carbon formation, but magnesia promoted catalysts are hard to reduce and maintain in a reduced

state.

Calcium oxide as a promoter to the nickel on alumina steam reforming catalyst has been
successfully used commercially. Better coking resistance and overall performance compared to
the alpha-alumina catalyst has been reported. But calcium-rich calcium aluminates in a steam
reforming catalyst are not desirable because they can hydrate readily and damage the integrity of
the catalyst pellets. Further, as is known in the art, calcium aluminate based catalysts need to be

treated to eliminate calcium-rich calcium aluminate phases, such as 12CaQ+7AlLO; and



m nimzed surface sintering while a phase transfer
st opper woul d stabilize the cal cium al um nates at

W@bkwwione8s | eaner phases. Thus, there is still BCTES05/022099
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for nore active, nore coking-resistant, and nore
stable ) catalysts for syngas generation, especially

oA RE ARk, LSS RGBT, SXPISR I Reowno,
Tne%dm\é@easﬂi&ag&s}e%cﬁé nhlgfg%atm,,ghl y active, more coking

resistant, and nore stabl® catal yst useful for syngas
generation, and nore particularly to a pronoted

cal ci umhizharrhlniastion Sanypatiteadn Cadeathy Gl ciunvhlem@htss to Ibe transformed to
pronoter is selected fromtitanium zirconium

y the pluoimumerich lphaser buehlenende surGite $ifteridgaint vanotidasisablel fersmost catalytic
such as, wthout limtation, |anthanum cerium
prrREeatiolp i A Riomated thpinfacilitatep provtaps iewnimse Smnedioringtinn process of calcium
eur opi um _gadol i nium ytterbi umand conbi nati ons

t Hepsges WihiakgHbe eqtalyst imorecsiabld (rermally) prchestalydisatiyr i 4 ebasarransfer
actjve nmetal selected fromnickel, cobalt, rhodium

r EReiEeter oHetld meshlt dyithe morepTtakle) dath puminuricher calgiym aluminate phases with
combi natigns thereof. The catalyst is used.in syngas .
BB P B e R o B EOYBARP Ty op e e i HEUebinates
pr og‘%‘ci ng | ow,H2/ CO rati o syngas, such as when the

HE BB PEE PE BI&ES t han 2. 3. The catal yst conprises a

cal cium al um nate support pronoted with from about

0. 01 wklos.ttherabosiill 33eed Gor toiara AGtiven) more reolong-1gsistangt andj mgrp stable
ni obi urrt]) el ements of the |anthanumseries, such as,

wrathstst o syRzae gplpe{ﬂﬁlpnde&}??@lﬁ%}h@ﬁfhemqeﬁ?ﬁ that directly produce syngas with
praseodym um neodym um pronethi um samarium
eH?SﬁF%‘ﬁllesb@Hbq'?'ni um ytterbium and conbinations

thereof, and from about 0.05 wt % to about 30 wm %

ni ckel , cobalt, rhodium ruthenium palladium

platinum iridiumand conbinations thereof. The

support conprises from about 25 wt% to about 98 wt %

al uni na and from aboutS"B™mryafdhelavenioit 35 wt % cal ci um

oxi de , wherein the calciumoxide is conbined with the

al um npyetQehiRn TG tQial'HiEhﬁJ édmepﬁ&%%oking resistant, and more stable catalyst

useful for syngas generation, and more particularly to a promoted calcium-aluminate supported
catalyst, wherein the promoter is selected from titanium, zirconium, yttrium, niobium, elements
of the lanthanum-series, such as, without limitation, lanthanum, cerium, praseodymium,
neodymium, promethium, samarium, europium, gadolinium, ytterbium and combinations thereof,
and wherein the catalyst further comprises an active metal selected from nickel, cobalt, rhodium,
ruthenium, palladium, platinum, iridium and combinations thereof. The catalyst is used in syngas
generation processes, and especially for the processes producing low H,/CO ratio syngas, such as
when the Hy/CO ratio less than 2.3. The catalyst comprises a calcium-aluminate support
promoted with from about 0.01 wt% to about 35 wit% titanium, zirconium, yttrium, niobium,

elements of the lanthanum-series, such as, without limitation, lanthanum, cerium, praseodymium,



The invention further conprises a process for the
production of the pronoted cal ci unal um nate supported

WO efoenidsy) catal ysts for use in syngas gener at PONUS2005/022099
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processes, and especially for the processes producing

|l ow H2/ CO rati o syngas, such as when the H2/CO ratio

l ess than 2.3. The production process conprises

c m@@yrnlmgar%ﬂaw ﬁ%ﬁ%mﬁm gadglipjuny, yierbigm Anfl 69pligations thereof,
pronot er m xture, forn1ﬂ€ the m xture

i ﬁ‘tdgfr%m day P&B: V&‘V‘s Waitbeut 4 Bh nifgely ﬁ‘g’alf ode s Fskeniyn palladium,
WB{?%’?‘;?@%@ U 90 e ST RO St ?O\?%ﬁ o abou
ng’ﬁ g‘—\ﬂx atnﬁ %é%ugp Ss\fg?q gt%Ptai{Slvg% cafge Cog}dg Xrﬁeremt e calcium

C%m‘d" QL4 1ne Gith 0 1%%%? Cllf Bl ol {Mngké%esf orm the
rono e e

C|una um nat'e suppor catal yst. The

pronDter nay be added, without limtation, with the
cal ci umheGivelifon fofthe tontphigestal pigee@fforataé bM&wﬁM & the promoted calcium-
addition, or after heat treatnent. Detailed
Delaminiate tsiypgartadf refoinéing cavabystsi fomuse e sypgas gemetatibm yrecesseq rand 8specially
a highly active, nore coking resistant, and nore
s fathegraadse| pysincifigow FE€0 mticyngia sudien ehet thoH,/CO ratio less than 2.3.
processes, and especially for the processes producing
| dhe PEdvODNPaIcEss cyymistseginbinigz an alumjntm epspaindand healdypy @@e with a
ratio is |ess than 2.3. The catal yst is a pronoted
c arogiotgprioaformriariaikiares fispine teegmixgreyinfest desitphly giape, fiysling the formed
pronoter is selected fromtitanium zirconium
y TR it pipash calefing the feamed. fome prodych pftareiprRsrmiuse frpma about 900°C to
such as, without limtation, |anthanum cerium
p abpyib b7(99 1At fﬁrm ﬁ@@gtﬁlmt @szurﬁgr,dﬁ&gqegﬂam thescgﬁgllsq paemlrsor with a metal salt
europi um_gadolinium, ytterbium and conbi nati ons
t Fptss anda?%ul ngawt ealgining, dhe dmprggnpief maipriehior fopm sy mrgrg@edawlcm-
actiye metal selecte fron1the consi st.i
n |a’é‘R’\é1*‘te SeRpeEgdieataly o Jgﬁ ROt AT Li’ﬁ?e%p‘é{‘l"‘}%to‘?snﬁfﬁggn with the calcium

at.i nu I.ridj and L hat i ereof . The
Cabith Lt fLsel e ORe AR ot B e BFHEPhb i gher
BET surface area and netal specific surface area and a
greater pore volunme than conventiona
al pha- al um nasupported catalysts and is nore stable
t han conventional cal ci um al um nate supported
catal ysts such as Detied Dseriptiopof thewentianonal syngas
generation reactions.

The present invention is a highly active, more coking resistant, and more stable catalyst
for use in syngas generation processes, and especially for the processes producing low H,/CO
ratio synthesis gas, such as when the Hy/CO ratio is less than 2.3. The catalyst is a promoted
calcium-aluminate supported catalyst, wherein the promoter is selected from titanium, zirconium,
yttrium, niobium, elements of the lanthanum-series, such as, without limitation, lanthanum,
cerium, praseodymium, neodymium, promethium, samarium, europium, gadolinium, ytterbium
and combinations thereof, and wherein the catalyst further comprises an active metal selected

from the group consisting of nickel, cobalt, rhodium, ruthenium, palladium, platinum, iridium and



The precursor for the catalyst of the invention is
prepared by conbining a cal ci um conpound and an

W@bkwaioness conpound with a pronoter. An exenpl aPgT/US2005/022099
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conposition of the precursor conprises fromabout 0.5

W% to about 35 wt % cal cium and nmore preferably from
about 2 wt%to about 20 wt% preferably in the form of
cmmbingtionotherdel. dhe esdlist efrhcinyaniondtoe s cansiderhlp highas SET syiface area
wt % to about 98 wt % of an al um num oxi de, wherei n ahn

e ripstah FRECHis rf'ﬁ‘ZS%CP tarea r"im‘?:ér%“raFeé are Yolys Hhan oRYeRHiage! "alpha-atumina-
cal ci um al um n(g aI cium.co und used as % I
pRBROLPS EaLSTS a8 fsemaﬁftﬁ el ata&@vm?na o SgppprFd catalysts
cal.ci um car na e, n%{c um oxi forms of cal ci um

B B el S R el o f x| dbg.

pref erably cal ci um oxi de, cal ci um hydroxi des, and
cal Ci Uffk ghddfisabethe ARBstATURNM INERLEH '@M@dbﬁe&n@ﬁnﬂg@calclm
precursor of alum numincludes but is not [imted to
adoppbud Mn@%h ARmirdnUdBmpouid Ryih O lofle@r. Ah RNy Bérligositien of the
any forns of calciumalum nates, and any organic forns
Oprecakstntofipiizes filoff ow@ ol sywad twrabbutrds oxvdaicivig i more preferably from
al um nat es, and al um num hydr oxi des. Conbined with the
adbigii 2nuta ta alsbut 20l vetb/4,l pre ey duithel Sor o datchum @xdiisiot calkild alwhidgtes and
to about 35 wt % of a pronoter conpound, and nore
phreh ebaab?Sywits Drabath 681wt% ofl anstl@hinum etideu Whe2gin @ ggemplary composition
wherei n an exenpl ary conposition conprises the oxide
ofontprises plpkamluming worFigmalugpineies. e caligbicompouad @ﬁ%ﬁt@ Rgeursor of
the | ant hanum series, such as, without limtatio

| eptrivim inghagles bt is gl hr)aﬁeg%mm &q:ﬂ)onﬁté,dabzw e, any forms of calcium
pronet hi u samarium europiu dol i tterbjum
aflBmiagE| Gisivo firaten apd gplciumy, éyrgﬁexgdgar wpfera %é oxide, ' calcium

py oot er conpound i ncl ude is _not Ilmte
Z et rﬂnﬁ&’glm% fumingtes, C?)rll? 8omp83rr Pi‘j o e precursor of
z|.rconat.e

LI . .
o?(ll'“a‘élum)}{ld[l'ﬂz ij Cgllgtngg}%nte({ F t ?ﬁﬁmm Eg? I%ﬁ%l elnu htyer)ElElers,l %ﬂmmnum
gc]e nym oXI dgf c mn; IaHl Al bj tdr aﬁﬁl fdgﬁso&(f‘ Qﬁﬁmum preferably

an’l U rOXI CI um t trtani um nmet

anXle[ng%ﬁhg %18{1&1 mtclﬂest %ﬂi H’lﬂ[@’af&ﬁes ni obi um oxi des

any organi ¢ formof nid m conpound, and nitrates,

oxi des, carbonates, hydroxi des ofthe | ant hanum group,

such aSorhtaet wath e ahaaiinlen andaatciarcanpduydirio &b @bout 0.01 wt% to about

| ant hanum car bonat e,
35 wt% of a promoter compound, and more preferably from about 0.1 wt% to about 25 wt%, ,
wherein an exemplary composition comprises the oxide of titanium, zirconium, yttrium, niobium,
elements of the lanthanum-series, such as, without limitation, lanthanum, cerium, praseodymium,
neodymium, promethium, samarium, europium, gadolinium, ytterbium and combinations thereof.
The precursor of the promoter compound includes but is not limited to zirconium hydroxide,
zirconium oxide, calcium zirconate, zirconium nitrate, zirconium metal, yttrium oxide, yttrium
nitrate, yttrium carbonate, yttrium aluminum oxide, yttrium carbide, titanium oxides, titanium

hydroxide, calcium titanate, titanium metal, any organic form of titanium compound, niobium

oxides, any organic form of niobium compound, and nitrates, oxides, carbonates, hydroxides of



| ant hanum nitrate, cerium oxides, cerium hydroxide,
cerium carbonate, ceriumnitrate, praseodym um oxi de,

WQ@e@se0dy3i um nitrate, neodym umnitrate, neodpei/u82005/022099
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oxi de, pronmethium samariumnitrate, samarium oxide,
europiumnitrate, europium oxide, gadoliniumnitrate,
gadol i ni um oxi de, and tterblu nitrate. The pronoter
chaprstharen gwep,asaa*baﬁ {aat e Wg]ay@fnuﬂw ﬁnthanum carbonate,
limtatiopn, h the, cal ci.um_c ound, . or a
okHirERe R cETigh, X AT AERREY G R borpfrg ool nae,

precu sor %er al . is fa uch t ha cal ci

CRORE SO TRt REC PO RN BORpBaRa-Hg pometium
f%%]ﬁ% mt S s%%%igulﬂ}u r(%lg)euiaoglﬁg} gi]e,c Caélﬁ}gt dx?dgs gad%Hrﬁ!ﬁn nitrate,

wer

Y0 e AR, 2y PO f 00 0 o
ic}a?hxﬂftdtlloh Z & thd OHEWS EompdluRl 6F ﬁhﬂle)’blmﬁbf"rﬁlkﬁpﬁﬁftlbﬁ h')r after heat
cium al umi nates are used, such as CaO‘Al 2

Zééa%@ﬁt. CaOr6Al 203, and no free cal ci um oxi de or
calciumrich cal cium al um nates, such as 12CaC*7Al 208,

and 3CaO Al 2G3, should be detectable in the precursor

by x- rEye pekicfufsoranstariohis &fmed supthiatfthy epteltmoepmppundtigcombined with the
catal yst. The precursor is formed by conventi onal

prloiadn r‘-‘é@POUAém & varieus cpalgiym qnid edunpuny eeribinaipngnfugly as hibonite
and/ or al um num hydroxi de and a pronDter conpound_are

M GaOD AN Aecaptbsr GRP I GHHRgtce sEbvfS 20 ?ééqoel %&%@Cao"’“zoa’
and/ or cal ci um hyd The .m xt ur en_bl en

P SNt o A SIS TGRS el P dLliefh o By S| bl
are then formed jnto an si r.abl

¢ e ﬁfﬂﬁw& BT ﬁ%%lgﬁf%@%ﬁs 1 I gkOs and
an extru ranul es usin . an
eR? ar;i:/l acl’)f)lee % Ctal?mm?rﬁ% s i &1%1 n%feg %fc@y ﬁg‘a{) A0 and
t f .
SR AR gy o
t@vﬁélfs'is are then treat ed in a reactor under steam
pressure up to 150 psig for about 4 to 24 hours. After

steam ng, the tablets
The precursor is formed by conventional procedures. Appropriate quantities of solid

alumina and/or aluminum hydroxide and a promoter compound are mixed with calcium aluminate
cement, calcium oxide and/or calcium hydroxide. The mixture is then blended with graphite and
water to form granules. The granules are then formed into any desirable shape, such as tablets
using a tabletting machine, extrusions using an extruder, and small granules using a granulator.
An exemplary shape, without limitation, is a cylindrical tablet with one or multiple holes, for
example, five to ten holes extending through each tablet. The formed tablets are then treated in a
reactor under steam pressure up to 150 psig for about 4 to 24 hours. After steaming, the tablets
are calcined to a temperature of from about 250°C to about 1700°C for from about 6 hours to
about 36 hours to remove moisture, to develop ceramic bonds, and to form the calcium

aluminates through solid state reactions. The calcination can be performed in one step or multiple



are calcined to a tenperature of from about 25Q0C to
about 17000C for from about 6 hours to about 36 hours

W 200680098 noi sture, to devel op ceram ¢ bonds, P@ntis1005/022099
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formthe cal cium alum nates through solid state

reactions. The cal cination can be perforned in one

step or nultiplesteps without |imtation. The

r gtens Mithow liigation.(Fhe arsulfing el wingte precupsqihag aiEF surface area of at

surface area of at |east about 1.5 n®/ and a

v 5psth ARout ln%laé% PBY2 Bye KRlwesy F‘ﬁasbféﬁll@t MEEYrY %enetaﬁm%uof ?té%?é& about 0.30

about 0.30 cc/g. After the cal cium alum nate precursor
frial is formed, active nmetal is |oaded onto the

precursor by inpregnation of the precursor material

W th aAf't.@Hﬁ|cal§1§}'ntahﬁ'ﬁﬂa¥étﬂr&ﬂmormg‘eﬁ§ﬂ 9ok, £RVAhetfAd fbaded onto the
selected from but not lTimted to, ni ckel nitrate,

n bl@lﬁﬁgor Eﬁh@fbg@fa@n oﬁ@@ﬁ’:&usﬂﬂ Iﬁaf’céiiaﬁwn}f?é)lbébltsalﬁﬁildﬁﬁﬁl 3herein the metal
cobalt amonium tetranitrodi anm ne, any acid and/ or

WaditglE s@éeted Fomh, Toar kot Gfnited @anicke! Gaa) dickeDergoAel , cobaltynitrate, cobalt
acid and/ or water soluble of rhodium ruthenium

p édrboaste, Leabaltpinadonintntetraaddiadinile, iy eddialon dater Sofuble form of organic
precursor may be inpregnated by any neans known in the
acdbalt Eampoandamylaeid andie watrcemlublof rhodinmiyetheniwme pelédivimplatinum, and
metal salt solution, such as nickel nitrate, and then
diridgeh eampoersls.cTheeecatsorameyebrpisipeegated fyr anph redepruknoyB do the art, for
to about 65C0C for from about 1 hour to about 5 hours.
Tramplepthe giaeariob pangre dpmergey HbémP“élpﬁé]é?(é‘H‘OH’rﬁP‘fh astojpkelmifaffend then
nmetal | oading level is reached. For a refo

c Stieg) apd ealcmq@l@t P SEBRRRRERR FhovtS 01 Py G%thﬂé%m about 1 hour to
precursor is fromabout 0.05 wt %t abo t 30 W%

T N L b Tea R e Bl ot ovel i

il Jr%feg%%l?%%%@fy‘%ﬂﬁ% 5o Mo jptoR Ml sfiurlls 1 frgp ebout
f t di l

R0 W O BTy B P, P BB et n
t P@naﬁra%@;bﬁraﬁmﬁ%%sm 1§ Qéoﬁwwl s&pil rgcgs PR eﬁ?abﬁrqmp%%ﬁt(ﬁl Wi% to

‘e catal e catf

SURSE AWibtol r}{ocluﬁﬁ gﬁﬁen%ﬁl-rpﬁlg&ﬁlﬁ %tl%n? FriditHe Erﬁl coﬁﬁﬁ'&ioﬁé thereof,

surface area, and pore vol une t an a correspon |ng

conventi onal al pha-al um na-supported catal ysts. For

exanpl Becatshef B presencé atthe aromatersfand the cgeiommtugdnate as components of

cal ci um al um nate supported
the catalyst support, the catalyst has a substantially larger BET surface area, metal specific
surface area, and pore volume than a corresponding conventional alpha-alumina-supported
catalysts. For example, the BET surface area of the promoted calcium-aluminate supported
nickel catalyst is at least about 4 m?/g, and preferably larger than about 6 m*/g with an upper limit
of about 30 m*g. The nickel specific surface area on the catalyst, measured by hydrogen
chemisorption at room temperature, is greater than about 2 m”/g and preferably greater than 4
m%/g. In addition, the pore volume of the promoted-calcium-aluminate supported nickel catalyst

is greater than about 0.2 cc/g, whereas the typical pore volume for conventional art nickel on

alpha-alumina catalysts is only about 0.08 to 0.15 cc/g. These physical characteristics will vary



ni ckel catalyst is at |east about 4 nR/g, and
preferably larger than about 6 n2/g with an upper

wo 2006016983 about 30 nR/g. The nickel specific sSBCT/HEHSM05/022099
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area on the catal yst, nmeasured by hydrogen
chem sorption at roomtenperature, is greater than

gglgg\{'qa%c}?ggtéﬁg %ggpp glrog{g’f%a %gll a)étfvgetrnre?gltl gsred t I*ho? re]:xampﬁrej,2 if Qhodlum is used in

e {u%gﬁ’%%'s%%"a%?%?e@/p DSl MBS PAYRS o
g;lg%ﬁg\{sngt eﬁftr?g &i?rtgdl 1? gre%‘ﬁasv a&%as‘t: kboat %gmzl%. Bhe qultlon of the
C C 'te 8 to?ﬁcé th?r% Saftersatki?qé}a%r 1%}81 §1t10§ {)tl tﬁesﬁnveﬂ éa ally\éf’atr) Xgﬁf@“f%@a%le and

ing on the pro use

gﬁ?ﬁ? rBoturt For Elléoééhéﬂ%{foh Bf %E&g kD & i aF tfl)ef pr&h&cg@ Imay M i improve

urface area t he “pronot ed cium al um nat e

SHOBEF §u@l§ceram%&‘lﬂét§1@ﬁsﬁér¥§ﬁ orl the @lalyk@RE. ﬁ@@é{ﬁlﬁsl b&lyh&te stable
and 1s preferably at [east about "3.5 n2/

agdel gnb QP AndtcREni IO BBt deRerdtidR o3hadb h‘lﬁitm ke tratis8ioh P&iods such
phase” conposition of the final catalyst to a nore
fAavanaklae ugRed stedelve. structure for the generation of
syngas. For exanple, the pronoters may further inprove
the BET surface area and netal dispersion on the )
cat al yide cadupy of thiy @ve@prarswgmec@é»dgsefugforrfﬁffém%afﬂc%onacﬁﬁwmaﬂy for
physical |y and chenlcalbﬁ during the %& neration

P c

SRFPrgEses %(Wae b Prodect thpsim S PRI lPS den e h Thceepcyp tﬂa‘ reforming
start up, shut  do The f the i.nventio
et e it m@m&m@mm&

uct

f
q%%l a]f ﬁl e ?.rﬁ%}%(r:%g(gf ed-[rﬁaé ﬁl’gp aplig d s?e%]mT %xpf%enrﬁarbon d@lde, or
N ? g%nlgagg 0 reff) n%thhfl 6ocar c?ng,tlfs% hﬁlﬁ%l%‘gse to?%ﬁetrétﬂyngas
autothenal refornlng and any nodified reactions that

appli g siceamil@ueehe pfadnb aivestiodXdnd Eadvadkagshehereof, the following
conbi nations to reformlight hydrocarbons, usually

Nédatiplad arg Poyidédd PR Rededdtadd Shan hase. exdnipla racbeitlustrative and do not provide
illustrate the present invention and advant ages

t frgrlemifatiort bre the Ghvlentininn gin gueciodbre § isingpopary o daddrstand thag the present
understood that these exanples are illustrative and do
nintengiorois igeteralinypplitatrietia tefapming reattives, imndaspreiainfor the production of low
particular, it is inportant to understand that the
pHé@@nﬁoﬁm@@nw@Uﬁfhgxgeﬁémaﬂﬁy applicable to refornming
reactions, and especially for the production of |ow

Comparative Example 1: A catalyst carrier is prepared by blending about 36.29 kg of
aluminum hydroxide and 11.24 kg of calcium aluminate cement with 6.2 kg distilled water and
2.7 kg graphite. The mixture is then tabletted, autoclaved at 20 — 100 psig for about 10 hours,
and calcined for about 8 hours at 120°C — 400°C followed by calcining for about 5 hours at
1250°C — 1350°C. The precursor is determined to contain 5.7 wit% calcium oxide with the
balance being alumina. The precursor is then analyzed under x-ray diffraction and discovered to

be comprised of major phases of alpha-alumina, hibonite (CaO*6A1,03), and calcium bialuminate



H2/ CO rati o syngas, such as H2/C0 | ess than 2.3.
Conparative Exanple 1. A catalyst carrier is prepared

whyoobloersi ng about 36.29 kg of al um num hydr oxPCiEUS2005/022099
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11. 24 kg of calciumalum nate cenent with 6.2 kg
distilled water and 2.7 kg graphite. The m xture is

DA ol A S AL e 2
1250

655 B Dbl BB Pl e PRl S el 0t

% ‘)ca%lﬁjmﬁﬂ& eg %a}{mc&l{ﬂ I?r% ﬂk@ﬁ]a‘%e (5&8',«:{173)'3% ’lr’ﬂayé)? ursorqqas a BET

recursor IS t en an r X=ray I on

V. { ;
%Lﬁﬁ% ﬁéaﬁ(%Znsgmi?iarb% fe' W egg Aﬂg%&&[?s ng‘%g %erg atlon method) of 0.45
b&@é Ufe @@Eﬁgog@ﬂﬁlls thl %regn\éﬁﬁ Vit TRckel GLE! 'sMﬁﬁon containing about 15
nonoal uni nat e

peaks are al so present as
detgaiced. e ?ﬁ@@gnzi‘fw/\ﬁé/&fsor it Rh QaltifedOr ARLELCLAR £ 4bd-€e 600°C.
cal cium oxi de or cal cium alum nates that contain
aheed daldati@AE imprépaitiod ahd tdldinalBNpadedirbN@E Rpeated twice for a total of
(CaC*Al 2C8). The precursor has a BET surface area of
2 theenidprggrativhs andphre€calciratione. Theefsshedcdtabyt dORBIRLUTY3 Wi% nickel. The
penetration nmethod) of 0.45 cc/g. The precursor
c plirysicd rand iribinenceichapaceegstint eftthadatalystaaravieimkied inrliable kel Table 2.
sol uti on containing about 15 wt % ni ckel. The

I mpr egnat ed cursor. i s then cal ci ped for about
hour s ?m%'t’fg’é%xa'éb'ﬁéc A gegalyst s @%@F%ﬁtqlsﬁﬁswt‘%gxamﬂe 1 except the

if%P a8, B e Ppi L}?@wg SoTd e st BRPEEE 01 re or
m C I n%ﬁ;rfnﬁng% 0ﬁr-nrpn?cac1 51 f‘i %rP te,I %ﬁt’(heconh%%g)f’ecursor%as a {9 2 wt%

ornmance C errstrcs

°foa&1£‘%?of°c§1tcﬁh1y e @th? thri %ElQrk% ?éa{iu ?’Pl'ﬁw:h‘l @'P ghal—eg%lf fhe recursor are

ative IS pr

dHectgrnfh%@ dtd nbeEXaﬂJEP lcllgmﬁla, tgﬂfte 1@58[@@(6 I €addOERIG fuﬁxesm aluminate

100 kg of al um num hydroxi } cal cium

hychoou 1), GRivk Kibhddfumle GEAA BOY RLNRLE, KA searm) f%e :laalcmm
kg of graphite, and the resulting precursor has a

Woddd @AdhIBBmMOAluGRAE] X Q¥ktde aMntifun Nndathan cacibal ﬁignoalumlnate
al um na. The maj or phases of the precursor are
d g% AL, are tdeteAigblabyPXRD A THEb8Arso h3 QB HTEsuf b @R A 2@3)%/g and a
and cal cium bi -al um nate (CaOr2Al 20G3) . Cal ci um
nperoadlumng ¢T3 cf/g aSufilicAGBgkelntirad iS thas ingraghdi@ironfohis@ecufslor to yield
free cal ci um

a nickel loading, after calcination, of 15.8 wt%. The physical characteristics and performance

characteristics of this catalyst are disclosed in Table 1.

Comparative Example 3: A catalyst is prepared as disclosed in Example 2 except
sufficient potassium carbonate is added to produce a precursor having a 16.8 wt% calcium oxide
loading and a 2.0 wt% potassium oxide loading. A precursor is initially blended, tabletted,
autoclaved and calcined at 120°C — 400°C as in Example 1. The potassium carbonate is then
added, and the material is calcined for about 8 hours at 120°C — 400°C followed by calcining for

about 5 hours at 1250°C — 1350°C. When the precursor is analyzed by x-ray diffraction, the

10



oxi de or calcium alum nates that contain al um num
| eaner than cal ci um nonoal unm nate (CaO*Al 2Q8) are

wa@ledoeo1@Bd e by XRD. The precursor has a BET suPEEHUS2005/022099
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area of 2.4 n2/g and a pore volune of 0.38 cc/g.
Sufficient nickel nitrate is then inpregnated onto the
precursor to yield a nickel |oading, after _ )
capier phates ahthe Brecussr ge dtamingdyie be gleiim Sialugrngicagalciim genoglyminate
and perforpmance characteristics of this catalyst are,
PRSI BATITA. A ABFILCISeniegs o5 B 1) UmipdeiAd G s o deermined to be

tal ' epared as disclosed in Exanple 2 t
Sty e S A SF i CAP B AR AL FATAN PP BdtiE (g caloium
BR300 e SIS T BB RS - ROEBRA S et toyiel

ini_tially. bl . t.abl o oGl av nd.cal ci

af npyigitind BB peb BB s e A P R R, Bl RFormanee
c 1S+ material is calcined
fg{aﬂggg%it%s ot 1%%%@%%%’8@?%%100 fol | owed by

calcining for about 5 hours at 12500C - 13500C. Wen

t he preatpaativel Bxampkl 4 7& datblyst Xarfiayis @repiredbi blemiling 100 kg alumina
t hemaj or phases of the precursor are determ ned to be

¢ pdvedetiwitlipd (R kg 'mateaine, miga tcmakena siompaTherstung issspag dried at a temperature
al pha-alum na. A small percentage of potassium
abUF0Hatos3 78081 thouti Iskezdluninuiestesratd pravdert is thoe adsled todhrt mixiyee and the
free cal cium oxide or cal ciumalum nates that contain
amipire igriabletted eand cleipedcan |1E00TATMGAYS! fafibet & hereto form the catalyst
detectable. Sufficient nickel nitrate is inpregnated )
oRteerioke Thsrabyphass of the Prpsusior defectsr bk &RD, i alaierpdpmings (1dp precursor is

S b b e R b SRR S G or 108
o5 T8 S TBPRat SRR SR ERIS isgors e cistoa
algnufgpgq powder with 400 kg water in a mxer to nmake a

shur

Y. The slurry'is spray dried at a tenperature of
1200C to 370C. About 1 kg al um num stearate powder is

then agdaghid §: tAheatdlskbrdéupsorRthrdpaRd A% ¥idlbsed irSEdaileat t @dore the
and cal ci ned at 14000C - 16000C for about 5 hours to

f azsUPC-hEsoe@tealkiyigion Riep,Coifffofhnt lakihgnudi liry tHehfame oD L.a@NIDs); solution, is

precursor detected by XRD'is al pha-alum na. The

pimyireghsted on the tpheetrsdr mpyield adinttdnwh tdadisg) faftercalenttion) aleed wi%. The

nitrate to yield a nickel |oading, after calcination,

ofanthdmh-impregnated calcium aluminate precursor is then impregnated with a Ni(NO;),
solution to give 8.2 wt% Ni loading after the nitrate was decomposed. The catalyst contains
alpha-alumina, lanthanum aluminate (LaAlO;), hilbonite, caleium bialuminate, and nickel oxide
as detected by XRD. No free calcium oxide or calcium aluminates that contain aluminum leaner
than calcium monoaluminate are detectable. The physical characteristics and performance
characteristics of this catalyst are disclosed in Table 1 and Table 2. The catalyst has significantly

higher pore volume, BET surface area, nickel specific surface area, and significantly smaller

nickel or nickel oxide crystal size than the catalyst in Example 1.

11



Wt % The physical characteristics and performance
characteristics of this catalyst are disclosed in

wdaiwbm16083 Exanpl e 5 : A catal yst precursor i s PCEpPS208:022099
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as disclosed in Exanple 1. Before the 12500C- 13500C

cal cination step, sufficient [anthanum in the form of
La(NGB) 3 solution, is inpregnated on the precursor to

yi el d ExamplahAraialystozmgieey, is arepased asdiselpsedin %smplsﬂ @hegprecursor
wt % The | ant hanum i npregnat ed cal ci um al um nat

08 éla,earlgmegmasedtwéha |Sﬁlﬁn€‘é‘g?P&fa§’éFlgV\H@fods RRY W@ﬂz and the nitrate s
solutlontog Ioadlng aft

viseompaes FHHvs leOO?H% a‘{?&‘{ @Pfsfor boHt %, gl?glﬁ;ﬁa{;{at comprises
ST DI R, A ;/sz@mn%@p%u%
Eﬁlpﬁlﬁa}zlﬂﬁrlplg eke? x1g Ccfe%ég?ec? {r)?fogqlﬁatl\% ffee le&ur%%%dg b lcalcium

Ium no

t ect ab
Z lréarteﬁatha?ecoc ag"g%lfzdrlﬁp ?&atlleg Eﬂgf &Ecﬁ% %gat a yst% ae s ctectable.  The
Sﬂhg g’heagacﬂe Sti ﬁéﬁld ﬁer}onﬂ{l}fée lﬁ%cérlﬁws chhcﬁis CALiRk %8 t4ishl8Rd in Table 1.
|Cant pore vo sSurrtace area,

{aly§ﬁch%§é ;1 ﬁtlySsHlﬁlie@E&e A1&fe and ngmﬁéagf‘}‘ folv&ra BT Mrface area than the
ni ck e or nic oxi de crystal size than the

p@{agjsmﬁgxgngﬂ@xanpl e 1. Exanple 6: A catal yst precursor
is prepared as disclosed in Exanple 1. The precursor

Is then inpregnated with a solution containing La(NO

3) 3 arfkahip[eN©O3) Batalystlistorepared by blensliniggibelts é@%’é&@fdﬂuatmum hydroxide
about 4Q00C to about 6000C for about 2 hours.

r @il 2f kg of ealduny semisgapemekb itk f4 ke diptided waggr (28d %ﬁéfg graphite and
about 10.7 W% Ni. The catal yst contains

atoere-A1kg keaieOsniThomifues is dhgp éﬂ?ﬁ%?‘&‘i’%%%‘ 10f}pyle for about 10

L B L5, S A
t .

pﬁagﬁ(%grciéﬁggrcngl?fgg?rg {rﬁcg it grﬁ rlggl??e 51}6 (ﬁ:gt&ﬁegede onto ttPle precursor to yield a
Pl-glgl{ gl%_al_c? rrxglrg1 e e cn?afn : ht %]wg% ajl“l}é résuﬁip? cagal Sﬁf:% ﬁ@ﬁ&s hﬂ?)ut 3.5 wt% La.

as ‘a sli

t E}]eu C ttagfncd (fhk Ehl%?aﬁk%%{a | Q@JnuxﬁEIluﬁ%ﬁﬁtg a&%Aﬁff ah&&ﬁ@ calcium

€ Ca A cat al yst I'S

Efngl%{ng% QX nm(e? G)QHJIQ d@tp&éﬂtbygﬁ{l)? N eeQhicith WO B Balcium aluminates

I oxi
that contain aluminum leaner than calcium monoaluminate are detectable. The physical and

performance characteristics of the catalyst are reported in Table 1. This catalyst has similar pore

volume and significantly higher BET surface area than the catalyst in Example 1.

Example 8: A catalyst is prepared by blending about 36.29 kg of aluminum hydroxide
and 11.24 kg of calcium aluminate cement with 6.2 kg distilled water and 2.7 kg graphite and
about 0.70 kg Lay(COs); and about 0.67 kg TiO,. The mixture is then tabletted, autoclaved at 20
— 100 psig for about 10 hours, and calcined for about 8 hours at 120°C — 400°C followed by
calcining for about 5 hours at 1250°C — 1350°C. Sufficient nickel nitrate is then impregnated

onto the precursor to yield a nickel loading, after calcination, of 8.1 wi%. The resulting catalyst
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and 11.24 kg of calciumalum nate cenent with 6.2 kg
distilled water and 2.7 kg graphite and about 2.53 kg

wWh2060ER38. The mixture is then tabletted, autpPCl/ay®ds/022099
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at 20 - 100 psig for about 10 hours, and cal cined for
about 8 hours at 1200C - 4000C fol |l owed by cal cining

for about 5 hours at 12500C -135Q0C. Sufficient nickel
néompeitee apayit DR AVt Yorksy g rRheue 4981ty Tin eThs caahfftcentaipg)alpha-alumina,

yi el d a nickel | oadi ng after calcination
ni¢

.2 W%
mbmrt@scalcturnn@a S y*g ‘Eﬁ‘rﬁ?“fi%év‘s ey 00 o by owide.
catal yst contal | th |
(Raants) RPN G40 LR PR GV ko el

oxi de. as dete free cal ci

CRPER bR it JaE 84S Pt 2 oa iR Ha“rcgﬁgﬁgﬁ offg gty are

C%%?rjg?%ﬁgbéoglhgﬁg g%&l st ﬂ s. 5i c?ncﬂﬁré}l eéhgf aqo-lr{]\eol ae?lg%%ll" s@ﬁ”&te area

Th| s catal yst has simlar pore

g}éeﬁag%ﬂg?ég% |%antly hi gher BET surface ar eg t han

the catal yst in Exanple 1. Exanple 8. A catalyst is

pr epar Btnipye 991 £ tadilysgcanted istprépare® By Wendoi 36.L%kg sfutaminum hydroxide,

hydr oxi de and 11.24 kg of cal cium al um nate cenent

W0 ShkBofRitdatpndexdde] dndd dl.2dvkg eficalainoh dumindegcegpent ptithtoe legrvdbtilled water

about 0.70 kg La2(CO3)3 and about 0.67 kg Ti Q2. The

mandt UT &g gephiteemdttbenl thy mistire Huetieiedy dbe wbletkd precuger ip gittgelaved,

for about 10 hours, and cal cined for about 8 hours at

18@Cand heD DO sertedovis Lis{CQul elutipmip Yield. aftst pricimtip g gnthanum

at 1250C - 13500C. Sufficient nickel nitrate is then

i ippding bt © 1% peda Hilgwum desding 95P-8% 1% dhgilagthapupippregnated calcium

| oad , af | W 9 h |ti
cgf@inygr%tpe%n%%fg%%c%%%{ étz%ﬂvm@/oquaaba‘#ds At T8 R o e
T
Ci{p}i{?g&%? Wétﬁbﬁ\;f\lﬁg@ {Jfg)s ntlo (?i( loac!é?%cilger theb nitrate was
han
TRorbedy T ENEL g 4 ﬁfa&.%ﬁﬁ ?ﬁ?ﬁmﬁu FLARLE i vy small
Cal G| 9 rcr)]fr(rzglcmx% l%'igﬂlrg?&tg a?rd%teggc{ ?§ )ﬁ@ F}Qe ané{l?ﬂl Ctﬁlde aﬁgthanum
t cat a

per or mance characteristics o st are

r gﬁ %fntaédorl CQICIIEIQHL]%III;]GICS { &nﬁﬁta%n}{ﬁim fééh%r ﬁhrg&icﬁdnpﬁ%@ﬁmmate are

hi gher pore vol une an surface area than the

Cﬁ&t@dt%ﬁat TRk @ﬂlcﬁargcter@&@rmh SerformbhcE RhAdcYepibtics I ki€ Catalyst are
is prepared by bl ending 36.29 kg of al um num

hyide169¢h € Table 1. This catalyst has similar BET surface area but significantly larger pore

volume than the catalyst in Example 1.

Example 10: A catalyst precursor is prepared as disclosed in Example 2 except a
Ce(NOs); solution is impregnated on the calcium aluminate precursor that has been calcined at
1250°C — 1350°C to give 4.4 wt% Ce loading after the nitrate was decomposed. Sufficient nickel
nitrate is then added onto the precursor via dip method to yield a nickel loading, after calcination,
of 11.9 wt%. The catalyst contains hibonite, calcium bialuminate, nickel oxide, cerium oxide,
and a very small amount of calcium monoaluminate, as detected by XRD. No free calcium oxide

or calcium aluminates that contain aluminum leaner than calcium monoaluminate are detectable.
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0.52 kg of titanium oxide, and 11.24 kg of cal ci um
alum nate cenent with 6.2 kg distilled water and 2.7

waoeoognaBi te, and then the mixture is tabl ett eRCT/Ukm®05/022099

10

15

20

25

tabl etted precursor is autoclaved, dried, and then

i npregnated wi.th La2(CC>3)3 solution to yield, after
calcination, a |l anthanum | oading of 2.0 wt% and a

t iThemhypiee] Saarteréstiest and. Honmange chipracteristics of this catalyst are disclosed in
| ant hanum i npr egnat ed cal ci um al unm nate precursor is

c dicblp he dhtetalEdEE sSBBEOE VPigme aiRRT SripR5FFea comprged to the catalyst in
tablets_are then inpregnated with a Ni (NG3)2 sol ution

t GXGIRIE210.3 W% Ni | oading after the nitrate was
deconposed. The catal yst contai ns al pha-al um na,

hi boni fg@ampié §kels QilydewasHAGada X&&}éingg%b&a'{%@%%xc% Zx(NOy); was

cal ci um bial um nate "as detected by

CRk&l il 8 ARG N T MRS S RBEpriRE abd 6.1 WiB6 Zr and about 11.8
alum nates that contain alum num | eaner than cal ci um
MeAZaNi U Thé\@ta stdotaidehibsiita RhiGium biRfunahyes hisidd oxide, zirconium oxide, and
characteristics and performance characteristics of

t hiveryGaiah biyiGint 6ff cdlcidintdnogiafindts) ad addcted by XRID, Nocfedeahlyigin oxide or
has simlar BET surface area but significantly |arger

p Grleiumadlunisatds (et corttadn elammliydéanemthdnx@igire mdnoakxdmarel e detectable.
10: A catalyst precursor is prepared as disclosed in
Exaephesial droeptisties @d( @B otharkdteisti¢ssof] thip reatglystt el disglosed in
the cal cium al um nate precursor that has been cal ci ned
atTahlp 30t catalysg@e ehmily pgiewelume 4ndBBE Wefa¢ecirdicorgpasddite the catalyst in
the nitrate was deconposed. Sufficient nickel nitrate

i £XpHRH2-added onto the precursor via dip method to

yield a nickel |oading, after calcination, of 11.9

wo% T i RS _hi.boni t cal ci

o1 al unoup@ate Banfifl 12 Aol 300 Bepalif bl o prarple 1 crcen

S %bh%%@?ﬂ%n Wis uSalif biee dg@&g@}; g}lmh Qor i@ﬁrﬁgsﬁ&% ggﬁ g%é Wt% Rh

ree cal cl um oxi cium a nat es

C QSHIR @ﬁ@ltMiM!ise(_ﬁMpo&ﬁ.a@h&&ka@y@s hIR Ao BadiEn Bihfaminate,
det ectabl e. The physi cal characteristics and

pahd @EHANGOUEIRCAGHS ofdaleina®f ad Rieste® 8 RRWS tNo&Fe8 calcium oxide or
di sclosed in Table 1. The catal yst has simlar pore

V QhIi® AREIndtEs khdt Woiftag eluaimRa 1e@bBareehichtn nb®akidiimateysd detectable.
in Exanple 2. Exanple 11: A catal yst was prepared

adhe rpiysivgl tharabbagstipd end lfidrfepaadet chaittdlsBysdofWhRIS catalyst are disclosed in
Table 1.

Example 13: A catalyst precursor is prepared as disclosed in Example 1. Before the
1250°C-1350°C calcination step, sufficient cerium, in the form of Ce(NOs), solution, is
impregnated onto the precursor to yield a cerium loading, after calcination, of 3.0 wt%. The
cerium-impregnated calcium aluminate precursor is then impregnated with a Rh(NO;); solution
to give 0.5 wi% Rh loading after the nitrate was decomposed. The catalyst contains alpha-
alumina, hibonite, calcium bialuminate, cerium oxide, and a very small amount of calcium

monoaluminate, as detected by XRD. No free calcium oxide or calcium aluminates that contain

14



used in place of Ce(N@®)3. The resulting catalyst
conprises about 3.1 w% Zr and about 11.8 wt% Ni. The

W@ 2008l0%983 cont ai ns hi boni te, cal ci um bi al um naP@¥r/US2005/022099
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ni ckel oxide, zirconium oxide, and a very small anount

of cal ci um nonoal um nate, as detected by XRD. No free

cal cium oxide or calciumalumnates that contain -
aeluprinsulerrer Bk pal v opesivaiingin b Arswiabis TA¢ Bhvgicd characteristics and
detectable. The sical characterjstics and
pf@ffP@}aPFéﬁ]&aéa"f?ﬁ%IWé%%@? patalystae disclqse 18 Table by yst are
disclosed in Table 1. The cat al yst has simlar pore

vol urTEEX gl gﬁT ﬁ%fa GowA S rz}%fd?% th ExbfiBle GALRY Htraammine

Conpa atlv A ca aI yst ‘was

in
%Bﬁﬁl }@%ﬂﬁgéoﬂﬁoﬁ Qas'-:t?ééﬁﬁ Ipﬁce]()f @mﬂfé sol?\!l’c{oh@)uﬁpregnatlon to give

ution was used in place of Ni sol ution for
'(VPGV@@ PEbAGHY o6 FicMrida: ﬁ‘ht\%z%lﬁhcdn@ﬂﬂ 'alii%—ﬂlfnﬁlﬁi ldnth@num aluminate
nitrate was deconposed. The catal yst contains
h@RAIY. Y, Biborfia,| calicii BRildkihkhd, B Lveryosifdll amsuiib] caRfiBLINdnogliminate, as
cal ci um nonoal um nate, as detected by XRD. No free
CtkeRietl BY OIRDM eNwfreeCalciinUeRidz| on whiciamh @Ririnags thaoh@inaluminum leaner
al um num | eaner than cal ci um nonoal um nate are
dixtreatcaiol ronodlneingh yrs idetedtabizh dhe pltyeicdl std mesformmagce characteristics of the
performance characteristics of this catalyst are
déagsisrsemparted Mdleble11. Exanpl e 13: A catal yst precursor
is prepared as disclosed in Exanple 1. Before the
1250C- 1350C cal cination stgaprguf ficient cerium in
the formof Ce(N@®B)4 solution, is inpregnated onto the

Pl eGIMpIOT [ OpV (& ;%51 L Gl (#8) | Padsdigple al [ €PV (cc/g) SA (m*/g)
LAt ‘)' ,0[”’ @28 W70g,01 NE LT KUY NMPI egngdzed 17.0
Cal gL O Tiesz€ PIIECUREOT | & U Gehy) MPJ egnadoed Wi Th A4
\p? SpI Ut QN 10 Ui ¥ge 0- 5| W if (i) T opdi Ngsaf Ter T1e3
|t4r @nkp) WS oebclgrrpm ed. 3ie catalygk) Copt aigs 12.8
PR yummna, dHePOMITE, (gl CT UM BldhbyT Nat 43Cerijum 373
X Q@iny) @0 & YRJy SRl T @Tount 03 &&) CI UM 014 48
Mot Nate,q @S detectgqd DY XRR (W T €€ @4 ci ym 43
OXTOe—or—car crumnt al urm mates tihat _contai nat um num

| eaner than cal ci um nonoal um nate are detectable. The
physi cal characteristics and perfornmance
characteristics of this catalyst are disclosed in
Tabl e 1.
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Exanpl e 14: A catal yst was prepared according to
Exanpl e 7 except tetraanmm ne platinum (I1) hydroxide

W@ 006016983 was used in place of N (NGB)2 sol utipeI/i82005/022099
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i npregnation to give 0.5 wt% Pt | oading after

cal cination. The catal yst contai ns al pha-al um na,

| ant hanum al um nate (LaAl Gs), hibonite, calcium

bi al um nate, and a very small anount of cal cium
nonoal um nate, as detected by XRD. No free cal ci um
oxi de or cal ci um al uni nat esTAHdt2 cont ai n al uni num

e are detectabl The

5hv9| cal and nprqﬁmlwhnc:erhar ar‘fprl s {Gomp Sgmpledo| Inv Sample 5

Ghemisprtion{A) o 1 TABLE 1%0BLE 2 197

'I'é@Ni e@rcéﬁ%§¥%@’mlnéé@a)l yst_activity for steam
eformng is tested in a tubyPBENR@act or 28ystem Thelld
ratal yst is first reduced an&OQ ﬁéﬁot ested®ht a gas 128
our space velocity (GHSV) o0 125, 0 h. The

atal yst particles, having a £ si zg. of abput 86
2 nesh, are pl aced in a catal 2d to g}st their

erformance in steamrefornin 0 Al han(i t 5psig. 62
$% of ; and 750/1
.CH4 r 3 40 of abou}93

he feed stream consists of ab,@bl,
f H20(a|| nol e baS|s) W|th o

. IIIC bal al yDL abll VA Ly I Ul DL cdAalll nma—cargull U UAT UC
m xed reformng is tested using a feed stream

consi sting of about 19% CO 18% CH4, 14% C2, 13% H2G,

33vstw@ Prosedureppl e basis) and 2 parts per nmillion H2S.
The H2OFCH4 ratio is 0.74 and the CO2/CHt ratio is

0. 79. e ca%a? st %‘t:iw m%g s@% IY for%ﬂ}% i§ %Is‘%ﬁr{r?q tt&%%bg%%%r Q}g{em. The

reach um even a

( ?Qt%ysg 15%& redﬁ?}eg?égn&a te t%{ f?n Fal :?gglilogﬁfpg%?\ég)@lﬁ}%@s@o ?o'bhtOZS,OOO/h.
S IH36n 0 u ced in%4 ¢ ed to
L -

aRes{ R GdfrorhdeGn Qéanﬂ@@%lngoﬁgethaﬁ?eﬁ bRy, F19E 19RY §tRAm consists of about
resistance is tested in a pressurized reactor at 350

P25% of 28, dndbBYSIf HAO (B18MBIR badis) iR tah BIHO/CEL, FAIb ®f about 3. The catalyst

pronounced at el evated pressures.
activity for steam and carbon dioxide mixed reforming is tested using a feed stream consisting of
about 19% CO, 18% CH,, 14% CO,, 13% H,0, 35% H, (all mole basis) and 2 parts per million
H,S. The H,O/CH; ratio is 0.74 and the CO,/CH, ratio is 0.79. Due to the high GHSV, the
reformed gas does not reach thermal dynamic equilibrium even at 1500°F (815.5°C). A typical
reformed gas has an H,/CO ratio of 1.8. Autothermal reforming is tested qsing a feed stream
consisting of steam, air, and methane at a GHSV of 500,0001/h, with a H,O/CHj ratio of about
0.6 and an O,/CH, ratio of about 0.57. Carbon formation resistance is tested in a pressurized
reactor at 350 psig (24.1 bars) as carbon formation is more pronounced at elevated pressures.
The test temperature is from about 1000°F (537.8°C) to about 1500°F (815.5°C). N-hexane is

used as the feed for the hydrocarbon. The experiments are carried out starting at a HyO/C ratio of

6.0 and the ratio is gradually decreased until carbon formation is detected.
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The test tenperature is from about 10000F (537.8C) to
about 15000F (815.5 0C). N-hexane is used as the feed

wo enehheshydr ocar bon. The experinents are car rPEUS2005/022099
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starting at a RO C ratio of 6.0 and the ratio is
gradual |y decreased until carbon formation is

detected. For either the feed stream containing sulfur

or t heFanigher thaived giregseepieiniag pujfuper B PRy pavingisesertiailang gifur, the
of the present invention has an inproved activity

i riayst afribe PRA'IRVepide het ahiswraves %,cgvl oRder GRdrRighes FPSISH%Fﬁ teycarbon
conventi onal nickel al um na c Furth

p MO8 Hhap &t"%ﬂvﬁ‘g‘t}égal BFE“tl 41 a‘BW’é‘% & YSF n%’étﬁ??rr ‘6‘?\ promoe "at"ﬂys"s of the
denonstrate

han .
C RSBV Bttt ol B P ataP Ff e find do et i bckel on
t h]ghannallhﬁ:nlﬁrelalt ca?alysf c?rletg?n g'gl]g%lto}il rc%lc?u?ntl %%mn%\ta% (%t%kft &(%ﬂ? RFO E\?é{) hours on

alstygl%t ac‘ﬁbl%’ gf%a—zﬁ%d Wl %\hls oﬁf‘tﬂ%a Oﬂut%lthaché éc{dﬁﬂh YFY titanium

Ofot €r the activity o Al catal yst I's

/ an m
!g&&ggﬁg.@' ﬁagnggfgy% ?1{2% %1fc«'a.{a stvl\@ﬁa&%?d @rﬁggl?gy%@am Slanthanu

| BREBRS BdMB M it iWQr iR Ca- i Gathly £ GloRbkes ARHAwo-fold. The precious
catal ysts establish a stable operation in autothernal

I @eRl ERtaRBtsleQatlio AMbthtdo ekt &dCn SiiB@erhal refoflingIBt fH@NBw H,/CO syngas.
conversions and hydrogen selectivities have been
I @aghhethanel dvavepdi @8 iy ddadnGkludtivitied ivé1 Bde e reactied | Visetpromoted calcium
(Catal yst 13) showed superior performance to the
uRlamdiatpet @dchlysa(Chtalyst aB)ustiowed supeddr apeyfotmap@atoathy sinpbipted calcium
It is understood that variations nay be nade which
welyinghafezbthlysai @atrilyst t2he scope of this devel opment. For
exanpl e, al though the catalysts of the present
I nvent jt ¢MumEStobd h@NE R ohPhayUsanAS whith Holld T8l FakidkiéStdpe of this
for use in syngas produci ng processes where | ow H2/ CO
I AbveRpoMil G SkdnpBasithoSdhGie caslytdfCha pratrit tvb@iss are irddhdell f3r use as
is generated directly, it is anticipated that these
C adfarmyrpt catalyers Fodl ubkein wageh dréducibdgrbcesgapivhesalowdBaCOVaE b 8ynéhesis gas,
hi gher H2/CO rati o syngas are produced. The scope of
t hechps Bg€Otratiorese thtm 28 isquameraall diredile. ktiindnticipatdshthdt khese catalysts could
appended clainms.Clainms 1. A reformng catalyst for use
i rhe ased ymajhes applioddigns wigrem ighesid,/ €M stio gngesrasgt ereduged. Gilye scope of the
H2/ CO rati o synthesis gas, the catal yst conprising:

present invention can only be limited by the appended claims,
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a) fromabout 25 Wt % to about 98 w % al um na; and b)
fromabout 0.5 % to about 35 wt % cal ci um oxi de; and

W@ 00800983 om about 0.01 w % to about 35 wt % of PEI/US2005/022099
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pronoter, wherein said pronoter is selected fromthe
group consisting of titanium zirconium yttrium
ni obi um elenents of the | anthanum series, |anthanum
cerium praseodym um neody@rE pronethium samarium
eur opi um gadol i nium ytterbium and conbi nati ons
t hereqf m about 0. e f
- a5 e et REUEIR vt bt pReRb B eerllad o fnuco
n| cke r heni um pal | adi um

at i kaﬁlﬁ]gﬁ%lldigaﬁ%néa&l[ Hiieo n{g‘ Saf%i ons thereof. 2. The
cat alyst of daim1l vvher ein the cal ci um conpound
conbi pred Wbk abdue2s5al kb ahon BenPoaming endr i ses
alumi numrich cal cium al unm nates. 3. The catal yst of
Claim1l wherein the caIC|umco nd conprises from
about B2 wt BB BUERLLIRD HRIGOVIL HEEREHYEE. 4. The
catalyst of daiml with a BET surface area greater

than gpout s i?onpﬁ{pgt 0. Oq ?ab%att Al W&l or Qoo r@hlreﬁ‘{' 5515‘ pfémoter

BET surface area roma n2/ g to about

6. The cat al ¥gledfrofud! é?%u% c\ﬁﬁ!;?sﬁgg oF tttﬁ@un@%rbdﬁﬁnﬁ@{t@ infobium,

sel ected fromni ckel, cobalt and a conbination thereof

and conpri geSerfid ogn QQ@ UfantBanin%ericd, aB@bbnum0 bkl 0f prisblymium,
catalyst. 7. The catalyst of Claim6 with a BET

surface ar @adghiaml Qrontelhsh, ada@btiung WdpinS . gaddiiRivaatyabiiin, and
of Claim6 with a netal specific surface area greater

t han about cambiitigns tBreofilaed cat al yst of Claim6 with a

netal specific surface area greater than about 4 n2/g.

10. The catal yst of im1 wherein the activ nﬁral

i s sel®ct e(ﬁfomraé?ﬁtpﬁém%mab?‘lﬁ%w BirAD apiaye ek ?P(fﬁ"te om the group

ggﬁ%:‘ Pgren s ;cgrg%%lgjn%fg{llcd Co it r%odn?n? Srut Qn%n? oJallaadlu(rjn, platinum, iridium

and combinations thereof.

2. The catalyst of Claim 1 wherein the calcium compound combined with the aluminum

compound comprises aluminum-rich calcium aluminates.

3. The catalyst of Claim 1 wherein the calcium compound comprises from about 2 wt% to

about 20 wt% of the catalyst.

4, The catalyst of Claim 1 with a BET surface area greater than about 1.5 m’/g,
5. The catalyst of Claim 1 with a BET surface area from about 2 m*/g to about 30 m*/g.
6. The catalyst of Claim 1 wherein the active metal is selected from nickel, cobalt and a

combination thereof and comprises from about 3 wi% to about 20 wt% of the catalyst.

7. The catalyst of Claim 6 with a BET surface area greater than about 4 m’/g.
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wt % to about 10 wt % of the catalyst. 11. The catal yst

of laiml with a pore volune greater than about 0.2
w@elogo16b8 The catal yst of Caim 1l wherein theP@r/osmwn®022099

conprises fromabout 0.1 w%to about 25 wt % of the

catalyst. 13. Areform ng catalyst conprising from

about 25 wt % to about 98 w % al um na; and from about,

085 wt Breryalyt 61 tlaigsd Wi %41 EReEifif WfaEF@reaéfF&tef thyHabaE ST e

0.01 wt % to about 35 wt% of a pronoter selected from

t b tani ﬂ@catélgsrt %P@l'afl’rf@ M{}J nrxété’f gﬂem@ib Qﬂfa%ea?re%@}?ﬁ&éab% 4tnpf‘g

| ant hanum seri es anthanum™ cerium praseodym um

neodym um pronet hi um samari um europi um gadol i ni um

y1d. er biHgreatalystchf it i IneHetelinge hdties ekl is aglebtel rim tbdiuth, ruthenium,

0.05 wt%to about 30 wt % of an active netal selected

fr om npatikdim, pdaipeht iridivingad wombinatibisethéreof) angd abrhaidesufigm about 0.1

plati num iridiumand conbinations thereof, said
5 cat al ywis teabduhip wi¥BE Thesatelysice area greater than about
3.5 nQ/g 14. The catalyst of Claim 13 wherein the
c Qu rises from abou o,t 0,_about
201t S RSEANG SE G | B Sk Vo APPSR 26 m 13
vvherel n the active netal is selected from nickel,
copal tTiaNGkaBst©P Bl 2 ivhQ8n iR @FsaRdler BMpricR MM B&E 0.ft Mt about 25
about 3 wt%to about 20 wt % of the catal yst. 16. The
cat al ywi, &fihdJafaiyst 13 wherein the active netal is
sel ected fromrhodi um ruthenium palladium platinum
iridiumand a conbination thereof and conprises from
abdut 8 reformr%cﬁ@ly@tmumrism frpmabent 23 Hido abalt HEwt %?lmmlrﬁieand from
catalyst of Caim13 with a BET surface area fr
about ~ o) W% th%utt%s\Ww}cglm Pfide; aﬁrf’efr%ﬁ%ﬂuy%{ﬂ m% to about 35
Claim13 W|th a pore volune greater  than abog)'iH é
cc/g. W8bolg Er@fle}?rnﬂ%ﬁedcfaq%ﬁ%vm czdfﬁ?ﬂ“’rf% Vi iy Eﬁlems of the
25 wt % t o about 98 % al um na; Qg from ab ut, 2 w ni
to abo “E’ﬁmﬁré/% c af Ao e AITSC YIBWPab%‘iEf YU Rmraft um,

to abou‘fnarslusm europlum, gadolinium, ytterbium, and combinations thereof; and from about

10

0.05 wt% to about 30 wt% of an active metal selected from nickel, cobalt, rhodium,
15 ruthenium, palladium, platinum, iridium and combinations thereof, said catalyst having a

BET surface area greater than about 3.5 m*/g.

14, The catalyst of Claim 13 wherein the calcium compound comprises from about 2 wt% to

about 20 wt% of the catalyst.

15. The catalyst of Claim 13 wherein the active metal is selected from nickel, cobalt and a
20 combination thereof and comprises from about 3 wt% to about 20 wt%o of the catalyst.
16. The catalyst of Claim 13 wherein the active metal is selected from rhodium, ruthenium,

palladium, platinum, iridium and a combination thereof and comprises from about 0.1

wit% to about 10 wt% of the catalyst.
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of a pronoter selected fromtitanium zirconium
yttrium n iobium elenents of the | anthanum seri es,

wO a00bloaie8sn cerium praseodym um neodym um  PCT/US2005/022099
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pronmet hi um samari um europi um gadolinium ytterbium
and conbi nations thereof; and from about 0.05 wt% to
about 30 wt % of an actlve met al sel ect ed frozm ni ckel

cBbal tThe eaigt o laim s Reth B8R syics aie fam abgitum ffprpbout 30m”

i ridium and conbi nations thereof, sal d catal yst havi ng

?rbéfas-r stﬁg? of:)élg 18 1‘wrtB ’ ?gpe %8%% eat ag a‘éoﬂb@g&ﬁ: / SO

ore VO une greater
20. The catal yst of C aim 19 wher e| n the active netal
i 8. sel £ ef@think cantys cakpeking Bah about Znavao atib9@t% alimina; and from
t hereof and conprises fromabout 3 wt% to about 20 wm %
of t heaboatalt¥sd abadi20 Wibkecalcminadxjdes and froflaboutD. 0D witk & abbui 35 wi%
the active nmetal is selected fromrhodium ruthenium
pal | adifuarpropbtat sekgted fiom titwinmaziosiurg.oytsiumat iobmg klements of the
and conprises fromabout 0.1 wt%to about 10 wt % of
t he Cd@lalpayxgm-senes lanthanum, cerium, praseodymium, neodymium, promethium,
samarium, europium, gadolinium, ytterbium, and combinations thereof; and from about
0.05 wt% to about 30 wi% of an active metal selected from nickel, cobalt, rhodium,
ruthenium, palladium, platinum, iridium and combinations thereof, said catalyst having a

BET surface area of from about 4 m%/g to about 30 m?*/g and a pore volume greater than

about 0.2 cc/g.

20. The catalyst of Claim 19 wherein the active metal is selected from nickel, cobalt and a

combination thereof and comprises from about 3 wt% to about 20 wt% of the catalyst.

21. The catalyst of Claim 19 wherein the active metal is selected from rhodium, ruthenium,
palladium, platinum, iridium and a combination thereof and comprises from about 0.1

wi% to about 10 wt% of the catalyst.
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