eder E667, ; ; D6ETr E23/ 06/ 2003 w 1 Gasoline Sul fur Reduction in Fluid
Catal ytic_ Cracking This invention relates to the reduction of subfuye/bgos

Yasol i nes and“muﬂmm“mnmmjeum products produced by the catal ytic cracki ng
process. The i vides a s ~ catalytic conposition for reducing
product sul fur anegeoesdr ocess for reducing the product sulfur using this

conposition. - Catalytic cracking is a petroleumrefining process which is
applied comercially on a very large scale, especially in the United States

where the maj ori ty @hsbiifie SUlfutReducticiRAPFiud CutaIlie1Cragking s Pr oduced by
catal ytic cracking,” W arnost _all o0 'S comng fromtne uid catal ytic
cracking (FCC) process. In the catal ytic cracking process heavy hydrocarbon
fractionsg, are copvert i nto,lighter. pragd S tio takin | ace at
el ovat od TR BRRHS delle? 1 e S lioR oS ThF . gbSalHds, A e Sdticfei
the convgfsduets Pro8licsd bl s Gatalyi@ dracking prepess.PhIRe. inleatibr estolies ias
so converted is'into %asollne, diStillate and other liquid crackin
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pr odutt scakalytisl comporitign: far rausing peediati suifusr A Precesofier sedyaig the
carbon a I partly consists of olefins and partly of
sat ur at eépwgglg%sﬁé&%ﬁﬁgﬂﬂ%ogﬁ%ncracki ng reactions sonme heavy materi al,

known as coke, is deposited onto 20 the catalyst. This reduces its

catalytic activity and regeneration is desired. After r val of occl uded
hydr ocar G@talYH¢ 6FHKING R Retrelespk refining PEIGRSE ,Wfﬂ'ébéﬁépaﬁé% goMmmersEliyAN ened
by bur ni h F/ | hSiqFi g
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cracki ng feedstocks normally contain sulfur form of “organi c sul fur

3?] corrpoE!an‘.e atelrvatedniempsgsature in dbe firegeencenaf atnataliehewth e majoritycefsthes
though abROreTRE ocpraERCBRRATEh ¥on TAPot Bage! PP ek oY i ERs e

cr acks ngintd aeshine, distillate ndc athalr iguid descrimgosidduets aé welhas highfdregaseous

sul fur conmpounds. The djstribytion of T 1 é&%ﬁe/ /2003 sul fur in the
cr acki ngCiaasmEcRrodusts RiioNa SR lehcPROAIRMS RerfRe i gaf mareeansists

cat al yst of ¥i@fins AREIddrFBf BAERABY hyBRIELPESHEN and ot her operating condi tions

but, in any event certarn proportion of the sulfur tends to enter the
i ght or heavy gasoli ne fractions and passes over into the product pool.

\é\.: gg ul:tn g b%fiﬁ'g Qg§ ?ﬁ%c'fkré&ﬁ] quncﬁ@lnﬁéoﬁ%ﬁ%eg{(% ﬁ{étgr‘?é.lpgng\%la{segolée? id 8&{)8§if}e%nto
20 the catalyst. This reduces its catalytic activity and regeneration is desired. After
removal of occluded hydrocarbons from the spent cracking catalyst, regeneration is
accomplished by burning off the coke and then the catalyst activity is restored. The
three characteristic steps of the catalytic cracking can be therefore be distinguished: a
cracking step in which the hydrocarbons are converted into lighter products, a
25  stripping step to remove hydrocarbons adsorbed on the catalyst and a regeneration
step to burn off coke from the catalyst. The regenerated catalyst is then reused in the

cracking step.

Catalytic cracking feedstocks normally contain sulfur in the form of organic sulfur
30 compounds such as mercaptans, sulfides and thiophenes. The products of the
cracking process correspondingly tend to contain sulfur impurities even though about
half of the sulfur is converted to hydrogen sulfide during the cracking process, mainly
by catalytic decomposition of non-thiophenic sulfur compounds. The distribution of
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Gasol i ne (RFG regulations, the sulfur content of the products has/o6/2003
general ly been decreased in response to concerns about the em ssions of

8ul fur oxides and ot her sul fur conpounds into the air follow ng conbustion
processes. Reduction of gasoli ne _ sulfur is critical not only for the SOX
em ssion but also for the sulfur poisoning of io autonobile catalytic
converters. The poisoning of catalytic cygnverters w || cause other em ssion
probl enms such as NOX. The environnental toncerns have focussed extensively

25 venSLIfF i 8HE BRioia BRI S feb i o1 8'hythokt SRRl Intbind f6b4. °"
concer ns caglgst tppaveadﬁuve%l sresent, epAeersion ahe offierisperbing conditdbas but, 3hany

fractions i ncI udi ng t l'i ght cycl e oil (LCO and fuel oil fractions (I ght
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30, 1991, 2021-2058. reported that substitution of a methyl group into the

4- posit eptisgipniprellemssuch amiOs- posi tions decreases the desul furization
activity by an order of magnitude. Houalla et al. reported activity debits
of 1-10 orders 30 of nagnitude, M Houalla et al., Journal of Catalysis,

61) 1980;TheZshvirdhmerraildanciind havefociissed eagsraivetly bhahe suur cofitent bRetoof
t he al kyl group causes the low reactivity of nethyl substltut ed
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cracki ngthegsd picdduatse tydidtielsaifliigetion wéé Emtgl besan Ldedstariueadhellévels of eulfar
expensive in terns of the capital cost of the equipnent as well
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tmrale g{ n;ﬂﬁpe@gﬁ%‘ﬁ‘;”%%@hﬁ#?ﬁ; ?gwilag%rnsukpp&bém&tww BERdthRpRene and
dibenzothiophene makes desulfurization reactivity of the organic sulfurs decline

25 substantially and they become “hard sulfur” or “refractory sulfur’ An example of LCO
sulfur GC is shown in Figure 1 with sulfur GC speciation. A review by Girgis and

Gates, Ind. Eng. Chem., 30, 1991, 2021-2058. reported that substitution of a methyi

group into the 4- position or into the 4- and 6- positions decreases the desulfurization

activity by an order of magnitude. Houalla et al. reported activity debits of 1-10 orders

30 of magnitude, M. Houalla et al., Journal of Catalysis, 61, 1980, 523-527. Lamure-
Meille et al. suggested that steric hindrance of the alkyl group causes the low

reactivity of methyl substituted dibenzothiophenes Lamure-Meilie et al., Applied

Catalysis A: General 131, 1995, 143-157. Given the utilization of the higher boiling
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have been devel oped for the renoval of sulfur during the FCC processs ehe
Rut, so far, nost devel opnments have centered on the renoval of sulfur from
the regenerator stack gases. An early approach devel oped by Chevron used

al um na conpounds as additives to the inventory of cracking catalyst to
adsorb sulfur oxides in the FCC 20 regenerator; the adsorbed sul fur
conmpounds which entered the process in the feed = were rel eased as hydrogen
sul fide during the cracking portion of the cycle and passed to the product
recovery i ; I t i :

Addi ti ve?%‘r@%@%@ﬁ%@ Efsss%wgle?rso@gm\gﬁd rsgggﬁis@ﬁ)g, aﬁ?\?gén%éé:} H?d@ée,rﬁ%vaeges
59-66. The redlitethe Sncidenge of fthermbiee refractbryg asganit rsutfut lempegmasr it theduit
product 2s sulfur |evels are not greatly affected, if at all. An

al t er nat Flacking KABNQNS beeamenaPp@i®ptal of sul fur oxides from regenerat or
removal is based on the use of nmagnesi um al um num spinets as additives to
the circulating catalyst inventory in the FCCU Under the designation
DESOX3" AQree dpproadth bas besdict raraeve the tsulfup frone dbe RTE fieedhioyw Ihydyotreating
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greatly reduced. w 23/06/2003 4 A catalyst additive for the reduction of
sul fur | bydtagencansanptinn ig highic Anothesrapgpueach has peepde sembye \the sulfacfrom

and Kimin U S, Patents,5, 376,608 and 5,,525 210. ng . .a.eracki at al vst
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commer ci al success. The need for an effective additive for reducing the

sul fur c&atusatedof |iquid catal ytic cracking products has therefore
persisted. In Singapore Patent Application Serial No. 9304234-3 , filed 31
August 1999 (Mobil -- ~I io IP Case 10061 ), we have described catalytic
mat er i al rérortheszonomit poirdbéview, i wowldibiende siraite ks acitiecéd salfier reapadal @ te
reduci ng the.sul fur content of the |jgujd prodycts of the crackin rocess.
These sUPATKINBiRGas N SedItris WaHlt pieechel deriiufen 08 ripigoFagRoRent of

mol eyl afhes 'gasfsmgzﬁreﬂpémﬁﬁ@ podl WRihut ia@dﬂﬁ)n‘él( krdatrhent. swi?ugb@tslyaerrﬁawﬁdvé n

the interior o pore structure of the sieve. The nolecular sieve is In

nost casbeve heerzdevelopedifer the rempovied of sulfign dudinghthe h§ & Reacessesycka bub so

or i ¢ TreMds? setB e s B8 olad i Y Pe B8 Suflrdfot e B5Rnelor"
rr:)I e;: ;: ?ith?(rrat ers?;fdg ?ﬁlgh as&l\/%)v#dggélgas@d%g ﬁ?g\é@glsufideélgﬁén\j@%ggm nest asof
'f hgscat aPgditivegdpathe Wgﬂﬁ‘t% AaFREeKING, C%ﬁ?)@,t tpraﬁomow%r,%ﬁas ggF ; uﬁp&)
Wer €,§ ou ér%rgfbreiﬁeeﬁaha:%e Oéulfdi'ecdn‘?&?lﬁdﬁ{?«h@h éﬂiefré'& the graeewﬁpm@?e?d

e al . p e

w th“vanadi um beihg 't preferred net en used as a separate partic
addi ti veweat a¢lgased Asdyarogaresilfiie dariagube drackingpoitioatéfdhe wycle amdpasséde

tal yti Ki talyst (r I faujpasit h ite, Y
copec, al 1o MRk FE sty seditit BEtneluly bRgkE Mgy wpts frfSudd seerdenma et
catal yti 6| AdHERIIhmEve ROCPbeesy, @W&@cém%slﬂo&éésiﬁ@,fgg%mgeﬁa9§i1 ng&gbse

si eve congonent of the sulfur reducti'on catalyst may I e an active
cr acki ngSe&Gal ybe, sulfor is remayre fropethd stackgases: frem thegegpoersaten but pragust
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cracki ng conmponent and the sieve conponent of the sul fur reduction system
together with added matrix material such as 30 sjlica, clay and the netal,

e.g. vanAaialigrnalive teghnelaayder the reiupyalrof rfye oxisiesi IrB reaaRenater removaj is
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particles during the cracking portion of the cycle. Early in the
devel opné/@57089Z,e4/957 | 71 & r ¢80 8§2candiiofRers. | Agais Haywawer: pendugct |seilfus devealm
content was rFarui red not only for optinmum cracking activity but also for

stabili t?reaﬂ‘a W&E'Y{ﬁag ‘e earth el enments such
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as cerium and | ant hanum conferred greater hydrothernal stability2 %%ﬁ fgr
éxanple, ~-=~io Fluid Cafalytic Cracking with Zeolite Catal ysts; 3 6?% et
al ., Marcel Dekker, New York, 1979, |SBN 0-8247-6870-1. W have now
devel oped catalytic naterials for use in the catalytic cracking process
whi ch are capable of inproving the reduction in the sulfur content of the
liquid is products of the cracking procegs including, in particular, the
gasoline and mddle distillate cracking fractions. The present sulfur
reduction catalyst are simlar to the ones described in U S. Application

No. 091144,607 in that a netal conponent in an oxidation state above zero
i s preser Catalysteadditive farrthetreductian af sufurdavels in; thediauisnstaming products is

he. pr ospPRSEd by Mtidondr EnBIRGE, RO PRucis 3otk 08 o8 782 1RE LR o ¢
earth el ejrgeikifg dxtallyst ébhifvé&)’flaﬂnaldl’ﬁlnb&u@pbﬂerld_é\hlat a¢|t1efoprtbeq:vodu@tfort ()
rare earth corrponent enhances the stability of the catalyst, as conpared to

the cét alrgducedssitiyr gaselne Rt s, Syatlemihas NehAESVer SNl ofRMMesRie!
that in Cs‘ichﬁéé‘ fﬁtegpagtg gaggﬁee?fecﬁw%ﬁtvgyfo rta WGRY! I{HE RiFrut gsgfe?—{tf‘ofqeﬁ.

conponent e ‘sul Ion activit SO I ncrease

pr esence catalitie cravkingeprdducts mthiesefoﬂétpersmiedurprl sing since the rare
earth canons in thensel ves have no sul fur reduction activity. The present
sul fur reduction catalysts may be used in the formof an additive catal yst

In conbi NAt s@RgHokb tb%tétﬁtﬁld@cét" G SbAa Né‘t §a0354.1, ik 31 mbuamml iMobfiat

[ in so conbination wt convent i onal maj or conponent of
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product <srhdking PREo6dd. oThebat alififtredustictntatalys28/cofp?ice3 irP adairiohctong ;idaotnbe
present invent | on, the sul fur renoval catalyst, conposition conprises

por ous nuN@IEGUlAr Siewe CampRenNaincamelal( in ag ﬁétdatlon nstale @eoNat 7¢7R svttatrb the
above Zerﬂtteﬁ{bt @fﬁh&ﬁb‘bré%tﬁ%&r@ 8{ ttteh?le%r eTRE rd%&l%ﬂﬁ%rcgue\té“?s # ﬁch‘stadﬁ%e(s' 5)
onponent. s

a rare ear ecul ar SiI eve I N NbSt cases a zeo
and iis meeolite andebma)ebbaauzaghtetiaa\ang @hasaqtersstmrmrmsient withhthehlerge ipgee

|t h t lite, USY th t t
bor o a1 eslis 1akh 85 zhoite ata OE 2ol SR i Tk Blerhiadiabbee ek Aalues®

MeAPO- 5, JMeARR(Z8M- BSN&ﬂLiedﬁﬁc hifled@aOHOUESI SUEH mtméAPuﬁsrrMewpsxbss HOWef s
MCM 41 may be used as the sieve conponent of the catalyst. ~' io Met als

such as \@snte mesoperess grysiallineomaterials sechy @s| MGM-4d emay e used as) they ﬁ@Vé

sel ected rnal o g y

the acti v%@%el[mtq?éhgr%éc{%?ﬁg%%&a% nr.%h %(%ﬁp@g{r?e%ﬁ”trﬁ( %@&Hﬁpﬁp Cbbggu?gglqég such
as zeol i twerk)found tal be raffgctive for, thet remyctltxe ofi setfur im atuiehgasohne owithevamadiwm
cfacki ng whet her or, not it has any c el f

T The D HESERNG BB PR TG aUTeIs bReR A5cp SPURGLS Peyie e dasdlvsh gBRse; &
115 i I, g A e iy
| ow sul f @& falijasiéd svicbnds czaqhtmé(nte&pecually as zeolite USY) to process hydrocarbon
feedstocks in the fluid catalytic cracking (FCC) unit to produce low-sulfur products.
25  Since the sieve component of the sulfur reduction catalyst may itself be an active
cracking catalyst, for instance, zeolite USY, it is also possible to use the sulfur
reduction catalyst in the form of an integrated cracking/suifur reduction catalyst
system, for example, comprising USY as the active cracking component and the sieve
component of the sulfur reduction system together with added matrix material such as
30 silica, clay and the metal, e.g. vanadium, which provides the sulfur reduction

functionality.
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as heating oil. Besides achieving a very significant reduction in the

suI fur content of Y F 20 the cracked gasoline fraction, the pregéfﬁﬁ/@QP?ur
‘reduction catalyst materials enable r the sulfur levels of light cycle oil
and fuel oil products (light fuel oil, heavy fuel oil) to be reduced. The
sul fur reduction in LCO occurs with the predom nantly substituted
benzot hi ophenes and substi t ut ed- di benzoghi ophenes; the renoval of these
nore refractory species will inprove the eff|C|ency of sulfur reduction in
subseque ; fur
may al | oévﬁc&b%sﬁgg% |8@§:EBJ}§ H{dr@?&l{t&%f rom ﬁ%t%lyF&t ﬁé‘éilrigér? S;rantdémlglf
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process IS a true cat al yti rocess S pProcess, I eve that a
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bel ow. FCC Process” The present sulfur renoval catalysts are used as a

cat al yt i aptisawrporrenkingfadtivity but alsofari stability: and that tbatrere esrthelemepts sueht he

i‘zil v SRR BRBERUD sBlietred gRieBipl el By el By el
Ciol berdfujal C'&tél?ﬁ@@@@ﬁn@ avithZddife B85S, Adnueadh alhemMares eDékiatdiNaw es
coul d be used_in er_ novi ng bed type (TCC) cracki ng process W t h

appr opr i ¥R, é@?%s'ﬁﬁé‘h@sg%ﬁ%m‘l cle size to suit the requirements of the

process. Apart ~s fromthe addition of the present additive to the catal yst
i nventory and sonme possi ble changes in the product recovery section,

di scusseueummowmmm calfal;di@ennatérlajs fcbreuqa ot s catdlfticr enaekinguprobasged.
Thus, ve tlona F sts % be u r. ex

TS S vigh 4% Sangpte B il tiRe MY BemaREn: i, e, SRV Bt °pt e JRAG,

revigw sto&@&ut@f wm.% grbteéss ﬁiﬁl@dmgl fh Paftidllarg thet Jagsiplel Eﬁdzrﬁlddle
Cat al yst's, Marcel Drk w York 1979, 1 SBN 0-8247-6870-1 as well as in

numer oudligtillaée osaciing drastions adheapregapksyifur Fedyc&oca%ta&vst @r@sar@narnga the
randbookn Qs bl 105 RUSIERoNING Sooh FENG: FEARP 2Rk cHRENIRn an

briefly, tTRPIEPACR i Nng process i
hydr ocardxidatidth tttel atsovieazerads tﬁresmtgandmll;fcne stongiore & a\nmblebelacrﬁeked

to lighter product hakes | ace cont act . of tege feed in a cyclic cataly
reci r cul<m eafaeti § |9l3 Cﬁﬂ%ﬁsﬁ'o@r r Wi aPT&I8 aNCEi @92ibI légegt given; 60
Cracki NG, ar@LRIN S in tHeYSrtisBhY c&81 Howdvas, b mﬁdsfftlicﬁﬁaub,a\edmoﬁse%l&ﬂe 6@%.»8930

ffrem 20 to 100 m crons. he S| nlflcant steps in gc I'C process are:
(i) the raeeeaith elements; pcaﬂergblgz ceciked We aav:atf@wqd tl’tﬁtd acﬂfewogocnfet,he rare

normal |y a.riser cracking zon r.ati a rac caonditi,ons
by cont AT geaReq diehed e tapiRL b eltaRlbh At brkeRid e s 2RRN=E0
pr oduce vaicie cbhttfmbnORaNddHIn Sr et Biap dofipdne Rt afd et lﬁ%b?tbbf'ﬁﬁavorable
contai ni ng coke and strippabl e hydrocarbons; S
cases, especially with cerium as the rare earth component, the sulfur reduction activity
25 is also increased by the presence of the rare earth elements. This is surprising since

the rare earth cations in themselves have no sulfur reduction activity.

The present sulfur reduction catalysts may be used in the form of an additive catalyst
in combination with the active cracking catalyst in the cracking unit, that is, in

30 combination with the conventional major component of the circulating cracking
catalyst inventory which is usually a matrixed, zeolite containing catalyst based on a
faujasite zeolite, usually zeolite Y. Alternatively, they may be used in the form of an
integrated cracking/ product sulfur reduction catalyst system.
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23/06/2003 8 (ii) the effluent is discharged and separated, norn&bog/% d,3one
or nore cyclones, into a vapor phase rich in cracked product and

ri ch phase conprising the spent catalyst; 5 (iii) the vapor phase is
removed as product and fractionated in the FCC main colum and its

associ ated side colums to formliquid cracking products including
gasoline, (iv) the spent catalyst is str%pped, usually with steam to
renove occluded ~) io hydrocarbons fromthe catalyst, after which the
stripped catalyst is oxidatively regenerated to produce hot, regenerated
catal yst which is then recycled to the cracking zone for cracking further
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l'iquid cmiekbegugeddiugddition to ¢hé active erackinigpugipohent, asthemndr rot # has any
acceptabl e | evels by carrying out the catalytic cracking in the presence of
t he suIf&*aQQQQE@FﬂK’Qﬁgﬁ%yst 23/ 06/ 2003 9 FCC Cracki ng Catal yst The
presgat sul fur reduction catalyst conpositions may be used in the formof a
separate particle additive which is added to the main cracking catalyst in
t he FCCUTdne, pse%ﬁrttemposiéblys areeysefiay tbepwedezydrowbnenfegdSmQNsem fluid

cat al yar capuP Sfark BT el e B sElE g S rh TG Saucts,
convent i ggraékampleetight c;tcua @ﬂ tiesttcannise dgéu raeh wasiurdiess Gliémd Bompdnehe or
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3,293, 192, I arioys partial exchanged t zeolites as

i sol oseredgtad'S e sulfit Rty i s SheE FBy ¢ BRedef RantingSubiiivipst
such as b@ﬁ%@ttﬁ’éﬁwéﬁé@ebﬁda%%étﬁm&i HnBeh%ﬁ%ﬁMﬁ@%‘ tthgsrénﬁévﬂlvéf 'tﬁé§e' fhore
comrerci al suppliers. The active cracking c omponent s routinely conbi ned
with a meefratonaspeciab willdmpagvesithe efficency afmsuburagedustibnas subsegyenh L&X@er

et e 7° as et Ut et Hrotditsr ormp SBCBERSY i R ot Ty BleCOnQIaRIRT o,
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separate particle additive, the sulfur reduction catalyst (and any ot her

addi tive e t j e e
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such as zeolite Y, preferably as zeolite USY, or zeolite beta or with the
internedi ate pore size zeolites such as ZSM5, with the former class being
preferred.



23/ 06/ 2003 10 The nol ecul ar sieve conponent of the present sul fur reduction
catal ysts may) as noted above, be a zeolite or a non-zeolitic nm3BéeaN2qe3
sieve. Wen used, zeolites may be selected fromthe |arge pore size
zeolites or internediate pore zeolites (see Shape Selective Catalysis in
l.ndustrial Applications, Chen et al, Marcel Dekker Inc.) New s York 1989,

| SBN 0-8247-7856-1, for a discussion of zeolite classifications by pore
size according to the basic schene set out by Frilette et al in J.
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t he cat alsydfur specieki ng process, wll general |y not be preferred because of
their nol ecul ar size exclusion properties which will tend to ~~ to excl ude
t he conponents of the cracking feed as well as many conponents of the
cracked miaRe

be critica r@g@r@gg;“&?e gﬁéﬁ‘nétﬁﬁg%hoy;ﬁhémﬁum andds]';)ttla't‘re ggfﬁg&gr@g@gggﬁuéﬁ
have Beercompositions agdesdribed hvalowas have the nesoporous crystalline
materials such as MCM41. is Zeolites having properties consistent with the
exi stence of a large pore (12 ring) structure which my be used to nake the
present spbbypropgséiction catal ysts include zeolites Y in its various forns
such as Y, REY, GREY, USY, of which the last is preferred, as well as other
zeolites such as zeolite L, zeolite beta, nordenite including de-al um nated

%&fﬁﬂzﬁ T MigS, st Buoly), (BRI \afenbaby 4 % BRI sPRfeitoh §° 4R8
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and i i Srdrh @R TaidRidPEsiH sretsent’%ada.ﬁeettbahétda&arystrmduﬁw@n@aé@hafvossrbréhe
formof an integrated cracking/sul fur reduction catalyst system The USY

zeol i te @wheagesrintthe predui iegoverypermtion, iscuased belewathgaAtanger afonesatings
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2;485 to 2.4 being very suitable. After exposure to the repeated
st eam ng m;rn@ouneothe;c so;amess;ucrmuashSade@@hﬁm drigidi @atatgioniOracking dHandaok, o

i 1 on G PTG Huloh ol 19BN BRATSATRES Ty “be used ai though ¢ hey
may not be as favorabl e sr nce it appears that sone acidic activity

(conventional | y nmeasured b%t~ ~ to the al pha value) is required for
opt i num fmevhahbdefmitpe flicprtalytigarackingirtaeess iRavhigh ghe heavydwdrocaskeas s

of 1Q.(si t N

desurtur 1588 SRR e oaF shritris WDS pistieB 16 WPl mroducts tags
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range of acrfi aﬁ: for t hese miterlla? {1 used F |t|ve | S
circulating urdrzable catalytic cracking catalyst inventory consisting of particles having

a size ranging from 20 to 100 microns. The significant steps in the cyclic process are:

30 (i) the feed is catalytically cracked in a catalytic cracking zone, normally a riser
cracking zone, operating at catalytic cracking conditions by contacting feed with a
source of hot, regenerated cracking catalyst to produce an effluent comprising
cracked products and spent catalyst containing coke and strippable hydrocarbons;



Exerrpl ary non-zeolitic sieve materials which may provide suitable suPJoort
‘conponents for the metal conponent of the present sul fur reducti%r0®

“catal ysts include silicates (such as the netallosilicates and
titanosilicates) of varying silica-alumna ratios, netalloal um nates (such
as germani umal um nates), netall ophosphates, 20 al um nophosphates such as
the silico- and netall oal um nophosphateg referred to as t nmetal integrated
al um nophosphat es (MeAPO and ELAPO), netal integrated

si |'i coal um nophosphates (MeAPSO and ELAPSO), silicoal um nophosphates
(SAPO), gal |l ogermanates and conbi nations of these. A discussion on the
struct ur(#) theeefﬂueohmlpeh@‘lgesm separated, HOrMBINPID ene A dNaeRStonesyiftona

(1087, VAo RS o ArAOH, RRkulel 2t ik o, PHgpe Eftsing e tpant

sone of ddqg gtosphorus andl or some of both phosphorus and al um numis
repl aced by silicon. In the MeAPO s various netals are present, such as Li,
B, Bé&, My, Ti, M, Fe, Co, An, Ga, Ge, and As, in addition to al um num and

phosphor
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The al phand its bisséciatedide ebRining et fond Imﬁndmslamgrmodhasmw@ndnhb gasolingy,
inclusive of both its internal and external acidity, of a SO|Id mat eri al

such as a nolecul ar sieve. The test is described in U S. Pat.

3, 354, 078 iyfe rw?\é% D 9 6
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O type si ev terials are described . in U S, Pat 4,440
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ELAPO calrabhinh SonbToflefekiridtinher bushiifialor 86d. 4, 500, 651, s and ELAPSO

catal ysts are~described in~European Patent Application 159,624. Specific

nol ecul ar sieves are described, for exanple, in the follow ng patents:
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conponents are incorporated into the nol ecul ar sieve su pport material to
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h f d
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reducti Q’iyd@@ﬂﬂ@@tﬁ%ﬁt Whbre Gfs. opjectivé ic1R80¢duds Hufur adithesighe paprogememts hins
specification are neasured at a constant tenperature of 538C. 23/ 06/ 2003

13 al t hotigekatidy vl sl berAaligvas it effects sulfur reduction is not clear,
as discussed in Application Serial No. 09l144,607, to which reference is
made for a description of sulfur reduction catal yst conmpositions containing
vanadi urndhe present preteass, dbemxifant:enteht et thesgasalinet pdrsiop wf s diquidiogracking

conveni ence this ¢ of the osition wl e referred ta in this
appl | CatTTBRUGS. T EBRIVAL Prusfiti RuATD MABrmAHrBIACIE | RTe)E dbf Caiiph ol
effectivgy cbhélitlé@rt@kl in tﬁEtp?é§énc%J $iuhe RFUPFEffbnidasalflst t he pore
structure of t si eve conponent. Metal -containing zeolites and ot her

nol ecul ar sieves can be prepared by (1 ) post-addition of netals to the
sieve or to a catalyst containing the sieve(s), (2) synthesis of the
sieves) containing netal atons in ~ to the framework structure, and by (3)

synthesis of the sieves) with trapped, bulky netal ions in the zeolite
pores. FoI I ow ng add| t| on of the rret aI corrponent vvashl ng to remove unbound

o o e T Y 1 Y e T
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|t has been found that when the nmetal of the primary sulfur reduggk@22003
gonponent is present as exchanged cationic species in the pores of the

si eve conponent, the hydrogen transfer activity of the metal conponent is
reduced to the point that 2s hydrogen transfer reactions taking place
during the cracking process will normally maintained at an acceptably | ow
level with the preferred netal conponents Thus, coke and |ight gas nake
during cracking increase slightly but they remain within tolerable limts.
Si nce theF@@E;ég,@,g Bakd/péit ends can be used in any event as alkylation
feed and 1nthis mé@ recycled to the gasoline pool, there is no significant
30 |l oss of gasoline range hydrocarbons incurred by the use of the present
addi tives.. Because, of the concern f excessij.ve coke and h dro%%ﬂégpke
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Cracki ng Catalysts: Mechani sm Poi sohi ng an st gn of n rant
Cat al yst Syalitesnas) disthosddy sn sUROPatkdds 18ds.( 3,6086)43 land S,6#8,868.ed Grhakinghe
| ocation oft [hgs i S g‘anaditum i nsi de .t hle orf tryucture of tgﬁ sigve .
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whi chicanceryroial éapsliersi OTIsé Yactivé leradling icerd om@AP o edlitindly cambifeE With khe
present zeolite-based sul fur reduction catal ysts containing vanadi umas the
netal confPéHenhmaigral swele@gosilica apclv@ina pe| Welh ased day, in afder to, eravide the
oxi dative FédTh{é% | L LAt Ve 0 C -Wh
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| f dyct i on wh t ed lite USY. The vyiel.d struct f ot
VI USY suleaiIveE i PNy SRR [Rtos S £ER% D iersnsntr eehive RhidiatR | 8 usedor
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they tend to convert gasoline to C3 ‘ gas. Even though
conver t edn@maliyngelestect 4o mavealak patictel sized and- geesitie gompakable thdhataobl thee
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simlar yield structure to 30 current FCC catal ysts; this advantage woul d
allow the V/USY zeolite content in_a cataltyst blend to be adjusted to a
target deSulfyrfRedertiognSyea - wievBJde@MPPAGRGL i on from FCC unit constraints.
The vanadiumon Y zeolite catalyst, with the zeolite represented by USY, is
therefore a particularly favorable conbination for gasoline sul fur

reduct i onAccaair@pid €8 presant iRGENtio) eh&lBulfuhiremaovab catadystf comprises @i perous
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2. 450 nm iicldro the poreakiEatite of RoLidAl | ahe Rbikus selalis iﬁ%Bgtgégses a

vanadi unm’ zinc as the primary sulfur reduction conponent may al so
f avor abl ezaalite @ndsit ehay ber aldectitd havingecharacteristicsheonsistemt with thee large rpone

sul fur reduction tal _cappopent in e_sul f r ctian talyst is.

mor met® y SN 20 o RIBRY: dretetabl e reclle $REY'Ebt FaeifR Beld pebithnne
(as net alintdrRleditédre sWRl 288Iitdd sS¢eds ZONIB0 Rethtthe BOimEMEILSE Belpidl Srefistrédni S
range, for ~~ to exanple, fromO0.10 to 10 wei ght percent may still be found
to give sone sul fur renoval effect. Wien the sieve is nmatrixed, the anpount
of the primary sul fur reduction netal conmponent expressed relative to the
total weight of the catal yst conposition will, for practical purposes of
formulation, typically extend from0.1 to 5, nore typically from0.2 to 2
wei ght percent of the entire catalyst. is The second netal conponent of the
sul fur reduction catal yst conposition conprises a rare earth netal or
metals which is present within the pore structure of the nol ecul ar sieve

o, v oy - rr . .



23/ 06/ 2003 16 sieve, the amount of the rare earth will normally2bgod/mogs2
to 20 wei ght percent and in nost cases from4 to 10 wei ght percent of the
$ieve) depending on the sieve:matrix ratio. Ceriumnay be used in anounts
fromO0.1 to 10) normally 0.25 to 5, weight percent of the catalyst
conposition and relative to the sieve, will nornmally be from0.2 s to 20,

I n nost cases fromO0.5 to 10, weight pergent. The rare earth conponent can
suitably be incorporated into the nol ecdlar sieve conponent by exchange
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pr ef er r eghoted abble, g lzobiteSdrey Bonzedhitiyy nifié&dar slevemnieen aked N2auliess Aiayon
is to add the rare earth ions to the USY sieve (typically 2.445 - 2.465 rim
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as the sieve conponent, this can suitably be done as descCribed above, by
recal ci nicreckedusedectsc Thegparatsits of theosiese aeg ndiehewevere Apprac thperasiticat o
2s ensure.|low_uni,t cell size.and then | rat L.

vanad: oI5 A PrisEarigl. BRE iR Eres Bk epd Aselielidle vt ounst 1a
cation eyehefaivbOas Akite HatRsdPotdR! criySalliretrabteriars such asmmgMiged in the
pore structure of the zeolite. Alternatively) the primary sul fur reduction
conponent and the rare earth netal conponent can be incorporated into the
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preferred to use the active cracking conponent of the catalyst as the sieve
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should in ~~t cases be carried out with a controlled amount of netal

so that ZSMEFGMCM:22, MEHMEAIoMCIMNEES alliof which athkindwn snatedatso Zeolidey may he
cracking reaction i ch y be desired fromthe active crackin onponent

oy "SbEorites Mty HemeNGTE B lewerr o 135, Abkiiiime FY” Sxaitek TSRS

of Sul f ugalfedtiGidroRhfHhiahy st Conposi tion

The use of zeolite USY is particularly desirable since this zeolite Is typically used as
the active cracking component of the cracking catalyst and it is therefore possible to
30 use the sulfur reduction catalyst in the form of an integrated cracking/sulfur reduction
catalyst system. The USY zeolite used for the cracking component may also, to
advantage, be used as the sieve component for a separate particle additive catalyst
as it will continue to contribute to the cracking activity of the overall catalyst praesent in



Normal |y the nost convenient manner to use the sul fur reductionga@lyst
Wl be as a separate particle additive to the catalyst inventory. In its
preferred form with zeolite USY as the sieve conponent, the addition of
the catal yst additive to the total catalyst 20 inventory of the unit wll
not result in significant reduction in overall cracking because of the
cracking activity of the USY zeolite. The sane is true when another active
cracking material is used as the sieve conponent. Wen used in this way,
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including the light cycle oil and . .
of both phosphorus and aluminum is replaced by silicon. In the MeAPQ's various
metals are present, such as Li, B, Be, Mg, Ti, Mn, Fe, Co, An, Ga, Ge, and As, in
addition to aluminum and phosphorus, whilst the MeAPSO's additionally contain

30  silicon. The negative charge of the Me,Al,P.SisO. lattice is compensated by cations,

! The alpha test is a convenient method of measuring the overall acidity, inclusive of both its

internal and external acidity, of a solid material such as a molecular sieve. The test is described in
U.S. Pat. No. 3,354,078; in the Journal of Catalysis, Vol. 4, p. 527 (1965); Vol. 8, p. 278 (1966); and



| irght and heavy fuel oil fractions, making this nore anenable t@3/06/2003
hydr odesul furi zati on techni ques by renoval of the nore refractory sul fur
tonpounds. The distillate 23/ 06/ 2003 19 fractions may then be

hydr odesul furi zed under | ess severe, nore econom cal conditions to produce
distillate products suitable for use as a diesel or hone heati ng oil blend
conponent. s The cracking process itself,will be carried out in the normal
manner with the addition of the sulfur reduction catalyst, either in the
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Metal Components

Two metal components are incorporated into the molecular sieve support material to
make up the present catalytic compositions. One component is a rare earth such as
30 lanthanum or a mixture of rare earth elements such as cerium and lanthanum. The
other metal component can be regarded as the primary sulfur reduction component

Vol. 61, p. 395 (1980). Alpha values reported in this specification are measured at a constant
temperature of 5§38°C.



~~ 10 Exanple 1 Preparation of Catalyst Series 1 Al sanples in,Cajabyst
Series 1 were prepared froma single source of spray dried material,
tonsisting of 50% USY, 21 %silica sol and 29% clay. The USY had a is
starting unit cell size of 2.454 nm Si021A120s nol ratio of 5.46 and a
total surface area of 810 nRg'. A V/USY catal yst, Catalyst A was prepared
by slurrying the above spray dried cat all)jst with NHA0OH at a pH of 6,
followed by filtration, amoni um sul fat e exchange 20 and washing with

hour s andtnaEpBME et GAREd: bag P SRRl s el ot aboirusbiic
the unit licatiory Seplal Ne @%/a4YBD7aNd winiph Oefstents istmdde ifbly al eddtiption of
presence of vanadium 2s A VIUSY catalyst, Catalyst B, was prepared in the
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wi t h she corprpitiom wilhale aéfeeredatorimithis applicationeas ithagprimbry Gaifat yeductiarr e
exchanged with sol |1|tions of rare earth.chloride to ?d 2 ﬁﬂg 4 wt % RE203
onto t he CORPANEEL. In ecder-1q e sffeciine, thig metal; (o mgtal® i sheuid Re RIgseNtsiBaided

sone of | + tediQut: o kD I n ihit b |
31 061 2088 TR SEIGPRE L, Flove EimpaibA "MAL boftditihg Secite T other,
as Cat al ysale8ylanistdves mmreke quepaned: by 1 apostradditimmolimedalisftattheesievenng éo tehe
cat al yst changed with a solution of ceriumchl oride.t.o ad % cerium
(73 ch e PRI Ao ste v ke s SEINS Trelef haffEuiiBaiglar dloms n’
Clp vaigsl frahfowdrRgtictureabad b}ft(ng the¥RtdfaRe isfevels)Wath @ragned,l Bulky metal
f1uidized bed steamer at 770C (1420F) for 20 hours using 50% st'eam The
physi cal ignopethe gsolife preess alfalloning rgddicsanf deendoetahcompament,ywashisgeto

Carv Usvieplle ek iofe, Sircfrs RLENAY GidRFich ool be, Peipay
USY Cat . THBSeMechiitubstareDblekMbwHSK Baimsdiay. cifuat-aaition bbad metal ions is

wt %9. 360. 370. 390, 380, 39RE203 | oadi ng, wt 9. A, N. A. 2, 04. 15, 1Ce20s,
wt 9. A. NPrefmego fags sinaicity 03nd v 2ogoiyy. REMHNGB Ryaianigogieve materials to be

wt %9 .,300 it i : : _ o
o o 1355 c480srted1d i 13 e prSont Sidifives, A wide variety of post-addition methads of

n2g-' 2552520248 21 Used toeptodsiceea aqat@yal6b oup4aventidd? fapganie,i sqidau| e
2 Prepar %E(icr?gné)éc o%e?ém%s,sgcgl{d@ssta?e exc 3a/n0g%/ 35%8 metal halide salt(s), impregnation
with a metal salt solution, and vapor deposition of metals. In each case, however, it is
important to carry out the metal(s) addition so that the metal component enters the
() 20 pore structure of the sieve component.
It has been found that when the metal of the primary sulfur reduction component is
present as exchanged cationic species In the pores of the sieve component, the
hydrogen transfer activity of the metal component is reduced to the point that
25 hydrogen transfer reactions taking place during the cracking process will normally
maintained at an acceptably low level with the preferred metal components. Thus,
coke and light gas make during cracking increase slightly but they remain within
tolerable limits. Since the unsaturated light ends can be used in any event as
alkylation feed and in this way recycled to the gasoline pool, there is no significant

30 loss of gasoline range hydrocarbons incurred by the use of the present additives.

Because of the concern for excessive coke and hydrogen make during the cracking

process, the metals for incorporation into the additives should not exhibit



22 A VIUSY catalyst, Catalyst F) was prepared using a USY zeolitg Welib@
Silica-to alumna ratio of 5.4 and unit cell size of 2.435 nm A flud
tatal yst was prepared by spray drying an aqueous slurry containing 50 wt%
of the USY crystals in a silica sollclay matrix. The matrix contai ned
22-wt % silica sol and 28-wt % kaolin clay. The s spray-dried catal yst was
exchanged with NH4+ by an exchange with g solution of ammoni um sul fate and
then dried. Then the USY catal yst was inpregnated with a sol ution of
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Cat al yst H was prepared u5|(gg a commercial _USY zeolite with
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i th a VOS04 sol ution. Physical properties of the calcined catalysts are
sunmmar | z&@&Mviranmeant éorxtheradtab 2 io ~t is Physical Properties of VI USY,
RE+V/ USY Silica-Sol Catalysts (Series 2) V/USY Catal yst FRE+V/ USY Catal yst
GRE+V/ USY
Vanadium is particularly suitable for gasoline sulfur reduction when supported on

zeolite USY. The yield structure of the V/USY sulfur reduction catalyst is particularly
25 interesting. While other zeolites, after metals addition, demonstrate gasoline sulfur
reduction, they tend to convert gasoline to Cz and C4 gas. Even though much of the
converted C;~ and C4 can be alkylated and re-blended back to the gasoline pool, the
high C4 wet gas yield may be a concern since many refineries are limited by their wet
gas compressor capacity. The metal-containing USY has similar yield structure to
30 current FCC catalysts; this advantage would allow the V/USY zeolite content in a
catalyst blend to be adjusted to a target desulfurization level without limitation from
FCC unit constraints. The vanadium on Y zeolite catalyst, with the zeolite represented
by USY, is therefore a particularly favorable combination for gasoline sulfur reduction



Catal yst HCal ci ned Cat.V |oading, w%.50.430.44REZCs |o0ading, ,3,46/2003

Wt %N, A. 1. 932. 66Ce02 | oadi ng, wt %N. A. 0. 212. 42Na20, wt %0. 130. 160. %dgur% ace
‘area, nRg' ~327345345Unit cell size, nnR.435-- Exanple 3 Preparation of
Catal yst Series 3 A V/USY catalyst, Catalyst |, was prepared using a
comercial HformUSY (crystal) with a bulk silica-to-alumna ratio of 5.4
and 2.435 nmunit cell size. A fluid catial yst was prepared by spray drying
aqueous slurry containing 40 wt % of the USY crystals, 256 wt%silica, 5 w%
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H- f or sn Uvorablel ip dernmsef overatt gnivreeduction.a sol uti on of Ce(NOs)3 to target
1.5wt % Ce | oadi ng using an incipient wetness inpregnation nethod. Resulting
Cel USY catal yst was air cal cined at 540C (1000F) s for 3 hours followed by
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sol ut i onnbgﬁwo(?\l%'%@erﬁﬁﬂt ‘%\}Iﬁﬁﬁﬁr@%’e ﬁﬁa&s% to remove Na+, followed by
washi£ig with water and air calcination at 650C ( 1200F) for 2 hours. A

VI USY catal yst, Catalyst K, was prepared using the above Hform USY
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elements of the lanthanide series from atomic number from 57 to 71 such as
lanthanum, cerium, dysprosium, praseodymium, samarium, europium, gadolinium,
25  ytterbium and lutetium may be used in this way but from the point of view of
commercial availability, lanthanum and mixtures of cerium and lanthanum will
normally be preferred. Cerium has been found to be the most effective rare earth
component from the viewpoint of sulfur reduction as well as catalyst stability and its
use is therefore preferred although good results may also be achieved with other rare

30 earth elements, as shown below..

The amount of rare earth Is typically from 1 to 10 wt. percent of the catalyst
composition, in most cases from 2 to 5 wt. percent. Relative to the weight of the



e A Ce+V/ USY catal yst, Catalyst M was prepared fromthe abovey3iobpsdnsuSY
cat al yst by an exchange with a solution of CeC 3 to target 3 w % Ce

‘t oadi ng. Resulting Ce/USY catal yst was air calcined and inpregnated with a
vanadi um oxal ate solution to target 0.5 w % V by i nci pi ent wetness

i mpregnation. The inpregnated Ce+VIUSY ~s catal yst was further air

cal cined. The final catal yst contains 1l % Ce and 0.53% V. A Ce+VI USY

catal yst, Catalyst N, was prepared fromthe above H-form USY catal yst by an
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Resul ting Cel USY catal yst was air cal cined at 540C (1000F) followed by

steam ng at 540C (1000F) for 3 hours. 20 A Ce+VIUSY catal yst, Catal yst P,
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ﬁpr egnaénsnmesm thayremeatthel iGletiyt Pohe cs&rUalwetofWﬂe @IevedT e dnetals may be
incorporated directly into the crystal or into the matrixed catalyst. When using the
preferred USY zeolite as the sieve component, this can suitably be done as described

above, by recalcining a USY cracking catalyst containing the rare earth component to

25 ensure low unit cell size and then incorporating the metal, e.g. vanadium, by ion
exchange or by impregnation under conditions which permit cation exchange to take

place so that the metal ion is i/mmobilized in the pore structure of the zeolite.
Alternatively, the primary sulfur reduction component and the rare earth metal
component can be incorporated into the sieve component, e.g. USY zeolite or ZSM-5

30 crystal, after any necessary calcination to remove organics from the synthesis after
which the metal-containing component can be formulated into the finished catalyst
composition by the addition of the cracking and matrix components and the

formulation spray dried to form the final catalyst.



23/ 06/ 2003 27 air calcined at 540C ( 1000F) for 3 hours. The final catalyst
‘contains 1.4% Ce and 0.49% V. A Ce+V/USY catalyst, Catalyst Q wagodepared
-from Catalyst 0 by an exchange with s a solution of VOS04 at pH ~3 to
target 0.5 W% V | oadi ng. Resulting Ce+VIUSY catal yst was dried and air
cal cined at 540C (1000F) for 3 hours. The final catalyst contains 0.9% Ce
and 0.47% V. Physical properties of cal gihned catalysts are summari zed in
Table 5. ~~ to Table 5 Physical Properties of the Ce and Ce+V USYI
Silica-Cfay Catal ysts (Series 5) 15 Cel USY Catal yst OCe+Vl USY Catal yst
PCe+V/ USY Catal yst QCalcined Cat.V | oading, wt%N\. A 0.490.47Ce | oadi ng,
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~"~ i 0 oxdlich aresptasenpre.gPASM-6al properties of the calcined catalyst are
summari zed in Table 6. Table 6 Physical Properties of RE+V USYl Silica- Sol
Catal yst ~s y 20 RE+VI USY Cat al yst RCal ci ned Cat.V | oadi ng, wt % 0. 43RE203

| oadijpg, U&ecyéf\‘?@lﬁﬁ%&t%@hr@ata V@ otidkstfon W %0. 16Sur face area, n2l g345Unit
cell size, A24.58 Exanple parati'on of Ce+VIUSY/ Silica-Sol Catalyst

Normally the most convenient manner to use the sulfur reduction catalyst will be as a
separate particle additive to the catalyst inventory. In its preferred form, with zeolite
USY as the sieve component, the addition of the catalyst additive to the total catalyst
20 inventory of the unit will not result in significant reduction in overall cracking because

o~
~

of the cracking activity of the USY zeolite. The same is true when another active
cracking material is used as the sieve component. When used in this way, the
composition may be used in the form of the pure sieve crystal, pelieted (without matrix
but with added metal components) to the correct size for FCC use. Normally,
25 however, the metal-containing sieve will be matrixed in order to achieve adequate
particle attrition resistance and to maintain satisfactory fluidization. Conventional
cracking catalyst matrix materials such as alumina or silica-alumina, usually with
added clay, will be suitable for this purpose. The amount of matrix relative to the
sieve will normally be from 20:80 to 80:20 by weight. Conventional matrixing
30 techniques may be used.

Use as a separate particle catalyst additive permits the ratio of sulfur reduction and
cracking catalyst components to be optimized according to the amount of sulfur in the



A.Ce+V/ USY cat al yst, Catalyst S, was prepared using a NaUSY zeolJslesmioloh a
silicato-alumna ratio of 5.5 and a unit cell size of 2.454 nm The USY was
‘exchanged with NH4+ by an exchange with a solution of anmonium sul fate. The
NH4+ exchanged 23/ 06/ 2003 29 USY was then exchanged with Ce3+ rations by
exchange with a solution of ceriumchloride containing a snmall anmount of

other rare earth ions (e.g.) La3+, Pr) , &d, etc. ). The Ce-exchanged USY
was further washed, dried, and calcined In the presence of steamat 705C
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range of cracking conversions was obtained by varying the catal yst-to-oil

ratios with the reactions run at 527C (980F). The ran es of cut 0| nts for
the cracRéerpratabiicalie petivessomponents mayobe Ryesentols thesgrsulating i ventory of

20 catalytic material in addition to the cracking catalyst and the sulfur removal additive.

“l( F Examples of such other materials include the octane enhancing catalysts based on

zeolite ZSM-5, CO combustion promoters based on a supported noble metal such as
platinum, stack gas desulfurization additives such as DESOX™ (magnesium
aluminum spinel), vanadium traps and bottom cracking additives, such as those
25 described in Krishna, Sadeghbeigi, op cit and Scherzer, Octane Enhancing Zeolitic
FCC Catalysts, Marcel Dekker, New York, 1990, ISBN 0-8247-8399-9. These other

components may be used in their conventional amounts.

The effect of the present additives is to reduce the sulfur content of the liquid cracking
30  products, especially the light and heavy gasoline fractions although reductions are
also achieved in the higher boiling distillate products including the light cycle oil and
light and heavy fuel oil fractions, making this more amenable to hydrodesulfurization
techniques by removal of the more refractory sulfur compounds. The distillate



s LTght LCO 220 to 310C (430F - 590F), Heavy LCO 310 to 370C (5903 /067843)
Light Fuel Gl (LFO 220 to 370C (430 - 700F) Heavy Fuel Q1 (HFO 370C+
{700F+) . to The gasoline range product fromeach material bal ance was
anal yzed with a sulfur GC (AED) to determ ne the gasoline sulfur
concentration. To reduce experinmental errors in the sulfur concentration
associated with fluctuations in distill a{9i on cut point of gasoline, the
sul fur species ranging fromthi ophene to Ca-thi ophenes in syncrude
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(1420F) for 20 hours using 50% steam and 50% gas as described in Exanple 4
ag ve, ending with an air-burn (endi ng-oxidation). Twenty-five wei ght
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considered limiting.

Very significant reductions in cracked product sulfur can be achieved by the use of the
present catalysts, in some cases up to 50% relative to the base case using a
20 conventional cracking catalyst, at constant conversion, using the preferred form of the
catalyst described above. Gasoline sulfur reduction of 25 % is readily achievable with
many of the additives according to the invention, as shown by the Examples below.
For the middle distillate fractions including the LCO fraction, reductions of up to 25
percent may also be achieved, as shown below in the Examples, coupled with a
25 reduction in the level of refractory sulfur compounds including the alkyl substituted
benzothiophenes and dibenzothiophenes. The extent of sulfur reduction may depend
on the original organic sulfur content of the cracking feed, with the greatest reductions
achieved with the higher sulfur feeds. The metals content of the equilibrium catalyst in
the unit may also affect the degree of desulfurization achieved, with a low metals
30 content, especially vanadium content, on the equilibrium catalyst favoring greater
desulfurization. Desulfurization will be very effective with E-catalyst vanadium
contents below 1,000 ppm although the present catalysts remain effective even at
much higher vanadium contents. Sulfur reduction may be effective not only to
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Product Yj el dsConver si on, 23/06/2003
W 9%656565656565Cat / G | 3. 03. 33. 32. 93. 02. 9l ncrenent al Yi el dH2 vyi el d,
wt 99. 03+0. 05+0. 05+0. 04+0. 02+0. 04C~ + CZ Gas, wt%. 1+0. 1+0. 1+0+0. 1+OTotal Cs
Gas, wt %it.3+0. 1+0. 1-0.1+0-0.2C3 yield, wt%3.7+0.1+0.1+0+0-0. 1Total C4 Gas,
0/(9 3+0. 1+0. 2-0. 1+0-0. 34 yi el d, w %. 40. 3+0. 4+0. 4+0. 1+0C5+ Gasol i ne,
W %l7. 6- 0. 6-0. 4+0. 4+0+0. 5LFO, wt %29. 6+0+0. 2+0+0. 1+OH F O, wt %p. 4+0- 0.
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Cat al y ot OWrsd T3 T el 2865 (30 Zedte P i exaiiyioc BBl T Bie Breshree,of o
Cat al ystydnadiumtH) s were steam deactl vat ed at 77OC( 1420F) for various

| engths of time to conpare

25 A V/USY catalyst, Catalyst B, was prepared in the same way as Catalyst A, with the
exception that the initial slurrying of the catalyst was performed at a pH between 3.2
and 3.5.

Two RE+V/USY catalysts, Catalyst C and D were prepared in the same way as

30 Catalyst B, with the exception that after ammonium sulfate exchange the catalysts
were exchanged with solutions of rare earth chloride to add 2 and 4 wt% RE2O; onto
the catalyst, respectively. The rare earth solution that was used had some of its ce*
extracted out, thus contains only a little Ce ions.
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Preparation of Catalyst

Series 2
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Example 3

Preparation of Catalyst Series 3

15

A V/USY catalyst, Catalyst |, was prepared using a commercial H-form USY (crystal)

with a bulk silica-to-alumina ratio of 5.4 and 2.435 nm unit cell size. A fluid catalyst

was prepared by spray drying aqueous slurry containing 40 wt% of the USY crystals,

25 wt% silica, 5 wt% alumina, and 30 wt% kaolin clay. The spray-dried catalyst was

20

calcined at 540°C (1000°F) for 3 hours.

The resulting H-form USY catalyst was

impregnated with a vanadium oxalate solution to target 0.4 wt% V by incipient

wetness impregnation. The impregnated V/USY catalyst was further air calcined at
540°C (1000°F) for 3 hours. The final catalyst contains 0.39% V.
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(Table 8). is Prior to evaluation, the RE+V USY catal yst was steam
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FCC performances of| the catal ysts are $ stkd t? 5t & 14, where the
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conversion of feed [to - %430F ) matleri al . 23/ 06/ 20083 45 Table 14
Cat al yti ¢ Cracki ng |Péribadimaned®%of RE+VI[OS¥ Silic&.43 Catallyst '

Ce loading, wt% N.A. 1.4

Surface area, m?g™ 302 250

Alpha 130 12

UCS, nm 2,436 2.437

15 Example 4
Preparation of Catalyst Series 4

All samples in Catalyst Series 4 were prepared from a single source of spray dried
material, consisting of 50% USY, 21% silica sol and 29% clay. The starting USY had
20 a bulk silica-to-alumina ratio of 54 and 2.435 nm unit cell size. The spray dried
catalyst was slurried with a solution of (NH4)2S0O4 and NH4OH at pH of 6 to remove

Na’, followed by washing with water and air calcination at 650°C (1200°F) for 2 hours.

A V/USY catalyst, Catalyst K, was prepared using the above H-form USY catalyst.
25 The H-form USY catalyst was impregnated with a vanadium oxalate solution to target
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material. t io i 23/ 06/ 2003 48 Table 16 Catal ytic Cracki ng Performance of
Ce+V/ USYl_ Silica-Sol Catal yst ECat+ 12% Ce+Vl USYBase CaseCl at S)Riser
Product Yhepe<aialyslssvere thﬁtm@@m@ﬂqIvéﬁegdozﬁ'weIeéﬁéﬁt%IvsngMt'?néndan
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30 for one batch of catalysts, and the other ended with propylene (ending-reduction).
The coke content of the "ending-reduction" catalyst is less than 0.05% C. The
physical properties of the calcined and steam (ending oxidation) catalysts are

summarized in Table 4.
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Example 5
Preparation of Catalyst Series 5

All samples in Catalyst Series 5 were prepared from a single source of spray dried

! 10 material, consisting of 40% USY, 30% colloidal silica sol, and 30% clay. The starting
H-form USY had a bulk silica-to-alumina ratio of 5.4 and 2.435nm unit cell size. The
spray-dried catalyst was air calcined at 540°C (1000°F) for 3 hours.

A Ce/USY catalyst, Catalyst O, was prepared using the above H-form USY catalyst.

15 The H-form USY catalyst was impregnated with a solution of Ce(NQOs)s to target
1.5wt% Ce loading using an incipient wetness impregnation method. Resulting
Ce/USY catalyst was air calcined at 540°C (1000°F) followed by steaming at 540°C
(1000°F) for 3 hours.

20 A Ce+V/USY catalyst, Catalyst P, was prepared from Catalyst O. The Ce/USY
catalyst was impregnated with a vanadium oxalate solution to target 0.5 wt% V by
incipient wetness impregnation. The impregnated Ce+V/USY catalyst was dried and
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Preparation of RE+V/USY/Silica-Sol Catalyst
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A RE+V/USY catalyst, Catalyst R, was prepared using a NaY zeolite with a silica-to-

alumina ratio of 5.5 and a unit cell size of 2.465 nm. The zeolite Y was exchanged

with NH4" by an exchange with a solution of ammonium sulfate. The NH,4'-exchanged

Y was then exchanged with rare earth cations (e.g., La3+, Ce3+, etc.) by exchange

with a solution of mixed rare earth chlorides from which most of the Ce®** had been
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species in the LCO sample were quantitated using a GC equipped with J&W 100 m
DB-Petro column and Sievers 355B sulfur detector. The concentration of each LCO
sulfur species was calculated based on the percentage of the sulfur species from the
GC and the total sulfur content measured by XPS method.

25
Example 8
Fluid Catalytic Cracking Evaluation of Series 1 Catalysts

The catalysts from Example 1 were steam deactivated in a fluidized bed steamer at

30 770°C (1420°F) for 20 hours using 50% steam and 50% gas as described in Example
4 above, ending with an air-burn (ending-oxidation). Twenty-five weight percent of the
steamed additive catalysts were blended with an equilibrium catalyst of very low
metals level (120 ppm V and 60 ppm Ni) from an FCC unit.
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Case

( Y MAT Product
Yields
Conversion, wt% 65 65 65 65 65 65
Cat/Oil 3.0 3.3 3.3 2.9 3.0 2.9

Incremental Yield
H. yield, wt% 0.03 +0.05 +0.05 +0.04 +0.02 +0.04
Ci1+C;Gas, wt% | 1.1 +0.1 +0.1 +0 +0.1 +0
Total C; Gas, wt% | 4.3 +0.1 +0.1 -0.1 +0 0.2
Cs yield, wt% | 3.7 +0.1 +0.1 +0 +0 -0.1

Total C4 Gas, wt% [ 9.3 +0.1 +0.2 -0.1 +0 -0.3

0 C4 yield, wt% | 4.7 +0.3 +0.4 +0.4 +0.1 +0
Cs" Gasoline, t% | 47.6 -0.6 -0.4 +0.4 +0 +0.5
LFO, wt% 29.6 +0 +0.2 +0 +0.1 +0
HFO, wt% 5.4 +0 -0.2 +0 -0.1 +0
Coke, wt% 2.4 +0.3 +0.0 -0.2 -0.1 -0.1
Cut Gasoline S, |618 377 366 369 382 352
Ppm
% Reduction in Cut | Base 39.0 40.8 40.4 38.3 43.1
Gasoline S

5 The cat-to-oil ratios in Table 9 show that the blends of deactivated V/USY and ECat
require higher cat-to-oil ratio than the 100% equilibrium catalyst base case to achieve
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F 1D LOMPIO%ZE ( -/&10°/<Z& X) 9- |V$10° -L+: $109%&Z& ( MPLOWZ& ()-!f'

( 10%EE& ¢hacking amwﬁtymzwws ﬁymmamyew tmgqmmhrmmcatalyst In comparison,

98s3$10%& 37 0% S

T07e 851 oM DR AT S0 R USR5 St iAo e Gty gt fo achise 65%
102! ) S#YedQVEsion. ! Thes cat-to-onl results indicate that the RE+V/USY catal sts are more
f &10%& () - s9$109&' () - 508 & ()-180@ (10%& ()-9!'L' 10%& (

102! )somaogimmm @rﬁcbnwpﬂw betterst mibe/«&‘/'éﬁh’sca@laitw& ()-I
SHY(10%& ()-1\]"_bxnbC 10Z!) 0S10%& ()- 10 10

10s&<™ $10%&' ()-s: $10%&' ()-s8 $10%&' () - FF7&10%& () - bepdEnbC

102' ) | &10%ApEred-t8: tha0deUidrium %atalﬁét%e&céée Laddm%ﬁfawu)sv and RE+V/USY
| 940%4| & (k)@ 10%4| & () - daBan 102!)9: $100@L
109%4| & ($a@lyshomade sinallGheoaps & e pyergd! 7@9&6&;@'@‘&%@@ gihgre were sligit

1{;);' ) | &1 £ dd) in hydrogen and coke yields. Also a small changes in C4 gas, gasoline,
; 10 light cycle oil and heavy fuel oil yields were observed. Addition of the V/USY and
RE+V/USY catalysts changed the gasoline S concentration substantially. When 25

wt% of each of Catalyst A or B (V/USY reference catalysts) was blended with the
equilibrium FCC catalyst, 39.0 and 40.8 % reduction in gasoline sulfur concentration

was achieved. When 25wt% of RE/USY catalysts (Catalyst C and D) was added to

15 the equilibrium catalyst, the gasoline sulfur reduction activities are comparable to the
reference catalysts (38-40%). The RE+V/ USY catalyst containing mostly cerium as

the rare earth metal (Catalyst E) gave a 43.1% reduction in gasoline S, to reduce the
gasoline S content by 4% additionally, i.e., 10% improvement over the V/USY and

mixed RE/USY catalysts. All catalysts have a comparable vanadium loading (0.36 —

( , 20 0.39%).

These results show that addition of rare earth elements improves the cracking activity
of a V/USY catalyst. Changes in the cracked product yields are minor. Among rare
earth ions, cerium exhibits a unique property in that the Ce+V/USY catalyst not only

25 exhibits higher cracking activity but also exhibits increased gasoline sulfur reduction
activity at fluid catalytic cracking conditions. The rare earth RE/USY catalyst without
major amounts of cerium has no added benefit over V/USY for gasoline S reduction
whereas the presence of cerium further lowered the gasoline sulfur level of the V/IUSY
or RE/USY (without major cerium levels) catalysts.
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These conversion results indicate that the RE+V/USY catalysts are more stable and
maintain their cracking activity better than the V/USY catalysts. The addition of rare
30 earth ions to the USY followed by steam calcination to lower the unit cell size of the

zeolite improved catalyst stability in the presence of vanadium.
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deactivation (ending oxidation).

Table 10 compares the FCC performances of V/USY and Ce+V/USY/ Silica-Alumina-
Clay catalysts each blended with an equilibrium FCC catalyst (ECat) after cyclic steam
Compared to the ECat base case, the addition of
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slightly. Yield changes in C4- gas, gasoline, light cycle oil, and heavy fuel oil are all
small. Moderate increases in hydrogen and coke yields were observed. While the
product yield changes were small, the V/USY and Ce+V/USY catalysts changed the

5 gasoline S concentration substantially. When 25 wt% of Catalyst | (V/USY reference
catalyst) was blended with an equilibrium FCC catalyst, 29% reduction in gasoline
sulfur concentration was achieved. In comparison, Ce+V/ USY catalyst (Catalyst J)
gave 56% reduction in gasoline S. Addition of Ce to the V/USY catalyst reduced the

Q gasoline S content by additional 27%, i.e., 93% improvement over the V/USY

10 reference catalyst. Both catalysts have comparable vanadium loadings (0.39% wvs.
0.43% V). In light of the fact that Ce by itself does not have any gasoline sulfur
reduction activity (see below in Example 11), these results are quite unexpected and
clearly demonstrate the benefits of cerium addition.

15 Example 11
Fluid Catalytic Cracking Evaluation of Series 4 Catalysts after Cyclic Steaming

The performances of V and Ce+V catalysts from Example 4 are summarized in this
example. The Series 4 catalysts were steam deactivated as described above in

(} 20 Example 4 by cyclic steaming (ending-reduction), then blended with an the low metals
(120 ppm V and 60 ppm Ni) FCC equilibrium catalyst in a 25:75 weight ratio and
tested using VGO No. 1 feed. The results are summarized in Table 11.
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Catalytic Cracking Performance of V vs. Ce+V/USY/ Silica-Sol Catalysts

ECat +25% +25% +25%
Base Case V/USY cat Ce+V/USY  Ce+V/USY
(Cat K) (Cat M) (Cat N)
MAT Product Yields
Conversion, wt% 65 65 65 65
O Cat/Qil 3.0 3.4 3.2 3.3
Incremental Yield
H. yield, wt% 0.03 +0.02 +0.02 +0.02
Cq + C2 Gas, wt% 1.1 +0 +0 +0.1
Total C3 Gas, wt% 4.4 -0.1 -0.1 +0
Cs yield, wt% | 3.7 +0 0.1 +0
Total C4 Gas, wt% 9.5 -0.1 -0.2 -0.1
C4 yield, wt% 4.8 +0.1 +0.1 +0.1
iC4 yield, wt% 4.1 -0.2 -0.3 -0.1
(“} Cs+ Gasoline, wt% 47.4 +0.1 +0.5 +0.1
LFO, wt% 29.7 -0.2 +0 -0.1
HFO, wt% 53 +0.2 +0 +0.1
Coke, wt% 2.3 +0.1 -0.1 +0
Cut Gasoline S, | 516 489 426 426
PPM
% Reduction in Cut | Base 52 17.4 17.4
Gasoline S

s Table 11 compares FCC performances of V/USY and Ce+V/USY/ Silica-Sol additive
catalysts after cyclic steam deactivation (ending-reduction). Compared to the ECat
base case, addition of the V/USY and Ce+V/USY catalysts made very little changes in
the overall product yield structure. The yields of hydrogen, C4- gas, gasoline, light
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of the V/USY and Ce+V/USY catalysts changed the gasollne concentratlon to
different extents. When 25 wt% of Catalyst K (V/USY - reference catalyst) was
blended with the equilibrium FCC catalyst, 5.2% reduction in gasoline sulfur
5 concentration was achieved. For comparison, Ce+V/ USY catalysts (Catalysts M and
N) gave 17.4% reduction in gasoline S, respectively. Addition of Ce to the VIUSY
catalyst reduced the gasoline S content by additional 12.3%, i.e., 237% improvement
over the V/USY reference catalyst.

10 Example 12
Fluid Catalytic Cracking Evaluation of Series 4 Catalysts after Cyclic Steaming

The performances of the V and Ce+V catalysts from Example 4 after cyclic steam
deactivation are summarized in this example. The catalysts of Example 4 were

15 deactivated by cyclic steaming as described above in Example 4 (ending-oxidation)
and were then blended with the low metals (120 ppm V and 60 ppm Ni) FCC
equilibrium catalyst in 25:75 weight ratio. The evaluation results obtained with the
VGO No. 1 feed are summarized in Table 12.
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Catalytic Cracking Performance of V vs. Ce+V/USY/ Silica-Sol Catalyst

ECat + 25% +25% + 25%
Base VIUSY cat Ce+V/IUSY  Ce+V/USY
Case (Cat K) (CatlL) (Cat M)
MAT Product Yields
Conversion, wt% 70 70 70 70
Cat/Oil 2.8 37 3.6 3.4
Incremental
Yield
H; yield, wt% 0.03 +0.12 +0.13 +0.12
Cq + C2 Gas, wt% 1.5 +0.2 +0.2 +0.1
Total C3 Gas, wt% 5.5 +0.1 +0 -0.1
Cs yield, wt% 4.7 +0 +0 -0.1
Total C4 Gas, wt% 11.1 +0 +0 -0.2
C4 yield, wt% 5.8 +0.1 +0.1 +0
iC4 yield, wt% 46 -0.1 -0.2 -0.2
Cs+ Gasoline, wt% 49 4 -1.0 -0.9 -0.5
LFO, wt% 25.6 -0.1 +0 +0.2
HFO, wt% 4.4 +0.1 +0 -0.2
Coke, wt% 2.3 +0.6 +0.5 +0.5
Cut Gasoline S, |579 283 243 224
PPM
% Reduction in Cut | Base 51.1 58.1 61.3
Gasoline S
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OSF10% &'dakotite FS concentration substantially. When 25 wi% of Catalyst K (V/USY -
i reference catalyst) was blended with an equilibrium FCC catalyst, 51.1 % reduction in
() gasoline sulfur concentration was achieved. In comparison, the Ce+V/USY catalysts
~ 10 (Catalysts L and M) gave 58.1% and 61.3% reduction in gasoline S, respectively.
Addition of Ce to the V/USY catalyst reduced the gasoline S content by additional 7.0

- 10.2%, i.e., up to 20% improvement over the V/IUSY reference catalyst.

The product yields data of the V/USY and Ce+V/USY catalysts indicate that the yield
15 changes from the ECat is due to addition of vanadium to the USY catalyst. The
product yields of V/USY catalyst is comparable to those of Ce+V/USY catalysts except
the gasoline S level. These results suggest that Ce increases the gasoline sulfur

reduction activity of the V/USY additive catalyst with little effect on product yields.

(} 20 Example 13
. Fluid Catalytic Cracking Evaluation of Series § Catalysts, Study of Promotional Effects

Performances of the Ce and Ce+V catalysts from Example 5 after cyclic steaming
deactivation (ending-reduction) as described above, are summarized in this example.

25 The deactivated catalysts were blended with the low metals (120 ppm V and 60 ppm
Ni) FCC equilibrium catalyst in 25:75 weight ratio. The results obtained with the VGO
No. 1 feed are summarized in Table 13.
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Total C; Gas, wt% 57 +0.1 -0.1 +0

Cs yield, wt% 4.8 +0 +0 +0
Total C4 Gas, wt% 11.5 +0 -0.3 -0.1

C4 yield, wt% 57 +0 +0.1 +0.1

iCq yield, wt% 4.9 +0 -0.3 -0.2
Cs+ Gasoline, wt% 48.8 -0.2 -0.2 -0.7
LFO, wt% 25.5 +0 +0.1 +0.1
HFO, wt% 45 +0 -0.1 -0.1
Coke, wt% 2.4 +0 +0.3 +0.6
Cut Gasoline S, | 486 487 341 351
PPM
% Reduction in Cut | Base 0 29.8 27.7
Gasoline S

Table 13 compares FCC performances of Ce/USY and Ce+V/USY/ Silica-clay additive

catalysts after cyclic steam deactivation (ending-reduction).

Compared to the ECat

base case, addition of the Ce/USY catalyst made almost no changes in overall
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x! 10%6$( poquct (yield 'strootse $Eh(a}e were moderate increases in hydrogen and coke yields,

as well as slight changes in C4- gas, gasoline, light cycle oil and heavy fuel oil yields.

Addition of the Ce/USY catalysts made a no cHange in the gasoline S concentration.

5 In contrast, Ce+V/USY catalysts (Catalysts P and Q, invention) gave 29.8% and

27.7% reduction in gasoline S, respectively. These results indicate that cerium by

itself does not have any gasoline sulfur reduction activity. Cerium appears to have a

promotional effect for vanadium to increase the activity of a V/USY gasoline sulfur
reduction additive catalyst.

f’\
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Example 14

Catalyst R was evaluated in a circulating riser pilot unit (Davison Circulating Riser) in
combination with a typical FCC equilibrium catalyst using VGO No. 3 feed (Table 8).

15  Prior to evaluation, the RE+V USY catalyst was steam deactivated at 770°C (1420°F)
for 20 hours using 50% steam and 50% gas. Twenty-five weight percent of steamed
additive catalyst was blended with an equilibrium catalyst (530 ppm vanadium and
330 ppm Ni) from an FCC unit.

. .20 FCC performances of the catalysts are summarized in Table 14, where the product
selectivity was interpolated to a constant conversion, 75wt% conversion of feed to
220°C- (430°F-) material.
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ECat +25% RE+V/USY
Base Case (CatR)
Riser Product Yields
Conversion, wt% 75 75
Cat/Oil 7.0 6.7
. Incremental Yield
2 i H, yield, wt% 0.03 +0.01
i Total Cs, W% 6.5 -0.1
Total C4, Wt% 12.1 -0.1
Cs* Gasoline, wt% 49.4 -0.1
LFO, wt% 18.3 -0.1
HFO, wt% 6.7 +0.1
Coke, wt% 4.1 +0.3
Cut Gasoline S, ppm 735 589
LCO Sulfur, wt% 2.36 2.16
" % Reduction in Gasoline Sulfur | Base 20
% Reduction in LCO Sulfur Base 9

5 Compared to the base case, addition 25 wt% of the RE+V/USY catalyst made small
changes in the overall product yield structure. There were negligible increases in H»

and coke yields. Also little changes in C4- gas, gasoline, light cycle oil and heavy fuel

oil yields were observed. Addition of the RE+V/USY catalyst changed the gasoline

sulfur concentration substantially, 20 % reduction in gasoline sulfur concentration

10 being achieved.

In addition to the gasoline sulfur reduction, a substantial sulfur

reduction in LCO was observed, equivalent to an overall reduction of 9% LCO sulfur.

The sulfur species in LCO are shown in Table 15 and Figure 4. The LCQO contains

wide ranges of benzothiophene and dibenzothiophene sulfur species. The sulfur
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dibenzothiophenes such as Cj'-benzothiophenes, and Cy- through Cg'-

(
(
(
(
(
$

dibenzothiophenes. The results are quite unexpected since substituted
dibenzothiophenes are bulkier and expected to be harder to crack and desulfurize in
5 FCC.
Table 15
Sulfur Speciation of LCO from VGO Feed No. 3
o (Wt% sulfur in LCO) ECat +25% RE+V/USY
2 i‘ Base Case (Catl)

‘ Benzothiophene 0.04 0.04
Ci-Benzothiophenes 0.22 0.24
C2>-Benzothiophenes 0.39 0.38
Cs’-Benzothiophenes 0.47 0.38
Dibenzothiopehene 0.10 0.09
Cs-Dibenzothiophenes 0.36 0.32
C2-Dibenzothiophenes 0.39 0.35
Ca-Dibenzothiophenes 0.24 0.22
C4'-Dibenzothiophenes 0.16 0.14

() Sum 2.36 2.16

10 Example 15
Fluid Catalytic Cracking Evaluation of Ce+V/ USY/ Silica-Sol Catalysts

The Ce+V/USY catalyst from Example 7 (Catalyst S) was evaluated in a circulating
15 fluidized cracking unit for 40 days in combination with a typical FCC catalyst using the
severely hydrotreated FCC feed of Table 8 (CFHT Feed). The base FCC equilibrium
catalyst has very low metals level (200 ppm V and 130 ppm Ni). For the first 15 days,
a 50/50 blend of fresh FCC catalyst and the Ce+V/USY catalyst from Example 7 was
added to the FCC regenerator at 1.4% of the catalyst inventory pre day. From 15" to
20 40™ day, a 85/15 blend of the fresh FCC catalyst and the Ce+V/USY catalyst was
added to the FCC regenerator at 1.4% of the catalyst inventory per day. The
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ECat + 12% Ce+V/USY

Base Case (Cat S)
Riser Product Yields
Conversion, wt% 70 70
Cat/Oil 6.5 6.4

Incremental Yield

Hz yield, wt% 0.02 +0.0
Total C3, wt% 4.8 +0.0
Total C4, Wt% 9.3 +0.1
Cs* Gasoline, wt% 51.9 -0.2
LFO, wt% 240 -0.2
HFO, wt% 6.1 +0.1
Coke, wt% 26 +0.1
Cut Gasoline S, ppm 100 79
Light LCO Sulfur, ppm 815 599
Heavy LCO Sulfur, ppm 1957 1687
HFO Sulfur, ppm 2700 1700
% Reduction in Gasoline Base 21
Sulfur
% Reduction in Light LCO S Base 27
% Reduction in Heavy LCO S Base 14
% Reduction in HFO Sulfur Base 37
Wt% S of spent catalyst <0.06 <0.06

Compared to the ECat base case, addition of the Ce+V/USY catalyst made small
changes in the overall product yield structure. There were negligible increases in H;
and coke yields. Also little changes in C4 gas, gasoline, light cycle oil and heavy fuel
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concentration substantially. When 12 wt% of Ce+VIUSY catalyst was blended in the

equilibrium FCC catalyst, 21 % reduction in gasoline sulfur concentration was

achieved. In addition to the gasoline sulfur reduction, substantial sulfur reductions in
5 LCO and HFO were observed.

The sulfur species in the light LCO fraction were analyzed using a sulfur GC. The
concentration of each organo-sulfur class was as shown in Table 17 and Figure 5 for

F light LCO.

Table 17
Sulfur Speciation of Light LCO from CFHT Feed

(PPM sulfur in light LCO) ECat +12% Ce+V/USY
Base Case (Cat J)
Cs'Thiopenes 4 1
Benzothiophene 20 14
Ci-Benzothiophenes 141 106
C2-Benzothiophenes 237 174
£ Cs’-Benzothiophenes 295 215
5* " Dibenzothiopehene 17 14
C1-Dibenzothiophenes 47 34
C2-Dibenzothiophenes 32 25
Cas-Dibenzothiophenes 20 13
C4'-Dibenzothiophenes 3 1
Sum 815 599

15
As shown in Figure 5, the light LCO contains mainly benzothiophene sulfur species.
The sulfur reductions, equivalent to an overall 27 percent reduction in the light LCO
sulfur, were more prominent for substituted benzothiophenes such as Cq- through Cs'-
benzothiophenes. The results are quite unexpected since substituted
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The sulfur species in the heavy LCO fraction were as shown in Table 18 and Figure 6.

5 The heavy LCO contains mainly dibenzothiophene sulfur species. The sulfur

reductions (14 percent overall for heavy LCO) were more prominent for substituted

dibenzothiophenes such as Cs- through C,4*-dibenzothiophenes. The results are quite

- unexpected since substituted dibenzothiophenes are bulkier and expected to be
harder to crack and desulfurize in FCC.

,41—30-?*""2\‘
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Bl BMBhL, 4 Base Case (Cat §)
Benzothiophene 0 0]
C-Benzothiophenes 2 1
C2-Benzothiophenes 12 7
C Cs'-Benzothiophenes 128 86
) Dibenzothiopehene 65 54
Ci-Dibenzothiophenes 361 312
C2-Dibenzothiophenes 537 480
Cs-Dibenzothiophenes 475 425
C4'-Dibenzothiophenes 378 322
Sum 1957 1687

10

15

20

The sulfur reduction catalyst is active in reducing benzothiophene and
dibenzothiophene sulfur species as well as thiophene sulfur species. The reduction of
sulfur takes place predominantly for substituted benzothiophenes and substituted
dibenzothiophenes. These results suggest that C-S bonds in alkyl substituted-

thiophenes are more reactive and susceptible to cracking.

The facile sulfur reduction of substituted-thiophenes, substituted-benzothiophenes,
and substituted-dibenzothiophenes was quite unexpected and will enhance the
effectiveness of a subsequent LCO hydrodesulfurization process. It is well known for
LCO hydrodesulfurization process that methyl and/or alkyl substitution of
benzothiophene and dibenzothiophene makes desulfunzation reactivity of the organic
sulfurs decline substantially and become “hard sulfur” or “refractory sulfur”. Our LCO
containing a lower amount of substituted benzo and dibenzothiophenes will generate
a diesel fuel with a lower sulfur content after a hydrodesulfurization process than the
comparable LCO generated by a conventional FCC catalyst.
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1. A method of reducing the sulfur content of a catalytically cracked petroleum
fraction, which comprises catalytically cracking a petroleum feed fraction containing
organosulfur compounds at elevated temperature in the presence of a cracking
catalyst and a product sulfur reduction catalyst which comprises a porous molecular
sieve in a matrix which comprises alumina and having (i) a first metal component
which is within the interior pore structure of the molecular sieve and which
comprises vanadium in an oxidation state greater than zero (ii) a second metal
component which is within the interior pore structure of the molecular sieve and
which comprises at least one rare earth, to produce liquid cracking products of

reduced sulfur content.

2. A method according to claim 1 in which the product sulfur reduction catalyst
comprises a large pore size or intermediate pore size zeolite as the molecular sieve
component and the use of vanadium as the first metal component and using a

matrix which contains alumina.

3. A method according to claim 2 in which the large pore size zeolite comprises a

faujasite zeolite.

4. A method according to claim 2 in which the first metal component comprises

vanadium.

5. A method according to claim 2 in which the second metal component comprises

lanthanum alone or in combination with cerium.

6. A method according to claim 2 in which the second metal component comprises

cerium.
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10. A method according to claim 1 in which the liquid cracking products of reduced
sulfur content comprise a gasoline fraction, a cycle oil fraction, and a fuel oil

fraction where the cycle oil and fuel oil boil above the gasoline fraction.

11. A fluid catalytic cracking process in which a heavy hydrocarbon feed

containing organosulfur compounds is catalytically cracked to lighter products by
_ contact in a cyclic catalyst recirculation cracking process with a circulating

fluidizable catalytic cracking catalyst inventory consisting of particles having a size

ranging from 20 to 100 microns by:

(i} catalytically cracking the feed in a catalytic cracking zone operating at catalytic

cracking conditions ‘by contacting feed with a source of regenerated cracking

catalyst to produce a cracking zone effluent comprising cracked products and spent
catalyst containing coke and strippable hydrocarbons;

(ii} discharging and separating the effluent mixture into a cracked product rich vapor
phase and a solids rich phase comprising spent catalyst;

(iii) removing the vapor phase as a product and fractionating the vapor to form liquid
cracking products including gasoline,

(iv) stripping the solids rich spent catalyst phase to remove occluded hydrocarbons -

from the catalyst,
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in which the sulfur content of the liquid cracking products is reduced by carrying
out the catalytic cracking in the presence of a product sulfur reduction catalyst
which comprises a porous molecular sieve in a matrix which comprises alumina and
having (i) a first metal component which is within the interior pore structure of the
molecular sieve and which comprises vanadium in an oxidation state greater than
zero and (ii) a second metal component which is within the interior pore structure of

the molecular sieve and which comprises at least one rare earth.

12. A method according to claim 11 in which the cracking catalyst comprises a

matrixed faujasite zeolite.

13. A method according to claim 12 in which the product sulfur reduction catalyst
comprises a large pore size or intermediate pore size zeolite as the molecular sieve
component, vanadium as the first metal component and cerium, alone or in

— combination with at least one other rare earth metal as the second metal

component.

14. A method according to claim 13 in which the large pore size zeolite of the

product sulfur reduction catalyst comprises a faujasite zeolite.

15. A method according to claim 11 in which the first metal component comprises

vanadium.

16. A method according to claim 11 in which the second metal component

comprises lanthanum alone or in combination with cerium.
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reducing the sulfur content of a catalytically cracked gasoline fraction during the
catalytic cracking process, which comprises fluidizable particles having a size ranging
from 20 to 100 microns of (i) a porous molecular sieve component in a matrix
comprising alumina , (ii) a first metal component comprising vanadium in an oxidation
state greater than zero located within the interior pore structure of the porous molecular
sieve component and (iii)a second metal component comprising a rare earth metal
located within the interior pore structure of the porous molecular sieve component.

21. A fluidizable catalytic cracking product sulfur reduction catalyst composition
according to claim 20 in which the porous molecular sieve component comprises a
porous hydrocarbon cracking sieve component.

22. A fluidizable catalytic cracking product sulfur reduction catalyst composition
according to claim 21 in which the porous molecular sieve component comprises
zeolite USY having a UCS of from 2.420 to 2.460 nm and a bulk silica:alumina ratio
of at least 5.0.
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29. A fluidizable catalytic cracking product sulfur reduction catalyst composition
according to claim 20 which is formulated as an integrated fluidizable catalytic
cracking/product sulfur reduction catalyst for cracking a heavy hydrocarbon feed to
produce liquid cracking products including gasoline and reducing the sulfur content of
the catalytically cracked gasoline fraction during the catalytic cracking process, which
comprises fluidizable particles having a size ranging from 20 to 100
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(ii) a second metal component which comprises at least one rare earth.

30. An integrated fluidizable catalytic cracking/product sulfur reduction catalyst
composition according to claim 29 which contains from 0.1 to 5 weight percent, based
on the weight of the zeolite, of vanadium as the first metal component.

31. An integrated fluidizable catalytic cracking product sulfur reduction catalyst
composition according to claim 29 in which the second metal component comprises a
combination of cerium and at least one other rare earth in an amount from 1 to 5 weight
percent of the catalyst.

32. An integrated fluidizable catalytic cracking product sulfur reduction catalyst
composition according to claim 29 in which the second metal component comprises
cerium in an amount from 1 to 5 weight percent of the catalyst.

33. An integrated fluidizable catalytic cracking product sulfur reduction catalyst
composition according to claim 29 in which the zeolitic molecular sieve comprises
zeolite USY having a UCS of from 2.420 to 2.460 nm and a bulk silica:alumina ratio of
at least 5.0.

34. A fluidizable catalytic cracking product sulfur reduction catalyst composition
according to claim 32 in which the porous molecular sieve component comprises zeolite
USY having a UCS of from 2.420 to 2.435 nm and a bulk silica:alumina ratio of at least
5.0.

35. A fluidizable catalytic cracking product sulfur reduction catalyst composition
according to claim 29 which is formulated as an integrated fluid cracking/sulfur
reduction catalyst with a matrix component and a faujasite zeolite as the cracking
component,



