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ACI D CATALYSI S Background of the Invention 5 Heterogeneous catal ysis has

pl ayed a wo dsaad22rol e in many chem cal processes. The | rEaTysoeRs048

het er ogeneously catal yzed processes on the gl obal econony has been
estimated at 20%of the world GNP, i.e., roughly $5 trillion/year. The
mai n i ndustrial applications of heterogeneous catalysis are petrol eum

refining, chem cal produgidRIFECHIFIERUNCUTMPOSITE MAGEREAL§N- Petrol eum
refining involves the |argest volune of materials Erocessed, with the 10

world oil refining capacity in BRBSSHIBAQDECATABYSIX g/ year. Acid catal ysis
forms the basis of the nost highly utilized hydrocarbon conversion
processes in the petroleumindustry, and constitutes an active field of

resear ch t odaBackgrahndwefifighinyémdion ndust ri al processes, such as paraffin
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hydr ocar bon pyQducts h oaded the tch for. inproved acid.catalysts. In
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al kenes, H2SQktasgettous cfalysieste sirdlian efinlgydHemichh@séuckibg)ahd efvioamantalaci ds
are corrosive, dan eéou to ndl.e, .an diffi clult %o dié?ose of . vehn sone
i ndustrial sdfPEeueD; Geeeleum JRinDeROINGR e tiavrt Neluimp o matcHaly Riogfssedgyth the
exanpl e, e RoddeiCtetning agatityiareetss bt 06 k1wt Royaat.umi na catal yst used in the
n- butane isonerization _process requires the addition of chlorinated

conpounds to nai ntiheatadysfoyns the basis of theymosh highlyartijiged hydrosabonepnvergiope HO

during use. Nab&sehdthé p&RMunfingust)Can cORHEAE 6 ARERI TS rtdGcHRmpt F eam use
of the hydrocarbon products, espeCially the deleterious em ssions fromthe

conbust i on of Alizeyeh theéndugisiaknsecssses. sash aspaufienisemerizanems aliplatioh eatdyban Ai r
Gasol i mo.(40- So0ySt o o STIRE R AGeREhPRBE PR AU | temand
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difficult to dispose of. Even some industrial solid acid catalysts are environmentally
20  harmful. For example, the bifunctional Pt-doped chlorinated alumina catalyst used in the n-
butane isomerization process requires the addition of chlorinated compounds to maintain
catalytic activity because it leaches corrosive HCI during use.
More significant are the problems concerning the downstream use of the
hydrocarbon products, especially the deleterious emissions from the combustion of gasoline
25 motor fuel. Addressing this was the Clean Air Act Amendments of 1990, which mandated
the reformulation of motor fuel gasoline (40-50% of all petroleum products in the US). As
a result, demand for particular blend components has heightened, increasing the load on
existing catalytic processes. Aluminosilicate zeolites have attempted to address these
environmental issues, but there is much more room for improvement, given the
30  development of novel solid acidic materials.
Aluminosilicate zeolites are microporous, crystalline materials composed of AlO4
and SiOy tetrahedra arranged around highly ordered channels and/or cavities. Zeolites are

acidic solids, in which the surface acidity is generated by protons required for charge
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and Si U4 tetrahedra arranged around highly ordered channel s and/ or
cavities. Zeolites are acidic solids, in which the surface acidity is
gener at edwoyo3pnaizons requi red for charge -1 WO 03/ 013722 RCT/8024@85048
bal ance of the franmework and | ocated near the Al cations. Mre generally
referred to as nol ecul ar sieves, these materials have structural
properties desirable for solid acid catal ysts, such as surface acidity,

hi gh surface @ﬁa@l@é@ﬁﬁ@éalﬂéw&g bl 1Be4t&d 1§e'a12@1§ Al Eat AP mre%nerzmefeh% tghed as
solid acids in petroleumrefining include Pt/nordenite for
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acid-catal yze dro n .react.i.ons. because. | eratures
e requ 1 o SeREIEBAGN HerSmeh SRURGH v e BRY By VBB ToE B GoARRE y and
hi gh actiwm tyreitﬁétedlwqfaﬁibarabmnﬂoem@ﬁs PaS sizbdnd pafestrdétinieb,Gilidh lirbit GRtral yze.
Particularly i néerestl ng are the so-called "superacids”, which have acidic
strengths gr €&Pef? biliten 100% H2SO4. Sul fated zirconia and t ungst at ed
zirconia are wel |x plethdia@F n6xadaniki€ Makials SRR dbigic pwem& havEWRESt at ed
alum na i s another exanple of a stron Iy acidic matérial. 20 The nost

chal | engi ng a}gwegawdrﬁsrpﬁ@nﬁl%@ﬂﬁ#qczdaqara@ﬁt%ﬁumram@ryslﬁ benefigiakfor acid-eatalmedi n
high sel ectiyigtotafbh réaét%@f)éc%@ste'IWer\é?)eraﬁ&?t%Klgagtu?gs afd rgéfhu%enme%k;&n
Sulfated zirconia is active in conve rocarbons even at
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the selectivity an ese ca
non-zeolitic srmhgylaakl&nnamiaude greater conpositional flexibili ty, and

20 The most challenging aspect in the isomerization of mid-distillates is to obtain high
selectivity for isomerization vs. cracking at high conversion. Sulfated zirconia is active in
converting hydrocarbons even at temperatures below 100°C, but it favors cracking
reactions. Iglesia et al. (1996) found that at 200°C with about 50% n-heptane conversion,
isomerization selectivities were 85% on Pt/WO3/ZrO,, but only 35% on PYSO4*/Zx0,.

25  Currently, zeolites and tungstated zirconia are the two most studied solid acids for the
isomerization of mid-distillates due to the selectivity and stability of these catalysts. The
benefits of using non-zeolitic materials include greater compositional flexibility, and
therefore greater control of surface acidity, higher thermal and hydrothermal stability, and
lower catalyst cost.

30  Summary of the Invention

In certain embodiments, the catalytic compounds of the invention are represented by

the generalized formula:

Ri/R4/Ra-R3



therefore greater control of surface acidity, higher thermal and

hydrot hernal stability, and Iower catalyst cost. 30 Sunmary of the .

| nvent i onwio3ges2ai n enbodi nents, the catal yti c conpounds rifT/tSve/25@gent i on
are represented by the generalized formula: RI/R4/R2-R3 -2 WO 03/013722
PCT/ US02/ 25048 wherein: Rl is a netal or nmetal alloy or binetallic system
R2 is any metal dopant; R3 is a netallic oxide or mxtures of any nmetallic
oxide; 5 R4 is seileatied from WOx, MOX, 5042" or P043 and x is a whole or
fracti onal nunber between 2 and 3 ncI usive.. In a particular enbodi nent, Rl
is selected froma Go ls\?ll?‘i’talr?éme? AYQY-AT bipetallic 8¥steBl nat i on of Group VI X
noble nmetals. In anothgg 13316’5)%tam&11ant R is selected from platinum

pal | adi um iridium rhodlum or, a conbi nation of these. In yet another 10
embodi ment, R is a Pt Rsif 2 mstalpgoxids oppixagesafpaymeiallisiorideal 1 i ¢ system In a

articul ars enbodi nent, keat &, f tdag2- +, Ga3+, Ced+,
gbs+ SC35+ Mgt +, CO02 %R%Sbl%dé& o4 W@,M@glsﬁ 91;1?]@ l’ﬁ%ﬁ I n anot her

particul ar enbodi nent, XF@W@lgeﬂfé@tlwlﬁvmbﬁrtbh@egmbm ¥inclwsive.um oxi de,
titani um oxi de, t'Iﬁ‘aB?&hQ\ﬁar allnf‘enpkl g}ele&g& hwgﬁggagqevﬁf %Z’tﬁ% s thereof.

I n another 15 particular e dr ment IS se rom R MOX
P043 \W20058, opppingtiemef GmpéHH nabld nmtals Enwthehenb@ﬁmeﬂtmlas paiasctaddtdrmr

about 5.1 n disinly BliabEe el odklng e PP R Bosabater n t he oxi de
is |ess tMan embodleqmale ism ]étkﬂmuPt-PH BﬁPt—Gmal&lyairhﬁﬁetﬁﬁdetefﬁant the ratio of

| d tt ta the0|de 20 is |less than or quag+to+abgyt 0. 05.
Inﬁt set gﬁg?heroegﬁﬁﬁprﬁbﬁ’gaﬁm% TP 8zl§fse’§%tF§ O SRSTPY 3‘61% ¢\'S% he oxi de

i s about 0.0%c™] Mgl o:bﬁeFei’éma%;iYﬁpsﬁ* aidi@’catal ytic Corrpounds of the
present invention Ina :rin%ther P rt1cu aerr(]et %odm‘}{ant, R3is selec':bt\le(i I‘ngrgzthe group zirconium oxide,
titanium oxide, tin oxide, ferric oxide, cerium oxide or mixtures thereof, In another
15  particular embodiment, R4 is selected from SO42' ,WO,, MoO,, PO,> ", WapOsg, WO, and
anions and mixtures thereof. In a particular embodiment, the metallic oxide is ZrO,. In a
particular embodiment, x about 3.
In one embodiment, the ratio of metal dopant to metal in the oxide is less than or
equal to about 0.20. In another embodiment, the ratio of metal dopant to metal in the oxide
20  is less than or equal to about 0.05. In yet another embodiment, the ratio of metal dopant to
metal in the oxide is about 0.05.
In another embodiment, the catalytic compounds of the present invention are
represented by Pt/WOs/Al-ZrO,,
Another aspect of this invention is a method of alkane and alkyl moiety

25  isomerizations comprising the step of contacting a catalyst with an alkane or alkyl, wherein

said catalyst comprises:
R1/R4/Rp-R3
wherein:
R; is a metal or metal alloy or bimetallic system;
30 R, is any metal dopant;
R3 is a metallic oxide or mixtures of any metallic oxide;
Ry is selected from WO, SO, MoOy, or PO,*: and

x 1s a whole or fractional number between 2 and 3 inclusive.
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Anot her aspect of this invention is a nethod of al kane and al kyl noiety 25
i sonmerizations conprising the step of contacting a catalyst wth an al kane
or al kyl , wghssroa3m22 sai d catal yst conprises: R /R4/R2-R3 woareson2504R is a
metal or netal alloy or binetallic system 30 R2 is any netal dopant; R3 is
a netallic oxide or mxtures of any netallic oxide; R4 is selected from
WO, S042 MbQ,,, or P043 and x is a whole or fractional nunber between 2
and 3 inclusive. In%p%@&%&%Z%%nP%cuﬁ%{s%&%@dfo@c@wefs%@%@ﬂ%mmﬁlbﬂent
the catal ysts are used for conversion of ‘straight chain or kyls. In
certain enbodrateft sn ceripin pmbgdimppnts, shen-alkylds ¢ praight hain loa%alkwek%r% Cor c4-c7
al kane. In ceplal i, OLNGI tﬁmﬁﬁibmﬁfehé thw%lks}r@mékaﬂesn BethRX BNEheplimRC e, or
n- heptane. In a artlc? mbodi ment, thé n-al kyl is n-heptane. 5 In one
embodi ment , mh@cubm@bmmmtmnﬁmllﬁ@é@ﬂﬂm was | ower than 210C, | ower

than 170C. | ower than 150 i t

conver si or?s are ?1 eean%t ﬁimen 83%%)‘%%& eﬁgﬁ%t g%%n W%ﬁgwmstggiltoﬁg 18§€a| yst

conpounds ar thmSlGd°G Noveer [BizBCAE0%C. an&hmﬁﬁdmdﬁaﬂelwme@h&wn coBVetdiohsiaBOMEr S
with a yield_ of great eor than 70% greater than_  80% of the reactl on
product. | n &igherherl’enpas anather emphpdirpepy, élllil%lta BhFPEH Frpsed (LRSS 10

produce al kapg ?roﬁﬁbet HRarde®: AP mEitGNYImBCH NS w@l&@%‘featef'ﬂﬂaﬁ t7odar %@&éﬁﬂan

al kanes. Brief Description of thé Figures Figure depicts the activity of

Pt / WOB/ M Zr OB0Y qfﬁh%new@n erpdugfolyripgher mnizedlmem@the satalga@eanppwdﬁ weepsethe
I soneri zaf O%rodﬁb@&ik&e@uﬁﬁ@fo%%f Mﬁﬁeﬁc{a‘ﬁg Burﬁlger%ﬁﬁ tﬁiﬁﬁhéﬁlﬁa‘ﬁ&e' on the

n-heptane i sonerization activity of Pt/ AIWZ 0C). Figure 3 depicts the
n- hept ane i sdinef De aleihe gity vs. conver5|on over Pt/ A1WZ(O0. 05,

2000 2%, 290, Sy i SR O ABL BRSO A -

0.05, 800°C) in n-heptane isomerization.

Figure 2 depicts the effect of AP** doping level on the n-heptane isomerization
15  activity of Pt/AIWZ(800°C).
Figure 3 depicts the n-heptane isomerization selectivity vs. conversion over
Pt/AIWZ(0.05, 800°C) at 200°C in H,.
Figure 4 depicts the n-heptane isomerization selectivity vs. conversion over
Pt/AIWZ(0.05, 800°C) at 150°C in Ha.
20 Figure 5 depicts the octane number of n-heptane isomerization products and
unconverted heptane over Pt/ AIWZ(0.05, 800°C) in H,.
Figure 6 depicts the n-hexane isomerization selectivity vs. conversion over
Pt/AIWZ(0.05, 800°C) at 200°C in Hy.
Figure 7 depicts the octane number of n-hexane isomerization products and
25  unconverted hexane over Pt/AIWZ(0.05, 800°C) at 200°C in H,.
Figure 8 depicts the n-octane isomerization selectivity vs. conversion over
Pt/AIWZ(0.05, 800°C) at 150°C in H,.
Figure 9 depicts XRD patterns of WO3/ZrO, with dopants (M/Zr = 0.05, 800°C).
Figure 10 depicts XRD patterns of Pt/WO3/ZrO, with dopants (M/Zr = 0.05,
30  800°C) after reduction at 350°C in H,.
Figure 11 depicts XRD patterns indicating ZrO, (111) peak shift in tungstated
zirconia samples with different dopants (M/Zr = 0.05, 800°C).
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20 Figure 5 depicts the octane nunber of n-heptane isonerization products
and unconverted heptane over Pt/ALWZ(O0.05, 800C) in H2. Figure 6 depicts
t he n- hexweosigsmeri zati on selectivity vs. conversi on overPCTAISoA2ME§ 0. 05,
800C) at 200C in H2. Figure 7 depicts the octane nunber of n-hexane

i sonerization products and 25 unconverted hexane over Pt/A1WZ(0.05, 800C)
at 200C in H2. Fi gure 8 depicts the n-octane isonerization selectivity vs.

conversion over R{hMd YZGEhiASihed nﬁZrOlﬁQi@célf‘vdﬁ&ne With teA 1T depiRk tdvel iXRD
patterns of W3/ Zr wi th dopants (M Zr 0.05, 800C). Figure 10 depicts

XRD pat t er ns RAATPRZ(RQO8CEr 02 with dopants (M Zr = 0.05, 30 800C) after
d 350C 02
reduction at l?Ji rle_@3 d%:ﬂlchy%l% D1R1]Fg§ éc&& §fg§§8m%%h§o e'as v f 3 en%édgged%ri

(111 peak shift un S 2|rc opa

(M Zr 0. 05 Pb@@@(@WC) 4bMﬂWﬂE©EZ@OR§)ﬂnﬁE@Z¥t@BﬁZ@) OSFB(ngCﬁ obdindepfta@t s t he
change in Zr02 ynit cell vol une th the Al13+ doping level in
Pt / ALWZ( 8G0C)PYTiging deserptign akihe sesitied Enmfafesspect ra of pyri di ne adsor bed

over 350C-reduced LMVEE B0 @ perdilay- ARMEf Qe LBirtioB 6 ol&)
Pt/ Si Wz( 0. 05, soogﬁgéﬁuﬁd af t eI;er ﬂ)érl ne de?sorﬁ)utol oﬁgéi{@?hg{(spem fied

t enper at ur es PUW%Q@CMWWZ{Q §5,t8IQ@°Q)@néB'¥/é¥VMZ@-2 §9Q5’§D amed desorption of
nycrogen over P 890Gc P ANELS, G800 ARG AL 2. 8000

Figure 15 depicts ane CONVersl on vs. reaction over (a)

Pt/ ALWZ( 0. 05 Pt@OWZ)(O emoom) Rl (A PYE(WZ(BR0S, pH 1mm00&0ﬂ@acﬁdmndmom 38amgli t i on:
38 ng 10 catal 6 %n-C7 in H2, VI 110,000 hr-1). Figure 16
depi cts tife (¥ yﬁ-’ ﬁ%‘b%an@/‘t‘bﬁ%@r%% X#Sé[ndlkq 900 Soneri zati on sel ecti vi ty vs.

reaction tine Ove'Flé?Fré'fé- &Sﬁé (i) BiAeplne &9@@1019raﬁ@ﬁi)@%ni’@n%&oﬁ@élechwty vs
(NH3) 4Pt (NGB) 2 and Pt C16 (reaction condition: cat a

-6 %n-C7 in rp@tlorv&mvosferfﬂ@}xlwa@o %, PHI, 3®°E) ggpaéedlwdl @éﬁﬂﬁﬂ@tmé@éﬂéél .
t
PP FSyVszaPE@ HhdcB O foniioR R Sl AP 8 Yb-cah B VY Fae bbb

15 Figure 17a depicts n-heptane conversion vs. reaction time over AIWZ(0.05, 800°C)
with (i) Pt, (ii) 4:1 Pt-Pd alloy, (iii) 1:5 Pt-Pd alloy and (iv) 1:5 Pt-Sn alloy (reaction
condition: 38 mg catalyst, 200°C, ~6 % n-C; in Hp, VHSV = 110,000 hr'l).

Figure 17b depicts isomerization selectivity vs. reaction time over AIWZ(0.05,
800°C) with (i) Pt, (ii) 4:1 Pt-Pd alloy and (iii) 1:5 Pt-Pd alloy (reaction condition: 38 mg

20  catalyst, 200°C, ~6% n-Cy in Hy, VHSV = 110,000 hr™).

Figure 18 depicts the effect of dopant oxides having similar crystal structure as
710y,

Figure 19a depicts n-butane conversion over reaction time and the effect of
different anions on the activity of Pt/anion/Al-ZrO, (reaction condition: 250 mg catalyst,

25 250°C,~2.47% n-C4 in Hy, VHSV = 8,000 hr'").

Figure 19b depicts n-heptane conversion over reaction time and the effect of
different anions on the activity and selectivity of Pt/anion/Al-ZrO; (reaction condition: 38

mg catalyst, 200°C, ~6% n-C- in H, VHSV = 110,000 hr)).

30 Detailed Description of the Invention

A. Overview



condition: 38 ng catal yst, 200C, -6 %n-C7 in H2, VHSV = 110,000 hr 1).
Figure 17b depicts isonerization selectivity vs. reaction tine over

ALWZ( 0. O5wo @8@agp2with (i) Pt, (ii) 4:1 Pt-Pd alloy and (iRdTyUSh2B508 - Pd
alloy (reaction condition: 38 ng 20 catal yst, 200C, -6%n-C7 in H2, VHSV =
110,000 hr-1). Figure 18 depicts the effect of dopant oxides having simlar
crystal structure as Zr02. Figure 19a depicts n-butane conversion over

reaction tinme andyihGeRhf &Rt reldhef f0€f @i@ﬁlymoﬁ@%uﬁbﬂahﬁnaﬁ&dlﬁ@dtrﬂetﬂf
Pt/ ani on/ Al -Zr02 (reaction condition: 250 cat al 25 250C, -2.47%

n-C4 in H2, Weiges deped ok mstal ops. "Ehegm:sentw{fna@mlﬁq @ﬁﬁﬁs tepekae dalket si on
over reacti Oﬁ}oﬂélg%?oﬁ%jza %pr%&%g&%r? singdi chfa @@Bmﬁ(ﬁin@@?t}ﬁ%rés&ﬁ idehtiof, ty and

selectivity o ani on eact’l on ndl t1on: catal yst, 200C,
-6% n-C7 in H2, VHSWrtsintibDpdio@ntymetyllic dgpafie i ¢aédy®es>@mom weatlyfingrepscd

I nventio n A O/tgxl;lpoo% Egun(gattat\é\? n%eg’a/l gxﬁgs?\gltlfgﬁ#f?%%l/ 2’%’9@%@ aol%[@ﬁgﬂf/ ﬁﬁ(ﬁ‘Pﬁletal-

i nvention reI}§t§ 1'C conpound o oxl des
doped with mabgdd meanalxide Inmtqmﬂ&euatyzedt\hembmmaablsof Ir-ékateesnd akyl midtigme and

alkyl noiety.isonerization process conprising a catalytic conpound of the
present i nveﬁ‘?%i‘?éﬁfa ot #’?Sal n enbodi nents, metallic dopants in a catalytic

conpound greatly in%[’t@ﬁi&qﬂacts5fﬂh@rﬁéﬁthﬂﬁbﬁt)bndﬁe ¢anmgk:tmated:h1me adeddxa des with
nobl e netal s. These nobl e netal /.ani on/ net 2#]'1 h 5% a;t e mat eri al s
catal yzed t hdOPSHREPTSAREHIPIGFACHOn PIRIPGESS: G QPEWSS ﬁ%owerga‘:’ﬁ?t h hi gh

sel ecti vithi egempelhteB!dndipfovted @5 thizhGéonidicatoheseRisionyieat i on the catal ytic
materials are used in a isonerization conversion reaction or process. Such

a process has a | BuwPef@iéason 10 tenperature, and provides for high

| SOmeri zation CONYRL iR Rap %'19{&&5 tofthe H@fchlmf’é&t@ﬂa&d-ghﬁlah@rngups?lIlﬂéMJdln refers to
the radical of saturated aliphatic groups, including _strai ght cha| n al kyl

groups, br anstigghtehainalial wup@b@u@@ -chaje plisl QW}PS,(%’F]P%LFE]I (lioychim) gipy®s:  al kyl
substituted ka Ydubsiasd bkt al @Eaups. In
preferred 15%‘%&3%@38?2%&“@&?"@%% a]i%n or ubr anchedHc |pn iffljlyﬂlgel has 30
or fewer 16ar lrowoditents, 4 straightchain or branched chain alkyl has 30 or fewer carbon atoms in its

backbone (e.g., C1-Cs for straight chain, C5-C3 for branched chain), and more preferably

20 of fewer. Likewise, preferred cycloalkyls have from 4-10 carbon atoms in their ring
structure, and more preferably have 5, 6 or 7 carbons in the ring structure.

The terms "alkenyl" and "alkynyl" refer to unsaturated aliphatic groups analogous in

20  length and possible substitution to the alkyls described above, but which contain at least

one double or triple carbon-carbon bond, respectively.

Unless the number of carbons is otherwise specified, "lower alkyl" as used herein
means an alkyl group, as defined above, but having from one to ten carbons, more
preferably from one to six carbon atoms in its backbone structure. Likewise, "lower

25  alkenyl" and "lower alkynyl" have similar chain lengths.

C. Compounds
The compounds of the invention are catalytic compounds represented by the

generalized formula:
30 R1/Ry/Ro-R3
wherein:
R, is a metal or metal alloy or bimetallic system;

R, is any metal dopant;



backbone (e.g., Cl1-C30 for straight chain, C3-C30 for branched chain), and
nore preferably 20 of fewer. Likew se, preferred cycloal kyls have from
4-10 carbwo @toese2in their ring structure, and nore pref excabisozhse 5, 6
or 7 carbons in the ring structure. The terns "al kenyl" and "al kynyl " refer
to unsaturated aliphatic groups analogous in 20 Iength and possible
substitution to the al kyls descri bed above, but which contain at |east one

double or triple car bqa1§@ﬁllefan1cb>9{a@orﬁa@&ﬁ@mﬂawlmetauwﬁ@es t he number of

carbons is otherw se specif "l ower alkyl" as used herein neans an
al kyl group, as defin I&W&xel\’foﬁutsqztav?rﬁ)@‘*f £8% one to ten carbons, nore
preferably fromone t %gp%ﬂ%grﬁdgqndms%ebackbone structure.

Li kewi se, "lower 25 al y " and "Il ower kynyl " have simlar chain
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Rl |sarreta inmetallic system I's any netal dopant;
-6 WO 03/ msmammmummzwnm rhiediuins oza mtmhaltmoﬁbkxmelnafet giofieur es of any

metal lic oxide S ; X 1S a nunber

bet ween 2 an‘amgmﬁﬂ%rftﬁ%i\/Lé"Pt'g/Iﬁ’géPga?rﬁ%culagf’ggrng%&hcSyﬁaﬂﬂ is selected from
a Group VIl noble apattithlapembodithent ORgis padcitetirfrond th&goamp AH'| GatioBd*e Skt al s. In
anot her enbodi 1S tredsfr at i um mrl di um

rhodi um or g gﬁﬁ%m ‘?l(f% (frb% gﬂ ?’ﬁr}%’iet 5%@?{”}“}’%% og:R SR is a
Pt-Sn, PtgPd, or tantBediariyila®embodimes) the ﬁm&}lﬁ:tcﬁ[ﬂe is :rlrcﬂnm&rcbmdeuhmmum

enbodi nent, R2 is sel ected fromthe Ga3+, , Ce4+, S+ Sc3+
e Cons, peds Toria oo perip aRde g0 AR e Bt Rt

AL3+ 10 | n apgtibasr ddfotintdat, #e BaRAGbORNMs ZrOhe netal lic oxide is zi rconl um
oxi de, titanium oxide, ferric oxi de, ceriumoxide, tin oxide, SM2-, and

ani ons and mi xt ur Bempthey @pffodingnt,x is ﬁ%ﬂ“ﬁcul ar enbodi ment, the netallic
oxide is Zr02. In one embodiment, the ratio of metal dopant to metal in the oxide is less than or

15 equal to about 0.20. In another embodiment, the ratio of metal dopant to metal in the oxide
is less than or equal to about 0.05. In yet another embodiment, the ratio of metal dopant to
metal in the oxide is about 0.05.

In another embodiment, the catalytic compounds of the present invention are
represented by Pt/WO3/Al-Zr0;,

20 In an aspect of the present invention, the catalytic compounds are used for
conversion of straight chain alkyls to branched alkyls. In a preferred embodiment, the
catalysts are used for conversion of straight chain or n-alkyls. As shown in Fig. 1, doping
71O, with different cations changed the activity of Pt/WO3/Z1rO, dramatically. Dopants
such as AL’ and Ga*" increased the catalyst activity by 2-3 times. This promotion effect is

25  not related to the acidity/basicity of the dopant oxide or to the reduction potential of the
dopant cation. For example, MgO and Y,03 are both basic oxides, but Mg*" dopant
increased the activity. The reduction potentials of A1, Cr**, and Co*" are very different
from each other; however, they all increased the activity of tungstated zirconia with Pt.'

Herein a shorthand notation for catalytic compounds is used. For example,

30  Pt/AIWZ(0.05, 800°C) is a platinum tungstated zirconia catalyst doped with AP with a
ratio of Al/Zr of 0.05 and calcinated at 800°C.
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isomerization selectivity. Isomerization selectivity was as high as 85% at 90% conversion
of n-heptane (Fig. 4). Besides the overall isomerization selectivity, the percent of multi-
branched isomers in the isomer products is of great interest since the octane numbers of

20  multi-branched isomers are much higher than that of mono-branched isomers. As shown in
Fig. 4, the percent of multi-branched isomers increased rapidly with the percent conversion
of n-heptane. Correspondingly, the octane number increased from 0 to 50 and 40 through n-
heptane isomerization at 150°C and 200°C, respectively, over Pt/AIWZ(0.05, 800°C) (Fig.
5).

25 In an embodiment, the catalyst of the present invention is used in an alkane or alkyl
moiety isomerization reaction to increase the octane number. In another embodiment,
Pt/AIWZ(0.05, 800°C) increases the octane number to greater than 50, greater than 60. For
example, the PtYAIWZ(0.05, 800°C) could convert n-hexane at a high rate of 3.2 umol/s/g
at 200°C. At 85% conversion, > 90% isomerization selectivity was maintained (Fig. 6). The

30 percent of multi-branched isomers in the isomerization products could reach 35% at 85%
isomerization selectivity. As a result, the octane number increased from 32 to 66 through n-

hexane isomerization at 200°C (Fig. 7).
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The PtYMWZ catalysts were investigated by XRD after they were reduced at 350°C

in H, (Fig. 10). It was shown that WO3 was reduced to WoOss after the pretreatment in Hy.
20  Zirconia was not affected in the process except for minor increase in monoclinic phase in
some doped samples. '

Since there was no diffraction peak of dopant oxide in the XRD patterns of the
various samples, the dopants must be highly dispersed. As most dopants are different in
jonic radius from Zr**, the substitution of Zr*" by the dopant would lead to changes in the

25  ZrO, unit cell. Using silicon as an internal reference in XRD studies, the position of
zirconia (111) peak for various doped samples were examined (Fig. 11). For dopants with a
smaller ionic radius than Zr*", the zirconia (111) peak did shift to higher angles except for
SiWZ. Dopants with a larger ionic radius than 7r** caused the shift of zirconia (111) peak
to lower angles. These findings suggested that all dopants except Si*" could substitute for

30  Zr*" in the crystal structure of zirconia. For the Pt/STWZ catalyst, Si was likely present as a
silica gel coating instead of a structural dopant for ZrO; this silica gel might have
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beyond 0. 05, which mgpl ied that sone of the
Pt/SiWZ(0.05, 800°C), are shown in Fig. 13. The peak intensities of adsorbed pyridine on

each sample were normalized to the Si-O-Si peak intensity at 1862 cm™. The peaks at 1540

20 cm™ and 1445 cm™ correspond to Bronsted and Lewis acid sites, respectively. At each
desorption temperature, the least active Pt/SiWZ(0.05, 800°C) had very weak peaks at 1540
em’ and 1445 cm™ compared to PYWZ(800°C) and Pt/AIWZ(0.05, 800°C). The
quantitative comparison of peak intensities at 1540 cm™ and 1445 cm™ for different doped
samples are listed in Table 2. Most dopants, except Si** and Fe**, did not change the acidity

25  of Pt/WOs/ZrO, by very much. Si*" dopant reduced the amount of the acid sites
dramatically and there were negligible strong acid sites in Pt/SiWZ(0.05, 800°C). Fe**
dopant led to fewer and weaker Bronsted acid sites. For Pt/AIWZ, a higher doping level of
AVZr = 0.2 led to reduced Brensted acidity. Strong acid sites were important and necessary
for the isomerization reaction, but not the only factor in determining the activity of the

30  catalyst.

The amount of H, adsorbed over the catalysts was measured through temperature-

programmed desorption of hydrogen (H,-TPD) over doped and undoped catalysts. The
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acidity. Stron? acid sites were inportant and necessary for the
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i soneri zati offc T@Qtoféh but not the only factor in determning the activity

of the 3Qscatal ysf, onI'éﬁbé&IR'éﬁ'tt th@ﬁne'faﬁhca(ﬂﬁﬁ)ﬁtl?ﬁﬁhrgdiﬁéd ﬁt%nt?(ﬁfealpﬂsxiaﬁlem

nmeasur ed through tenper at ure- progranmed esorgtl on of dr ogen (H2- TPD)
over doped anebtiargmbediment; tie yastatlic dopent is inrodyoe M@?@ecwﬁhgsmnﬂlzsms

catal ysts m%}%df){tﬁ&on %—f o Bger ?& l_ér‘?dﬁ@ d@% Q' Werd g‘iftﬁlr%,n{, ltﬂﬁg)regs r#%floﬁ & AHe

reaction. Af adsorption o for es were
exposed to f hnﬂ/\dopgntan'g@ﬂ)eglm atr differgm points in time. By controlling pH precipitation the

catalyst nanostructure and composition ma2326ftimized. To increase the homogeneity of
20  the doped zirconia, Zr*" and dopant cations were precipitated under a constant pH of 10
(see Example 5). By using controlled pH precipitation, the catalyst obtained
(Pt/AlWZ(0.0S, pH 10, 800°C)) gave rise to significantly higher activity compared to
Pt/AIWZ(0.05, 800°C) (see Fig. 15).
The precursor used for Pt also affected the activity and selectivity of the resulting
25  Pt/AIWZ(0.05, pH 10, 800°C) (Fig. 16). By using (NH3)4Pt(NO3); as the Pt precursor
instead of H,PtCls, a more active and selective Pt/ ATWZ(0.05, pH 10, 800°C) catalyst was
obtained for the isomerization of n-heptane. In one embodiment, the noble metal may be
varied to optimize isomerization of n-alkyls; however, it is also possible to use non-noble
metals in the isomerization catalysts. Table 3 shows various noble metals in the compound
30 of the present invention. In another embodiment, a noble metal alloy may be used (Figure

17).
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al so affected t e activity sel ect|V|tt\;)§ %e resul ting

Pt / ALWZ( 0. 051,11t1p]ﬂg11 dlspess:lo@f qommnenmyllovepg th@gafwm)suhﬂpm@yﬁd%mt%@%
precur sor 6 &ﬁémﬁmPtf[)AbW(O 05, pH
10, 800C) cat a?]%qﬁ ﬁltc()M%%%al rglé% @ﬁ%}ﬁgﬁq g%terrgrlal %ﬁ%n of n-heptane. In one
embodi mens, elnmemm eonvetsmh oﬁmyd -thigtillagesy greaferttls adparptinng end fslom}h BUplE of

n- al kyl s; ho ver Slb e n the

i someri zat i off"®4§ a&ﬁr?tsslugh SYFL Q%a OGV\‘/ISSC(%/%F %%%gfgﬁglg é%meﬁgatiggto?!ﬁtﬁ%ﬂhe conpound
30 of the pragiodarbony efthinegligitlacaalpdt dexctieatoodiverginie, a nobl e netal al | oy may
be used (Figure 17). -11 WD 03/013722 PCT/ US02/ 25048
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In an enbodi nent, the 1:5 Pt-Pd alloy could be used to give a slightly

hi gher activity than Pt for ALWZ(0.05, 800C), but the latter provided for a
hi gher i sweersiiaatzon selectivity. Qther alloys such as PtREAmsoe/2R48 Ge may
be used to reduce the initial catalyst deactivation while retaining the

hi gh i somerization selectivity of the AIWZ system 5 In one enbodi nent, the
dopant netals maybe varied to optim ze catalytic behavior. Figure 18 shows
t he i soneri zpdpieon ChEmitaPCHARRRiod 3hdPhyéREl Fatisertkapé Nariousi Ripsd #i/WID,Z80ny  of
catal yst reduced at 350C in H2 for 1.5 hours. The reaction was run at 200C.
ln an enbodinen he et al | i 3 v } S 7L

catal ysts with ' a OSAI 3+ ap 3 V\BI‘P§6ITUCh 9e activgnd
sel ective thaf €oOve tsg@%al szst ungstated ziyconi a;in thej;j sonerization of
hexane, hept apg. a4

is SM2- or

:gcé RBp- Ngpoconpggi t e processiggg provigges for am

ul trahi gh di spRESIAYsHoepPnpoaents, aklow ng for tshe ef f eohi ve substitution
of dopant cat p@agzo\bk,lsbi-6) t heoad rconiia | attiocce. Thie resul tisng Pt/ t asigst at ed
doped zi r coni ay@iwizews, shec) | own.db t enper at urie® conver’si on of75m d- di s8#l | at es,
greater H2 adsevwzoongoeenyd a Dosv H2 désor ptliton telfperat uPé. Such $¢%stem
may al so be ueedwrzEwssieClef f e@fi ve i dbmeri Zdti on df ot her %lhydr ocar bons

wi th negli gi bPESWAQASPE¥CreactPVati od®over 14 me. 22 wo 03/013722 2}
PCT/ US02/ 2504B/AIWEBP, 00°Cthent®al  Corfposi tilogn and jﬁ’hysi cal9‘gPr opert i; of
Vari ous Doped Plﬁ‘f‘y%(é%i(?og‘% Ch%rtl cal rrposiit‘d on* S A Actjivity at ,& hr TOS
Sanpl e mpaw%%%%% (gt mosHgy— ¢ ot e

Pt / WZ( 800C) § Mgmipalpogpogtion %Sﬁty‘eﬁ\ﬁ?‘é‘b?ﬁ; 800C) 0.05 16 1.0 56 12.9 829
Pt/ GaWz( 0. 05, 800C) 0.05 16 1.0 57 13.2 834 Pt/ CoWz(0.05, 800C) 0.05 16
1.0 60 8.9 534 ' Pt/ MgWZ(0. 05, 800C) 0.05 16 1.0 53 9.0 611 Pt/ FeWz(O0. 05,
800C) 0.05 16 1.0 49 5.4 397 Pt/CrWg(O 05, 800C) 0.05 16 1.0 77 7.5 351
Pt/ YWZ(0.05, 800C) 0.05 16 1.0 48 3.5 263 Pt/1nWZ(0.05, 800C) 0.05 16 1.0
68 0.17 9
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Pt/ Si Wz(0.05, 800C) 0.05 16 1.0 22 0.12 20 Pt/A WZ(0.025, 800C) 0.025 16
1.0 65 9.9 548 Pt/ALIWZ(0.1, 800C) 0.1 16 1.0 44 9.2 753 Pt/AIWZ(O0.2, 8000
0.2 16 1.W@d/M3R22418 * Nom nal conposition from synt hesiPCTeisvdizsi4ens. - 13
WO 03/ 013722 PCT/ US02/ 25048 Table 2. The Anpunt of Bronsted and Lewis Acid
Sites in Reduced PtIWD3/Zr2 Wth and Wthout Dopants. Sanple Desorption
Bronsted Acid Sites* Lemﬁs Acid Sites* Tenperature (C Pt/WZ(800C) 150

0.46 0.93 2 43 3 1 / 0.51
250 0.26 0.4 ?%E‘Ob“@ Bt @#W’(%evﬁgg @% %f%gu%eﬁgg@%}%‘%é gﬁo 0. 050
0.031 350 oaaé onsps CaWg(0. 05, 800C) 250 0.29 0.33 350 0. 18 0.25

Pt / CoWZ( 0. 0 /

_ -
0.36 0.46 350 0. 1%mplay Pt/CrV\Z(Be%’?thCQOC) ; : : .63
Pt / FeWz( 0. 05, _800C) 250 0.17 0 Rempeesing($87 0 27 bt/ vwe(0o 05 800C)—250

0.25 0. 42 Pt/WZ(800°C) 150 0.46 0.93

250 0.28 0.43

350 0.14 0.25

Pt/AIWZ(0.05, 800°C) 150 0.54 0.51

250 0.26 0.46

350 0.12 0.32

Pt/SIWZ(0.05, 800°C) 150 0.096 0.098

250 0.050 0.031

350 0.029 0.023

Pt/GaWZ(0.05, 800°C) 250 0.29 0.33

350 0.18 0.25

Pt/CoWZ(0.05, 800°C) 250 0.35 0.50

350 0.17 0.35

P/MgWZ(0.05, 800°C) 250 0.36 0.46

350 0.18 0.34

Pt/CrWZ(0.05, 800°C) 250 0.34 0.90

350 0.15 0.63

Pt/FeWZ(0.05, 800°C) 250 0.17 0.31

350 0.067 0.27

PY/YWZ(0.05, 800°C) 250 0.25 0.42

350 0.11 021

Pt/InWZ(0.05, 800°C) 250 0.35 0.51

350 0.15 0.33

Pt/ATWZ(0.2, 800°C) 150 0.28 0.72

250 0.16 0.50

350 0.077 0.32

* The amounts of Brensted and Lewis acid sites were determined by the ratio of peak intensity at 1540 cm’
and 1445 cm, respectively, over the peak intensity at 1862 cm™.
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350 0.11 0.21 Pt/InWz(0.05, 800C) 250 0.35 0.51 350 0.15 0.33
Pt/ Al WZ(0.2, 800C) 150 0.28 0.72 250 0.16 0.50 350 0.077 0.32 * The
anounts oWwdBBmsted and Lewis acid sites were detern ned IRCTEs®28480 of
peak intensity at 1540 cm and 1445 cm 1, respectively, over the peak
intensity at 1862 cni'. -14 WD 03/013722 PCT/ US02/ 25048 Table 3. Influence
of Different Noble Metals. Metal Loading Activity Conversion |Isonerization
gglgi-gaagcgeg l(gmwag(nnlls/g) (9 (% lsonmers (%9 Ru 1.0 0.51 4.9 87.4
9.8 1 1.1 10.9 99.8 15.3 0.1 0.15 5.8 91.4
34.5 10.0 OTYWeg:@ﬂgﬁmgOﬁgﬁ@“mgﬁgéﬁ$¢¥¥%at|on 5 The invention now being:
generally de&kfi”e”%o&ﬁn agmgnre I eadid¥io Ndersd i@ Zatidh I EMVRIEBRAcHeE
the foll ow ng exanple i ncluded nerely for purposes_of
|Igustrat|on of cett¥i)n asu@nwywahd ed%@dlnents dfﬂthe presen@omﬁWéﬁﬂlon
and are not —-hterded : A .
7rocl 2. 8H20 Rl dri chf was ni%eh with O‘i Pdr i in
a 600 m gl apg oeaKgb 320 m{_jor HZO W€ added t ogo ssol ve thesgalts wth
stlrrlng Then 2 % NHAOH was added dropwise to the solution under
vigorous stPrring ultil theldinal pH d0-%he preci¥&ation nmi xi&de reached
9.0. After stlrrlng for nor e, %han 1 hr the precigijate was wgghed by
distilled water and #ecovered hr ough f% centrifugation. Materials were
usual ly washed 5-6 to.0es to @.4rove the 5hloride i oMs3 The precd@Btate was

dried in ovep—at—120C-ovei-ght—FHhrer—a—ecalettated—arount—otf
Exemplification
5 The invention now being generally described, it will be more readily understood by

reference to the following examples, which are included merely for purposes of illustration
of certain aspects and embodiments of the present invention, and are not intended to limit

the invention.

Example 1
10 0.161 mol of ZrOCl,-8H,0 (Aldrich) was mixed with 0.082 mol of AlCl;-6H,0
(Aldrich) in a 600 ml glass beaker. 320 ml of H,O were added to dissolve the salts with
stirring. Then 14-28 wt% NH4OH was added dropwise to the solution under vigorous
stirring until the final pH of the precipitation mixture reached 9.0. Adfter stirring for more
than 1 hr, the precipitate was washed by distilled water and recovered through
15  centrifugation. Materials were usually washed 5-6 times to remove the chloride ions.

The precipitate was dried in oven at 120°C overnight. Then, a calculated amount of
ammonium metatungstate (99.9%, Strem) was added to the mixed hydroxide via the
incipient wetness technique. After calcination at 600-950°C for 3 hr, the tungstated AP
doped zirconia obtained was impregnated with 1 wt% of Pt using the precursor

20  (NH;3)4Pt(NOs),. After calcination at 450°C for 3 hr, the final product was denoted as
PY/AIWZ(x, y) (x = nominal atomic ratio of Al/Zr, y = calcination temperature for
tungstated Al-doped zirconia). Pt-loaded tungstated zirconia materials not doped with AP

were denoted as Pt/WZ(y).

Example 2
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ammoni um et atungstate (99.9% Strem was added to the m xed hydroxide via
the incipient wetness technique. After calcination at 600-950C for 3 hr,
t he tungswat@i1s¥e3+- doped zirconi a obtai ned was i npregnatred/wdothsass wt % of
Pt using the precursor 20 (NH3)4Pt(NO3)2. After calcination at 450C for 3
hr, the final product was denoted as Pt/A WZ(x, y) (x = nomnal atomc
rati o of AI/Zr, y = calcination tenperature for tungstated Al -doped

zirconia). Pt-|oagggetatigfiladbedidseativireai-getipitaedwith 26pad dobiﬂn/ZA13+
wer e denot ed as PtIW

-15 WD 03/.013722 P U
Di fferent netamic & "%éﬁsd@gowfgih%?c@ dirgs ‘Eﬁs%‘&heénf fauep ?%\-ﬁ ﬁh ﬁ’? &0 a

dopant| Zr at Gffirfe Ea"}’t"s 'oPm@'ﬂcal 808 Suchf0Ga¥VWWiRd, £6%, O QEEdUY € sandaf't Iidiethixed
Exanple 1. The chioride or nitrate salts of metal ions, such.as Ga3+,

Mgt +, Co' Cr\Bﬂh zircemyl chipgde. HhedfinahpH of (e precipitation migfurnfos 2f Batyils was Pi de.
The final Q(E?yggﬁﬂgarl@g”m & 28T ity @asf R)rO t%lehsd?@&ﬁﬁ 18k MM@&?I@&UO§

except for the teria mhlc .0 to ensure co
preci pi t at i oriThe fifhkmaterals loadadevittausgstatand Pt Wetelﬂetl‘@tﬁ‘bBVMN‘éZ(ﬁﬁ& M%Wh@é? M=

denoted Pt/ )Q I ion tenperature
for tungst a{\/ggi %el%t opcé11 @?élgtg%emmgﬂﬁ%%&%]ge% \/3’15;ea zgr&dggé precipitated .
w th zirconylExptr3 wa de using an al koxi de precursor, 10 Si (OC2H5)4, at the

bt Moms Hennt odas SOy Kot @Rah AAbA KSbARAREh ik YROREAL © B

Pt was denoted as was repeated Wwith

di f f er ent 10aMSI{OG,HR),, A1Klihabpi2 Of B.0dTHy fiXal 8148&I§1£éd catAlyétZoadnedtMtbmngstatb hed r ange
of 0.025 to 0,20 re ob 5 Exanple 5 The sane protocol as Exanple 1
was used, butPtt"Yi’é BRaLed asi ttfé’?\sg?f Zr4+ and Al13+ was conducted under the
control | ed pHagaiptti4 i on. The pH was naint ai ned at 100.2 by controlling the
relative addition rate of the mxed salt solution to the additign rate of

NHAOH. The rest ofExemelegrwrsaensaied wilklifforent §1&ﬁ§1t%%ffflﬁ:é’t6ﬁ29 3¢ £FRt e 8H0The
final product 5,20, 485 #RIML S 8925 Y0 V&L Sbraibh. 10, y) . Exanple 6

15 Example 5
The same protocol as Example 1 was used, but the precipitation of Zr*" and AP

was conducted under the controlled pH condition. The pH was maintained at 10+0.2 by
controlling the relative addition rate of the mixed salt solution to the addition rate of
NH4OH. The rest of the procedures was the same as that in Example 1. The final product
20  was denoted as P/AIWZ(x, pH 10, y).
Example 6
Besides (NH;3)4Pt(NOs3),, other Pt precursor such as HyPtCls was used in the loading
of 1 wit% Pt over tungstated doped zirconia. In addition to pure Pt, Pt alloys and other
noble metals were also loaded over the tungstated doped zirconia.
25  Example7
Structural characterization
The microstructure and surface properties of the nanostructured solid acid materials
were analyzed using a variety of experimental techniques. Powder X-ray diffraction (XRD)
data were recorded on a Siemens D5000 diffractometer operated at 45 kV and 40 mA, using
30  nickel-filtered CuKo. radiation with a wavelength of 1.5406 A. Crystallite size was
obtained by peak-broadening analysis using Scherrer’s method. Nitrogen adsorption

isotherms were obtained at 77 K on a Micromeritics ASAP 2010 Gas Sorption and
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Besi des (NH3) 4Pt (NO3) 2, other Pt precursor such as H2Pt Cl6 was used in the
|l oading of 1 w% Pt over tungstated doped zirconia. In addition to pure
Pt, Pt al Woyws/asmd2ot her noble netals were al so | oaded ovarxcTrbs®2L8mgst at ed
doped zirconia. 25 Exanple 7 Structural characterization The m crostructure
and surface properties of the nanostructured solid acid materials were
anal yzed using a variety of experinental techniques. Powder X-ray

di ffracti on (PéREimetdas atene rSanpies oreckaitgamedsat $6@TaneleDHOOM dntfl fafaelt poesstrer

operated at 45 kV._.and 40 mA,. Uusj 30 nickel -filtered CuKa radi,atiaon with
P vave! engt h A< St Restods BRP G Eripe TS i o ik BrpRteh! n
anal ysi s usi r}g,els‘pféﬁlﬁgf@k/r;egsumﬁg@@fomist@ @gen adsorption isotherns were
obtained at 77 K on a Mcroneritics ASAP 2010 Gas Sorption and -16 WO

03/ 013722 PCHx3m0E$5048 Porosinetry System Sanples were degassed at 150C
under vacuum gpbid; o@igh) nal pressure of | x 10"3 Torr was reached. BET
(Brunauer-Emett-Tell er) surface areas were determ ned over a relative

pressure range of Theegdipofjungstateddangsl zircenis catalysvwas enadyzied by pyridiee-aci dity of
tungstated do i r-cani riciee- ad t.j.on
infrared (I R)ﬁ?%%ﬁ“r‘%@%‘%@&@%ﬁ%@%%ﬁth\%g%}“%ﬂég%%%ﬁ“%? aggi Céinhﬁ?@% '?)rﬂrl. 5 hr
bef or e | oadi nNgfaratoadiag ditd & diftse eflb@aica inferddifondsreichnkiorm (BRET) egisf or m
(DRIFT) cell., Anprphqus siljca was. si cal | i xed. w t h | e as an
it er nal st arAEPRRYBO R o hERaLT PuBlih s holf 458 ke s L B0BA% 1° e
at 450C for Isiby tdedf. ore sadplemiat pRiteddd inPierat d507€ fot 1 liokporé edippish br €. | R
spectra of the sanple were recorded after desorption of ridine in

fl owi ng He (4yrigine 3 iopmytgipperatpie. R spestyeof tlzseﬁ@pémelsswd@ﬁg ergiesnription of TS-
60A i nf d : : - < d
Intrare @ﬁggkﬁrg@fg Hewﬁml?@?dé & 8@ aPisoStaﬁva ﬂ&35¥>8§%n9?1?-§aét{‘ﬁ’gs-use

as the refer unts o ronsted aci andaLeV\ns aci
sanpl e wer e |G0deiafrhngd spectiometer] The pedkipeeand Sk-Oaied 3862 cnf 5w wsed asthand 1445 cm

o copectvebiens? HISTERST aRHARTLAPHL Ao 50 BTG SEIRAFY 300
activity 15  tothe peak areas at 1540 cm™ and 1445 cm™ respectively, so these peak areas could be used
in the comparison of the amount of acidic sites in different samples.
Example 9
Catalytic activity
The isomerization of n-heptane was carried out in a downflow fixed-bed reactor
20 under ambient pressure. The reaction took place at 150°C or 200°C. The catalyst was
secured in place with pretreated quartz wool just above a thermocouple. n-Heptane was
brought into the reactor by H; flowing through n-heptane saturator at 25°C, with a Hy/n-
heptane molar flow ratio of 16. The flow rate of H, or the amount of catalyst loaded was
adjusted to get the desired conversion of n-heptane. For comparing different catalyst
25  activity, n-heptane conversion was limited to about 20% to eliminate the effect of
intraparticle mass transfer. The catalyst was pretreated in flowing air at 450°C for 1.5 hr
before contacting with the feed gas. The reaction products were analyzed by a HP 6890 gas
chromatograph equipped with a flame ionization detector (FID) and with a 50-m HP-
PLOT/ALO; “KCI” deactivated capillary column. Isomerization reactions of n-hexane and
30  n-octane were performed under the same conditions as above except under different partial

pressures. The n-hexane saturator was immersed in an ice trap to obtain a Hy/n-hexane
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The isonerization of n-heptane was carried out in a downfl ow fixed-bed
reactor 20 under anbient pressure. The reaction took place at 150C or
200C. Thewsaisawiyrt was secured in place with pretreated quartso2esas | ust
above a thernocouple. n-Heptane was brought into the reactor by H2 fl ow ng
t hrough n-heptane saturator at 25C, with a H2/n- heptane nolar flow ratio
of 16. The flow rate of H2 or the anobunt of catalyst | oaded was adjusted
to get the dewmbplaeflowaivarld6.cmddfe medimp tamator Ras sa atdfACito gbtdlinfafHrresdtane

catal yst 25 actfFl 'gt‘%;k n- ?Sﬁt ane conversion was limted to about 20%to
elimnate theTRPFERY 4 of; traparticle nmass transfer. The catal yst was
pretreated |nInEd>1ﬁmiaﬁ@1WRef&’en<§b50C for 1.5 hr before contacting with the

feed gas. The react roducts were anal d by a HP 6890 gas
chr omat ogr aph equi‘y LB‘E]’ (?(ﬁ’thli‘s 404 pajgRts Wﬁ?fiofé‘fﬁ?fﬁmd‘é@c]é"é?bdrm‘(qﬂ?ﬁte%hﬂm\ﬁ?rﬁwea

50- m HP- B OTinAlle?iOchtirdtflas ifd@atCinlivfugGhubRddtibh 8 patéu@ Wi EhecikisATRIE 2Rk i@khlly
reactions of n-hexane_and 30 n-octane were_perforned under the sane

condi tions asdisgie i@ Pe dponprried byirslewnesnt Iy g#sei | conflich SRy pregent PRBliGRtix ane
sat urat or wasinblgimg 88FddfitRs hésinwilRohigo1Obt @i n @ H2/ n-hexane -17 WO

03/ 013722 PCT/ US02725048 nolar flow ratio of 16, and the n-octane
saturat or wasEquétaleats 25C to obtain a H2/n-octane nolar flow ratio of 53.

I ncorporation by Hefgr 1ﬁ‘|tf?e By Rl ?é%%érﬁfbs ofBd aRat§ Qéc%?ﬂﬁ %lhg ﬂﬁqng}g G&hN
are her eb%/ i ncorporated by reference el rent

i ndi vi dual0 puloiriinsa¢iperimentativat enny wasvagde id ﬂmaslpbglﬁtanmbodmhems «buﬁalhd invention
indicated to at C ase of conflict. . t resent
appl i cation, &?%ric‘ﬁ%ﬁ{ f. S%Q%te% ?1&18{3]{?%%% eernngn%O b e1n°Orr(l)pr?tssregIby E‘&u‘ih ggﬁ@ﬁt S
Those ski | | eccliimst he art will recognize, or be able to ascertain using no
nore than 10 routine experinmentation, many equivalents to the specific
enbodi nents of the invention described herein. Such equivalents are

i ntended to be enconpassed by the following clains. -18 WO 03/013722

PCT/ US02/ 25048 We claim 1. A catalytic conmpound represented by the
generalized forml a:
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RI/R4/ R2-R3 wherein: 5 R is a netal or netal alloy or binetallic system
R2 is any netal dopant; R3 is a netallic oxide or m xtures of any netallic
oxi de; Rwa®/aghkected from WON, MOON, S042" or P043-; andcr/v®asoakol e or
fractional nunmber between 2 and 3 inclusive. 10 2. The catal ytic conpound
of claiml1, wherein Rl is a Goup VIIl netal. 3. )The catal ytic conmpound of
claiml1, wherein Rl is a conbination of Goup VIII netals. 4. The

catal yti c conyeuhinof claim2, wherein R is selected from platinum
palladium irjdiu r hodi u or.a conbi.nation of..these. . 15 5. The
Patalytic conpound: SHGGee T RRBERRIL) HR oI M5 m an al Iy or
binmetallic systens Pt-8/R/M-RPd, or Pt-Ge. 6. The catal ytic conpound of
claim1l1, wherein is selected fromthe group Al3+, Ga3+, Ce4d+, Sbs+,
SC3+, Myt+, 002+, P& Cr3+, Y3+, Si4+, and In3+. 7. The catalytic
compound of claim6, wReiei MetRrinfethifdy *®ifetalibeyseat;al ytic conmpound of
claiml, wherein R3 is_selected from zirconiumoxide, titaniumoxide, tin
oxide, ferric oxide, oR:&HWHHDBIPRIEE 9. The catalytic conmpound of claim

8, wherein R3 is Zr02. r1Q;a dhhigNi6 BkiAL ¥ G nFO OIAHPHheilicTxflem 1, wherein the
ratio of netal dopant to netal in the oxide is |ess than or equal to about

0.20. 25 11. The cat al Reissclesiad&amdV Ok MoQi, ¥0£00r Riherain the ratio of netal
dopant to netal in thex%ia%o%e%r\'ﬁ%%nﬁﬂﬁn?;ﬁ%fbe@ﬂéﬁﬁlz d 33h9v0- 05. 12, The
: n

catal ytic conpound of claim1l er el e ratio of neta cf(')pant to netal
in the oM de.is dhegetalytiosomp@nd Fhaaignk, athgteinR cio apwenpdVidi methlai m 1, wherein

ncl usi ve, 14 Tnalarinfs el B Qhin 12FhRRRRy NERSLRRIRE v
15. The cat almétals. conpound of claim 13, wherein x is about 2.9. -19
4, The catalytic compound of claim 2, wherein R; is selected from
platinum, palladium, iridium, rhodium, or a combination of these.
15 5. The catalytic compound of claim 1, wherein R; is selected from an

alloy or bimetallic systems Pt-Sn, Pt-Pd, or Pt-Ge.

6. The catalytic compound of claim 1, wherein R; is selected from the
group AP, Ga*, ce*, sb’, Sc, Mg2+, Co**, Fe**, Cr*t, Y3+, Si**, and In**,
7. The catalytic compound of claim 6, wherein R, is AI**,
20 8. The catalytic compound of claim 1, wherein R is selected from

zirconium oxide, titanium oxide, tin oxide, ferric oxide, or cerium oxide.
9. The catalytic compound of claim 8, wherein Rj is ZrO,.
10.  The catalytic compound of claim 1, wherein the ratio of metal dopant
to metal in the oxide is less than or equal to about 0.20.
25 11.  The catalytic compound of claim 10, wherein the ratio of metal
dopant to metal in the oxide is less than or equal to about 0.05.
12.  The catalytic compound of claim 10, wherein the ratio of metal dopant to metal in
the oxide is about 0.05.
13, The catalytic compound of claim 1, wherein R4 is WOy, wherein x is‘a
30 whole or fractional number between 2 and 3 inclusive.

14.  The catalytic compound of claim 13, wherein x is about 3.

15.  The catalytic compound of claim 13, wherein x is about 2.9.
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WO 03/013722 PCT/ US02/ 25048 16. A nethod of al kane or al kyl noiety

i somerization conprising the reaction step of contacting a catalyst with an
al kyl , wheoei3nmismed catal yst is selected fromthe conpourrtg/useprssaent ed by
t he generalized structure: 5 RI/R4/R2-R3 wherein: R is a netal or netal
alloy or binetallic systemp; R2 is any netal dopant; R3 is a netallic oxide
or m xtures of any netallic oxide; 10 R4 is selected fromWON, MON, S042"
or P043 and x is a whole or fractional nunber between 2 and 3 inclusive.

17. The method of claim 16.. wherein the al kane .isonerization is a straight
chai nal kane 15 oderE U PEHkREH ol RoPifoR STRIASR hp BetPn YefaTal Lane
i sonerization i s a&ofidetink®@ cathlysiaitasmealk 8 owhereinahid @nialydids seldveednet hod of claim
18, wherein the alkyl isonerization i - C8 al kane, isomerization. 20. The
ot hod of ¢l ai m 1 EOREPETT RGP BRI BRI RES] ess than 210 C
20 21. Thes net hod of cRaRpRI®R; wherein the reaction step occurs at |ess

than 170 T. 22. Tr‘lg_@rret_hod of claim 16, wherein the reaction step occurs at
| ess than 150 T. ™% he nmethod of claim 16, wherein the reaction yield is

greater than 70% 25 RB4isalhRtalBiH&s 0by 61 BinbliB systhtgr ei n the reaction
yield is greater than 80% 25. The nethod of claim 16, wherein the al kane

i soneri zation i ncreaseReisfay getahderantiunber of the al kane. 26. The catal ytic
conpound represented by, {shendifHkiBe SRS ady fRallic 3Ride 20

10 R4 is selected from WOy, MoOy, SO4* or PO43'; and
x 1s a whole or fractional number between 2 and 3 inclusive.
17.  The method of claim 16, wherein the alkane isomerization is a straight chain alkane
isomerization.
18. The method of claim 17, wherein the alkane isomerization is a C4-Cyq
15 alkane isomerization.
19, The method of claim 18, wherein the alkyl isomerization is C4-Cg alkane
isomerization.

20.  The method of claim 16, wherein the reaction step occurs at less

than 210 °C.

20 21.  The method of claim 16, wherein the reaction step occurs at less
than 170 °C.

22.  The method of claim 16, wherein the reaction stép occurs at less
than 150 °C.

23.  The method of claim 16, wherein the reaction yield is greater than 70%.

25 24.  The method of claim 23, wherein the reaction yield is greater than 80%.
25. The method of claim 16, wherein the alkane isomerization increases the octane
number of  the alkane.

26.  The catalytic compound represented by the formula Pt/WQs/Al-ZrO,,
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