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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
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world oil refining capacity in BRBSSHIBAQDECATABYSIX g/ year. Acid catal ysis
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cavities. ZeadlifficeR tadigpose 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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acidic solids, in which the surface acidity is generated by protons
required for charge -1 WO 03/013722 PCT/ US02/ 25048 bal ance of the franmework
and | ocat e oseas72ehe Al cations. More generally referred tRCTASSO2RBI48CUl ar
sieves, these materials have structural properties desirable for solid acid
catal ysts, such as surface acidity, high surface areas, and uniform pore
sizes. Exanples of zeolites used as solid acids in petroleumrefining
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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



30 Summary of the Invention In certain enbodinents, the catal ytic conpounds
of the invention are represented by the generalized fornmula: RI/R4/R2-R3
-2 WO 03/ 01Bia23RLCT/ US02/ 25048 wherein: R is a netal or paveso2asdsey or
bimetallic systemm R2 is any netal dopant; R3 is a netallic oxide or

m xtures of any nmetallic oxide; 5 R4 is selected fromWx, MOX 5042" or
P043 and x is a whole or fractional nunber between 2 and 3 inclusive. In a
particul ar enbodi mtein:RI is selected froma Goup VIII noble netal or a
conbi nati on of Goup VIl noble net ?lﬁ | n.anot her embodinent, R is

sel ected from plati nufy Sgapealer meel plovgr bimetilioaists: or a conbi nati on of
these. In yet another ROisembagdialBsfant; R is a Pt-3n, Pjt-Pd, or Pt-Ga all oy
or bimetallic system In a particular erbodinent, R2 is selected fromthe
group Al3+, Ga3+, Ced+Rsggdnetallicpxide onypixiuresofany meigBic oxides+, y3+, Si4+, and

In3 . In another parti guisaelc@aPReh "W, MBS, is®), 56! B6eghd rom the group
zirconi um oxi de, titanium oxide, tin oxide, ferric oxide, cerium oxide or

m xtures thereof. |n afdtseholaor fastional nimber datwsdh Fremt 3 inklisive. Sﬁ| ect fed 1I‘rom
S042" , WX, MOX, a ' ' nes _thereof. In a
Aoy 0, 05 0\ A

particul ar enbodi nen e net . partrcu
enmbodi ment , coatbmationsof Groupndllenble distrn iy artotter embodimerdt, Ryt adlecthafeoni t 0

tal in th ' ' S. 1k . ual to. about..0.2Q. In ot her
embodi mont AR pRIabiRE IR i Y T b PR R Sathg s | ess
than or el@ualembodiamu&@.ﬂ&:SnLBt—Mgerﬂq@Miﬁ:ycﬁbﬁ@&i&lH@ﬁ&&ﬂ Egg;_ati ot ofthrret al
d t ot metal in_the oxide is abgut 0.05. |n another .e ingnt, e
cg!toglnytig conpoun;]féag%rgflﬁ@e 8@18}‘??8&%?@%?“8‘?1&%& egrg‘ﬁ’r‘ége 22 Chy» SU,
Pt/ WO3/ Al - Zr &, bt et BShert’, vi, siff snd m¥fention is a method of al kane and

i i ri zations conprising the step of contacting a catalyst
3\,1! »t( %l anﬁD;FLg‘ngSO:’ ?Igg}%t}'fer 3% e %o ment, Rgls selected frgm the group znrcomul% oxide,

titanium oxide, tin oxide, ferric oxide, cerium oxide or mixtures thereof, In another
15  particular embodiment, Ry is selected from SO4> , WO, MoO,, PO, W200s5, 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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said catal yst conprises: RI/R4/R2-R3 wherein: R is a netal or netal
alloy or binetallic system 30 R2 is any netal dopant; R3 is a netallic
oxi de or wikasimgr2of any netallic oxide; R4 is selected fROWMUM®25048042
MbQ,,, or P043 and x is a whole or fractional nunmber between 2 and 3

i nclusive. -3 WD 03/013722 PCT/ US02/ 25048 In a preferred enbodi nent, the
catal ysts are used for conversion of straight chain or n-alkyls. In

certain enbodi Menty g pldtGrdd-Rloiimehn® iR oafary@tsgmussmr BorlveRi o&tkﬂ@m chdf ofA- C7
al kane. In certain other enbodi nents, theé n-al kyl is n-hexane, n-octane, or

n- hept ane. | w-alkylpdnicpiain ambedibes faft-alkyliga ﬁraagh%y‘hanit lovigr ﬂkﬁeaﬁé:r@ In one
enbodi ment, tie,d %ﬂpé?faﬂf dh& eﬁlfboalﬁl%ntrs &RCH! 'a@(?l %shekﬁi@eﬁ o&t&&ﬂ‘:nogrl&%tan'eoma{
than 170C, | ower t anot her enbodi ment, the 1sonerization
conver si ons @aélculhr@;h@dlmMﬁhm%(ﬂmnﬂﬁpta%mot her enbodi nent, the catal yst
conmpounds .are used in a c b oners
o e of ot P BRESD Bhe (bAbBL A Rl ART, A 1 AbkHhn SRAEL

product. | n ahdnUI7bHEnoweettiRgi 1587, , Intah@theraeha;b&ﬁﬁent; eSS ativrcontesichstage 10
produce al kanes in the form of higher octane nunber, nulti-branched

al kanes.  Br inéghesbar 3% Ingat aalpﬂ%%nkmdgmné§hqiia§%3¥8écornnﬁ>éb<ilsar%uﬁeﬂ@1 BROFSFFty of
Pt/ WOB/ M Zr O, BokifbedhikdrRroR RikyiapieR tisonidd winh a'¥1691 d? %rea%@&@x 7090, fedteRhane

i somerization. Figure 2 depicts the effect of A13+¥ doping Ievel on the

n- hept ane i s &A% efZag ieestion prodyett Ing fugthes pmbedimeytzthg gmayst cpmgeynds Fegaisetios t he

n-hept ang i S QuEfLZakdfiPinhé f5hlof highertRtant MG ShAR-WRMRhed Akl V(0. 05,
800C) at 200 rt] H2 Flgure 4 dep| cts the n-heptane i sonerization

selectivity gures Pt / ALWZ( 0. 05, 800C) at 150C in H2. 20
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n- hexane i sore0s, 2E0°Chin sdpemt isoireyization. conver si on over

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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Pt/ AAWZ( 0. 05, 800C) at 200C in H2. Figure 7 depicts the octane nunber of

n- hexane i soneri zation products and 25 unconverted hexane over

Pt / ALWZ( OW@BR03/0890€) at 200C in H2. Figure 8 depicts the n-RayEsee/25048

i sonerization selectivity vs. conversion over Pt/AIW/(0.05, 800C) at 150C
in H2. Figure 9 depicts XRD patterns of WD3/ZrQ2 with dopants (M Zr = 0. 05,
800C). Figure 10 depicts XRD patterns of Pt/WB/ZrQ2 with dopants (MZr =

0.05, 30 800C) af tpefurk ¢8lU&IiEiOhe Jhande BCZ10) vl cel N lhEwRE eI @opingRPel in
patterns indicating Zr02 (111) peak shift in tungstated zirconia sanples

wi th di ffereft/AWFAHO0SCL M zr = 0.05, 800C). -4 WO 03/013722 PCT/ US02/ 25048
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(c) Pt/ Si V(0. 03, 0C), obtained after %rldine desorption at the
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desorption of hyd'F@@ﬁ 19¥8icts e AdMHBRRE) proFhihMbYELS 5no§m e Bfer
Pt/ AlWZ( 0.2, 800C ?15 deéﬁﬁf:ts thpe %ﬁ &t aneq%onver Si ogn VS. reaction

time over (a)Pt/ViE¥ MW(QRJ/PGWZ(@QQ}@PO%GHQBVAWZ PgQGCP5, pH 10, 800C)
(reaction conditi 2, VHSV =
110, 000 hr-1). (giﬁg“rgi%H%”‘S%{c%‘teg‘q%eﬁ{a}{éé?vgr%‘%? bl ond (P (ii)
i soneri zati orPt@dMﬂ) DS/|8()9°Gbsand () @eAIWE(D.03, pH 10y&00°C) (toAtdidh ddndifion: 318 ndd),

8000C) pr epar ed 'th a 4Pt 2 and H2Pt C16 (reaction

condi ti ont? 38’a %?55@ %?0 Iglbé’ éotr‘)?)hqz) VHSV = 110, 000 hr 1) 15
Figure 17a depict iﬁéﬁr@@@ﬁ%ﬁ&s fh@f@%‘ﬁfh% tQﬁb éb‘ﬁverﬁ@@%& g{) 1§drr[€%zé%i6%el@ét1%qfs05

800C) with (i) Pt, (ii) i) Pd alloy and (iv)

1:5 Pt-Sn al Ireagtion @m@pvqsrPt/AéWﬂﬂ? 03, oft: 103é)(¥?é) mamaéi(td/\gtth (320@@)4P1(6@£2mn¢f0)l n
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(iii) 1:5 Pt-'d alloy (reaction condition: 38 ng 20 catal yst, 200C, -6%
n-C7 in l_% VHSY i’i‘lg]iljf‘eo l‘(7) z? e]f)%c:!fsllz.—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



Figure 18 depicts the effect of dopant oxides having simlar crystal
structure as Zr02. Figure 19a depicts n-butane conversion over reaction

ti me and woeosefiseet of different anions on the activity ®CT/US02/25048

Pt/ anion/ Al -Zr02 (reaction condition: 250 ng catal yst, 25 250C, -2.47%n-C4
in H, VHSV = 8,000 hr 1). Figure 19b depicts n-heptane conversion over
reaction tinme and the effect of different anions on the activity and

sel ectivity of Pth?e{}ar%{ﬂmé&g% §1hEeet i SRaIGRN Db of38ionHRbdeRddahetgt , 200C,
-6%n-C7 in H2, VHSV = 110,000 hf1). 30 Detailed Descriptjon of the
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sel ectiviti edMhHEOSEIEUNSS s hect s of the present invention the catal ytic
material s are usemn defaid aspeSRITE the padsemd tnvenivnahsiatalyticanattriaaronsegimeess. Such
a process has a l.ow reaction 10 .ten‘lperatur , an%?%r Vi des for,é. hi gh

i somer i zat i ofSOBSHIALOR CORY STRIqu TERctionso H%‘i‘e?%iste“f’lbﬁgr é?‘flsear IRYT " refers to
the radi qal @impatns aind drovided Rathigh i@nBsionicoetetidngeldst r ai ght - chai n al kyl
groups, branched-chain al kyl groups, cycloal kyl (alicyclic) groups, alkyl
substituted cycl oBiRefinitiognsoups, and cycl oal kyl substituted al kyl groups. In

preferred 15 enbog e Saic %fébr?-{oqm ra@fogi oF sﬁﬁra%?@fgﬂﬁg gfdipd, mcBldiygl  has 30

or fewer carbon atons In its ackbone (e g1 0 for straight chain,
¥

C3-C30 for brstwightetiaiohliyhyroups lranghed-chyie alisylagsoups, cygloghkyk (@ligyelic) Erouesi se,
G20 1o ; . S e
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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;



20 length and possible substitution to the al kyls descri bed above, but

whi ch contain at | east one double or triple carbon-carbon bond,
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al kyl" as used herein neans an al kyl group, as defined above, but having
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its backbone structure. Likew se, "lower 25 al kenyl" and "l ower al kynyl"
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wherein: R is a net I%WQreM&pmaqlq‘toyor b al lic system R2 is any

nmetal dopant; -6 WO 03/ %ﬁ) méggg%ggmsﬁ% is anmetallic oxide or
m xtures of any rretalllc oxXl| is WO,, MbGQ,,, SM42" or PO43- ; and x

i s a nunber bet welen prtignlr @nbcrd@m@m; Ruds selagted fiomr & Grawp Mawblsarciabais R i s
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nobl e netal s° ano t IS se rom [ at1 num
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enbodi nent tallic system In a
particul ar e%"&?ﬂs’ﬁgﬁt ]ﬁﬁ’Pt gl’sﬂ:ﬁ)gt?r Pctlge om ?#l%trag% 89%&5@ Ga3+, Ced+,

Str:g+ Sc3+, Myt +n aGasticulaFedbiodinant, R(ﬁ&sel@lteﬂ-ﬁonaﬁld gtcnla-lAl | GaAretheb™,

enbodi ment Al3+H, 3+I ar e & nmet aI lic
oxide is zir “on’ilﬁgn ox? o’ t(ﬂ? aﬁi U# ’%@ﬁﬂe‘,lﬁ %E’?r la%enptRérl um’ oxi de, tin
oxi de, S@42-, andIn&'iibthBﬁpa@ﬂiUﬂlaﬂbﬂﬁb@ﬁ’lmSntIthefnemﬂlc obmieas z1mnmrmdm; tmnmmdu rrent ,
the nmetallic oxide is Zr02. %ﬁther s.abou

di t,
embodi nent, PHESIGF §xHe, Cﬁﬂ‘t‘%lox mrXideq e [éIFrEear%?‘Pntg)léléA gAeS § thgre?feb"s t han or

15 equal to %wla&na)gdmgém anah&igtic sabodizzent, the ratio of netal dopant to
metal in the oxide is less than or equal to about 0.05. In yet another

enbodi ment, the rktanether emhodimengdashout 3

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.



metal in the oxide is about 0.05. In another enbodi nent, the catalytic
conpounds of the present invention are represented by Pt/W33/ Al -ZrQ2, 20
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conversion of straight chain alkyls to branched alkyls. In a preferred
enbodi ment, the catalysts are used for conversion of straight chain or
n-al kyls. As shown in Fig. 1, doping Zr02 with different cations changed
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Pt/ AIVWE(O. 05 'of §-%3)1§E neV@‘?g. 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).



still active enough to convert n-C7 at a rate of 1.1 gnol/s/g with a
significantly inproved isonerization selectivity. |Isonerization
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t he octane nunber increased from32 to 66 through n- hexane isonerization
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mul ti-branched isonmers. 5 The chem cal F@OSI tion andﬁg)gym c§ Pr erties
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A13+ doping level lTed to a i increase in surface rea. \Wen activity
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dependi ng on opant i ntroduce decr eased he order of Ga3+ =
Al3+ > l\/gz + samfle® Strongee W33s pealG@ere foun@im the glRD.pajéteqnﬁ gﬂtung%ed;@lfcgya doped
diffraction %&D‘)‘lggﬁtaiﬂu’elg ar%fYatr.ungst ated zirconia with dopants are shown
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



in Fig. 9. No diffraction peaks of dopant oxides were noted, indicating
that the dopants were highly dispersed. The Zr02 was present mainly in

t et ragonatwQodsagsr2ni t h crystallite 15 sizes of 13-18 rim THoa/ud3/25048
diffraction peak intensities were quite different in these sanples.
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a surface Al oat i ng, i.ch conprom sed the pr tional effect of Al3+
dopants in &ép?c%ﬂ’e‘iy‘l\{égﬁliep&ﬁ?r eéxqéip%ﬁg{n& a%?acﬁ?? D IR glﬁed
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spectroscopy. The cat alégst was pretreated in air and then_ reduced in H2

for 1.5 hr. THEIWERRROCmsreshpgs inigetd. Wihempegoiniensisies afiagdseried pyHding pn

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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internal reference. After grinding to a fine powder with particle size
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and Pt/ SiWz(0.05, 80 , are shown in Fig. 13. The Heak intensities of
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desorption of en (H2- TPD) . ove oped. ed cat al e -10
VO 03/ 0137221 @?@%@?%&6@@%%&‘?%?%%S%F&‘OBE%WG&%WE nd, grgae ’%{%‘ies"rgt“’“

condi tion as kbt oRE PRIV (6.05 806&) tbid be AfritRtedltd StruchdsiehfigeOfofihed2 at 30C
for 2 hr, the sanples were exposed to flowi ng argon to remove weakly

adsor bed hydinsheien of An H2 desorption study was initiated by heati ng the
catal yst jsbed at g 4 g%abeélméﬁ fﬁeﬂlanlédogm@an%&&ed mqﬁﬁomamn@g I
pressure, and t he efn | uent gas was anal usin hermal conductivity
det ect or. As andinembedifien, thmmetallzs @Ipslﬁnwﬁwce@ HécBe&wetthew@ei | ower on

Pt/ ALWZ conp & 4+
Pt / ALWZ( 0. 05%{65%3@)0“\%%{5%% T t}‘ﬁ? P%&E@Lg Hidfor élgﬁ%m ﬁ{% V\%?&g’g%ﬁl&{ G
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difference | Qatacl%ta Xos%ructure and composition ma2320ptimized. 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).

-11-



activity between doped and undoped Pt/W sanple. The abnormally high H2/ Pt
nolar ratio 10 suggested a H2 spillover effect. Since Pt dispersion over
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observed from X-ray photoel ectron spectroscopy (SSX- 100 ESCA
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maybe vari edhydio@moln@rwﬁh negt@ﬂytataiyslnGMtwammn ovdzitgner e 18 shows t he

i sonerization of n-al kanes using various dopant oxides with 38 ng of

-12-



catal yst reduced at 350C in H2 for 1.5 hours. The reaction was run at 200C.
In an enbodinent, the netallic oxide anion nay be varied to optim ze

i soneri zawicons/gglectivity. I n another enbodi nent, the netrdl/Usn20xi48le ani on
is SO42- or WB (Figure 19). 10 Nanoconposite Ptltungstated zirconia

catal ysts with dopants such as Al 3+ and Ga3+ were nmuch nore active and

sel ective than conventional Pt/tungstated zirconia in the isonerization of
hexane, heptae BUhe@thPOSMpIYAdAPIRSIchIEPrPIepie 9$ VadoysMmped BEWOaiZran

ul trahi gh di spersion of conponents, allowi ng for the effect ive substl tut| on

of dopant ca .
doped zirconia allo !
grgat er H2 adsor{ri\% W? opant rH:}V’ O{Q)m.

ol AL

may al so be uged Oot chffel(ﬁvve |§9Jrreglr|ﬂzlé)r;lon (g ot herlszi_ ons
with negligib ' g Xeac bg/atl ong over (tj ne. 03/ 013422 834
PCT/ US02/ 25048, ~ ' Ooogi}] em g Compgsitiaqnp and Rgysi cal glroperti gs: of

Vari ous Dopedpttﬁq §¢ Cheps cal @pnposifa on*S.53A. Acti wioty at 2etr TOS
Sanpl eDopant / i wo%gl}tt cf W %.6s72/ g) (pnol / siag) (pnoib/ hr / nR2).4 397

Pt / WZ( 800C) 016dcr@G3m5,32886) Pt / AAWZ( 0. 06, 800Q@) 0. 05181. 05612.59829 351

Pt / GaWz( 0. 05, PBPOAP0s,6m1E1. 057.438. 28346 Pt / COMZ( 0. 058 800C) 3:505161. 08678. 9534
Pt / MyWZ( 0. 05, PEBBEPO5,68161. 058% 0611 1Pt / FeVIy 0. 05,68800C) 005161 049% 4397
Pt / Cr Wz( 0. 05, PB@W?)@S B91e1. 07945 53511fbt/Y\l\Zl(‘b 05 200C) 0. B¥161. 048 5263
Pt/ | nWZ( 0. 05, PROBEP025039961. 068> 179 PP/ Si ﬁooqo 161. 0220.,1220
Pt / Al V\Z(O 025,78 b?@ﬁ%lm cg§59 954 Pt/Ax(\/\Z(O 1,, 800C) (;31161. 04- ég 2753
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Tabl e 2. The Amount of Bronsted and Lewis Acid Sites in Reduced Pt/W33/Zr Q2
Wth and Wthout Dopants. Sanpl eDesorption Bronsted Acid Sites*Lewis Acid
Sites* Tewoenrsatsme (C) Pt/ WzZ(800C)1500. 460. 93 2500. 280. 43 IRANIR02480425

Pt/ Al WZ( 0. 05, 800C) 1500. 540. 51 2500. 260. 46 3500. 120. 32 Pt/ Si Wz( 0. 05,
800C) 1500. 0960. 098 2500. 0500. 031 3500. 0290. 023 Pt/ GaWz( 0. 05,

800C) 2500. 290. 33 3500. 180. 25 Pt/ CoWz( 0. 05, 800C)2500.350.50 3500.170. 35

ss00.150. b3 AefedstolBaiasRrdadihdigrteGent B a9 iRt B
2??2 \2/\2?8 350‘“@1 90B0DPrYS21 PL/1 nViZ(0. 05, 800C)2500. 350. 51 3500 150 33
S300C 00 0. 50 0 i

Bronsted and Lew sS#@3Y sites wer eﬁ@ﬁ@?nlned ;

intensity at_1540 cni Temperature (°C)

Pt/WZ(800°C) 150 0.46 0.93

‘ 250 0.28 0.43

350 0.14 0.25

PH/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

Pt/MgWZ(0.05, 800°C) 250 0.36 0.46
350 0.18 0.34

Pt/CrWZz(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

P/YWZ(0.05, 800°C) 250 0.25 0.42
350 0.11 ‘ 0.21

Pt/InWZ(0.05, 800°C) 250 0.35 0.51
350 0.15 0.33

Pt/AIWZ(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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and 1445 cm 1, respectively, over the peak intensity at 1862 cm. WO

03/ 013722 PCT/ US02/ 25048 Table 3. Influence of Different Noble Mtals.

Met al Loadwagrsatisizet yConver si onl soneri zati onMul ti - branched PCT/US02/25048

(WM (mol/s/g) (W (NWIsoners (%9 Rul.00.514.987.434.6 Pd1.01.18.399.815.8
Pt1.01.110.999.815.3 0.10.155.891.434.5 10.00. 145. 696. 316. 3 Exenplification

5 The invention now being generally described, it will be nore readily
undelrst](c)od by reference to the foll ow ng exanpl es, which are included
merely for pur oses of illustratjo certain aspects and enbodi nents of
tE)r(le plresent &Eﬁtmﬁencﬁﬁﬁmaf nﬁBIP&F]nV? dl¥ed to limt the invention.

ample 11 fal O ToHaidy BFZU (hersibh) Vasorherizatond { NMat0BRneRl of
A1C13. 6H20 dr| CE? |r% gl ass bearkler 320 mM of H20 were added to

di ssolve the salts (witd) stlm.lmo&fg’g) Ther%14- 28 M%(B@MO—I was ad&@@e’ér(é’bwi se

to the sol ut-en—trder—H-gorot g S+ g tHt—thre-rat—pttof b.

preci pltatloﬁumxtu?‘e reache@ H.0. Aftér stirring %0 nor e 32}1 1 hr, the
preci pi tat e pgs Waspgd by aipglTTed Waigey and recoyey ed througlps 815
centrifugation. Materials were usually washed 5:6 tines ta reppve the
chloride ionBt The ibﬂeCI pitat.é was drid@.% n oven a19-8120C over nlléyﬂt Then, a
cal cul at ed anount 06 nlbl% net at ungsg ate (99. 4 Strem §48dded to

t he m xed hydroxi de \}I a the “incipient Wetness tec n| gue. After ‘cal ci nation
at 600-950C for 3 ht(.0t he tubgst at ed ALH- doped z9&koni a obtailhéd was

i npr egnat ed —w-t-h—l-wt96-of—Pi—usi-Rg—the—preeti-ser—20—(NH4Pt(Neg2—After—
cal cination at 450C for 3 hr, the final product was denoted as Pt/A WZ(x,
%/) (Xt :t ngm;b\lrﬁlem {iQki6n r ati o of AI{ZrOI é = calcination tenperature for
ungstate -doped zirconia -1 oaded  t ungst at zi r coni

ooy % At T evesimoren R b o TRl

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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-15 WO 03/013722 PCT/ US02/ 25048 Different metal ions besides Al3+ were
co-precipitated wwth Zr4+ at a dopantlZr atomc ratio of 0.05, follow ng
t he procedwradmisiescri bed in Exanple 1. The chloride or nirarars®22si48s of
netal ions, such as Ga3+, Mt+, Coe+, O 3+, Fe3+, y3+, and Ina+, were m xed
with zirconyl chloride. The final pH of the precipitation mxture for all
materials was 9.0, 5 except for the My2+-doped material, which was 10.0 to
tensurte tcorml St gt Nmﬁff‘er@%ﬁﬁétﬂﬁ%@t&%ﬁﬂbs 132135 h»(garé &dilgsibciﬁﬁettﬁ\ivﬂli 2r'T sadieganszt h
ungstate an wer e denote .05, ,. Where M = dopant..ion, =
cal ci nati on taemerattonfa- %O@IIPW%&%T@GWF%@%H@SE@ Eﬁ‘arr%?l %%E’EWSF Y

Si (1V) waes anﬂ.{t@&uﬁ'om%ﬂlom khbhZis Gtaﬁnwg%bb%reﬁb FUS| VWU, @ [ otk ﬂl@xed
precursor, 10 Si( the final of 9,0 The final Si 4+- dog

catal yst | oadwith chhyltczlh’gé? athe fpabpH pf th?\/ﬁ"é’f%éﬁ@é@x%}ﬁe for plmptptials wgs 9.0

Exampl e 4 (Ex T+ t d
Zr O 2. 8H20. aé%p? ?]r 1\rﬁa‘g?{fg %?@&lﬁ gl\Mrl a‘ﬂlglglgl %%%%Seﬂmym@pla\%éﬁqﬁ?gﬁl%an15

Exanpl e 5 Thelledinel Ipatomis:bhdqlsm&xmgstaée andBa wereststote By M0 87 .a0i wharaM on of
o o i aop Tt MR o DABL b ARG AL LEALBGhREIAL 07 The bR a9

mai nt ai ned at con e refative addition rate of the m xed
salt sol uti orExaepldie addltlon rate of NH4AOH The rest of the procedures

was the sane as t 'n Tefln ed as
Pt/A WZ(x, pH 10, Wgcé)n%n%éplg% Haa o ﬁlﬁ@?ﬁ%d%&ﬁf)"%ﬁm 893%%?8 "br ecur sor
such as HaPt &@&@ﬁpmeﬁb firal pHef 9. Oaiﬂhenﬁnal Sf“ -dopwt YatRlystdvaled tith stestbecdndloped

zirconia. In addition to Pt alloys and other noble netals were
al so | oaded dViaras et ?Wd%ggﬁégtﬁ)oped zirconia. 25 Exanple 7 Structural

charact eri zatiQm Tehe m crostructure and surface properti es of the

nanostructured soli1d aci d materials were anal yzed ing a vari et of
experinental techrixgmels.1 wesersates withyliffrrent P’&@‘t‘f}t%?ff’(‘lﬁatﬁ}gocfé‘flgr%? HpQcor ded

on a Siemens PHAOQ i Ha6iR08H 855 RREIAN&GH oBhind® KV and 40 mA, using

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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30 nickel-filtered CuKa radiation with a wavel ength of 1.5406 A
Crystallite size was obtai ned by peak-broadeni ng anal ysis using Scherrer's
met hod. Nwr@gasr2adsor ption isothernms were obtained at 72d4/@802/25048

M croneritics ASAP 2010 Gas Sorption and -16 WO 03/013722 PCT/ US02/ 25048
Porosimetry System Sanples were degassed at 150C under vacuumuntil a
final pressure of | x 10"3 Torr was reached. BET (Brunauer-Emett-Teller)
surface ar easPonmirﬁewyeterri rSachples were degassddadt il $&° Qurdsiswacennt amtije fimhl PesBiret o

catal yst whs Al 2L By gt ot CHSB R Ty TR e A YRR RCBeERhy.

The sanpl e wa§er ££U&06 pRtsudDQfee of 0ld8 td @00.1. 5 hr before loading into a
di ffuse refl ectance i n?rar ed Fourier-transform (DRI FT) cell. Anorphous

silica was pH5m®idy nmixed with the sanple as an internal standard (20 wt %
10 Si 02 tofalgyghecaappl e was pretreated in He at 450C for 1 hr before
adsorption of pyridine at roomtenperature. |R spectra of the sanple were
recorded after deddepeifitnoigangsigiedidgpesezitconis Faolysigrapanalyzsd ky pyrdige-f or 1 hr

t 150C, 250 20k h
geak area of %'g?&%%g F@@@E&&&?&%ﬁag w%ﬁgﬁcr%g ergz)ﬁée "I'ﬁeligrr}%uﬁts
of Bronsted deifae madhngemosdﬁ?ﬂmjreﬂebtaﬂaenﬁmrqleeummtmnkﬂonﬁaDRSFT}) edlated 15 to
th Kk t. 1 1445 t Kk
ar oas coul d_ GATEBGHS s s PRBALF RN B SRS hb M e B T

di ff er ent 15 ang10e fotal EXEHRIRhEPIE wabplebatdd i6 FRGE U3 CYor NEr HefREBdsbiHabA 6N of _
n- heptane was carried out 1n a downflow fixed-bed reactor 20 under anbl ent

pressure. Theryridie et wAmtieBRHIgC &R specamolthe fampdgwere Terorded aenplstomies of
secured in p Sﬁ&@m\%ﬁ o@&ﬁﬁe?@%ﬁgmﬂg%lllzhr%?éwt? elaewsoacw«a@w& Q' PIr§-
tothe‘re e

n- Hept ane wa rou ctor H2 fTow ng t’hrough n-hept ane
saturator at @)B\Cipfrwed BpeatréiBéter Tfhept:zdcrveeamﬂs&o -$il ab W8G2 owanuSQCBas thhe fl ow

rate of H Orre%ere%céar@m%%%}?%&ts %?ﬁfyn gé acu? gh%elgev)"@ gcad %fdtheu S }g{&)‘lj 6 wite ﬁnea ltygegated

desired conversion or conp ere
activi ty, 1:- hejiegrek a:taatwaeﬂs400um \/\msl 1I44mmé¢bsp@:t1adﬂ§a,m t]ﬂa@@/petah aealas muﬂthtbealsbdhe

ef fect of |ntra article sstr fer S pretreated in
flowing air G120} i eﬁPlou 8?"&10 Eg%t“ég&{e%ly pm,at he feed gas. The
reaction pr oolml@ agere anal yzed by a HP 6890 gas
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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chr omat ograph equi pped with a flame ionization detector (FID) and with a
50-m HP- PLOI/ A1203 "I Cl" deactivated capillary colum. Isonerization
react i onswaf 03risexane and 30 n-octane were performed underPdImgsoganas
conditions as above except under different partial pressures. The n-hexane
saturator was imersed in an ice trap to obtain a H2/n-hexane -17 WO

03/ 013722 PCT/ US02/ 25048 nolar flow ratio of 16, and the n-octane saturator
was set at 25@okoflobtraiorof 46,H24 theoctcdime satmatawab ket 254Cito olthina3,/n-octane

I ncor poration b¥ Eef eren g3AI | publications and patents nentioned herein
are hereby i nCSPPOYAIEY By reference 5 in their entirety, as if each

i ndi vi dual pulkorpabii@boRefgh@nt was specifically and individually
indicated to be ingcorporated by reference. En case of conflict, the present

application, inclUPHRyCaRRs 4 patonty BRUIOReT Bera? aﬁﬁll‘qrebé'dﬂ‘fqu?ﬂrﬁ‘teqiame\f%{Flé?ﬁt S

Those ski |3 edinitheif diiredy, tas Wiehéh 18RRI pHBlicalibn BEpaAd Fad SHediBiCAly AN MdikiinglyNO
nore than 10, routine experimentation, many equi val ents to the specificC
enbodi nent s offdicfed ite be rgosrpraieds By ireferntrer &1 fase i gonBishi thapesens agplication,

i ntended to bgcamagaRASTRAicAYhdR, Wdlcbing cl aims. WO 03/ 013722

PCT/ US02/ 25048 W claim 1 A catal ytic conmpound represented by the

general i zed fBgwNaleats R /R4/R2-R3 wherein: 5 is anetal or netal alloy

R,
or binetallic syst Wed i ) i [ ! ' r
i xtures of any menal ey A TN RcolRRRt be e «f et Bl S € Bufl
P04 3- ; Hhd meuiing expahimbmation, fnany efwnaénth tntherspbafiovemhodimants o8 thenivergione.
10 2. The cat i o] . I . rein.R _is a G.oup,Vl net al .
3. ) The catal ‘gelts%@eg oh(r\?%{)ﬁgn?a gl% %E?lg;%l%]{t{age “\é%?‘ﬁ t(h,b © iegc%m%ag%ﬂﬁ& 601{‘?{18‘?'111@ oup

VI1l rmetal s.cldmsThe catal yti c conpound of claim2, wherein R is selected
from
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platinum palladium iridium rhodium or a conbination of these. 15 5.
The catal ytic conmpound of claiml, wherein R, is selected froman alloy or
bi netal | i wosoaigrrs Pt-Sn, Pt-Pd, or Pt-CGe. 6. The cat al yt irCTCsUpsm8 of
claiml1, wherein R2 is selected fromthe group Al3+, Ga3+, Ced+, Sb'+,
SC3+, M2+, C02+ , Fe'+, C 3+ y3+, Si4+ , and hl'+. 7. The catalytic
conpound of claim6, wherein R2 is Al3+. 20 8. The catal ytic conmpound of
claiml, wherWenlaRB: i s sel ected from zirconium oxide, titaniumoxide, tin
oxi de, ferric, oxide r..cerium oxide. . .Jhe catal.ytic.compound of claim
8, wherein R3“is ﬁ@éﬁwcoﬂ?gu%‘grtegﬁeweg%%%%?ﬂﬁaI%F)f%Wﬂarn 1, wherein the
ratio of netal dopant Ry RefRal in the oxide is |l ess than or equal to about
0.20. 25 11. The catalytic conpound of claim 10, wherein the ratio of netal
dopant to netal it oxide is | ess than or equal to about 0.05. 12. The
catal ytic xonpound of i & 4 dtdl or Wiedl giléy drivemétalit oysdm;met al dopant to net al
in the oxide is about 0.05. 13, The catal ytic conpound of claim1, wherein
R4 is WO, wherein x i n¥oeiphdPRebr fractional number between 2 and 3
inclusive. 14. The cat @l ¥d feEBEBLMOSr AfxtibAdihy Retae@xflen X 1s about 3.
15. The catal ytic conpound of claim 13, wherein x Ifﬁ about 2.9. -19 WO

03/ 013722 PCT/ US02/ 25088 isxelepiet §amol OalMehe SO eriBG: #96i ety i someri zati on

conprising the reactiog i§ta%fnogforgé?mgfﬁ%&ﬂep&t@e&@tﬁhmdwi&eh an al kyl,

wherein said catal yst is selecte romthe conpounds represented by the
general i zBH si.r uctlie satalRti¢ FepREa®RE! ditior bivlerebR, i 8 GaoupeV &l metel. net al  al | oy

i xtures of sy nor FgissBouliEhabar R harity B A o b GO Y7 o,
P043 and x i smetalshol e or fractional nunber between 2 and 3 inclusive.
17. The met hod, of clal 16, whet,chny bhie, ALkane |k SPUELAZALLEN 15 a strai ght
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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| someri zation. 18. The nethod of claim17, wherein the al kane isonerization
Is a C4-Cl O 15al kane isonerization. 19. The nmethod of claim 18, wherein the
al kyl i sowerd3masizon i s C6-C8 al kane i sonerization. 20. The raarised28iscl ai m
16, wherein the reaction step occurs at |less than 210 C. 2021. The net hod of
claim 16, wherein the reaction step occurs at less than 170 T. 22.The

met hod of claim 16, wherein the reaction step occurs at |less than 150 T.
23. The nethod of claim 16, wherein the reaction yield is greater than 70%

2524. Th f, cl wh ' ti
80% 25, The. nbt hod* BPAET R iien8 o HRUPRIN i EHER ¥ Esine o BB R ef cases
t he octane nunber cofitadting aahlshsiewitln aldihewaatialsyidicatalysiripsdldreedr epr esent ed by

the formula Pt/ oﬁl t-hg[:%poungs represented by the generalized structure:

5 Ri/R4/Ry-R3

wherein:

R, is a metal or metal alloy or bimetallic system;
R, is any metal dopant;
R3 is a metallic oxide or mixtures of any metallic oxide;
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,,

30
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