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i ntroduced. Kluksdhal's U S. Pat. No. 3,4 737 teaches Pt/ Re 35 catal ysts
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minimizing the yields of less desirable C, - C4 gaseous products. Catalysts with
acceptable selectivity but higher activity are also desired because they allow operation at
lower reactor inlet temperatures while maintaining the same conversion (octane) level or
allow operation at the same temperature but at higher conversion (octane) level. In the
former case, the higher activity of the catalysts also allows for significant extension of the
25 cycle length and reduced frequency of regeneration. Catalysts that afford lower coke make
rates and higher selectivity and/or activity stability are also very highly desired because
they allow for significant shortening of the coke burn off and unit turnaround time or for a

longer operation before regeneration.
Many researchers have devoted their efforts to the discovery and development of
30 improved reforming catalysts. The original commercial catalysts employed a platinum-
group metal, preferably platinum itself, deposited on a halogen-acidified y-alumina
support; see, for example, Haensel’s U.S. Pat. Nos. 2,479,109-110, granted in 1949 and
assigned to Universal Oil Products Company. About 1968, the use of rhenium together
with platinum was introduced. Kluksdhal’s U.S. Pat. No. 3,415,737 teaches Pt/Re

35 catalysts wherein the atomic ratio of rhenium to platinum is between 0.2 and 2.0 and his
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WO 03/ 099433 PCT/ US03/ 15939 U.S. Pat. No. 3,558,477 teaches the inportance
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relative to catalysts containing only either bisnuth or phosphorus
previ ous|lopmprisimgra fildt catalyst comprising platinum and rhenium on a porous carrier material
20 and a second catalyst comprising a bismuth and silica components.
Until now, however, no one has taught the unexpected performance benefits of

including both bismuth and phosphorus in a noble-metal naphtha reforming catalyst.

SUMMARY OF THE INVENTION
25 This invention provides for catalysts comprising y-alumina, bismuth, phosphorus,
platinum, chlorine, and optionally rhenium. The invention also provides for a method of
making such catalyst compositions and for a process for reforming naphtha to improve its
octane using such catalysts. When used to catalyze reforming of naphtha, the bismuth-
and phosphorus-containing catalyst compositions of this invention unexpectedly exhibited
30 significantly lower coking rates and Cs+ yields and activity decline rates; i.e., higher
stability, relative to catalysts containing only either bismuth or phosphorus previously

known.



WD 03/ 099433 PCT/ US03/ 15939 BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1
shows C5+ Yield Decline Data for Catalysts Ato H Figure 2 shows Activity
Decl i ne Dabasfheu3Latal ysts Ato H 5 Figure 3 shows Co+ Yipelrasecodne Dat a
for steaned and oxychlorinated Catal ysts Dso and Gso. Figure 4 shows
Activity Decline Data for steaned and oxychlorinated Catal ysts Dso and
Gso. Figure 5 shows C5+ Yield Decline Data for Catalysts Ito L. 10 Figure

6 shows Activity Decli BRIPEEBESCRILRIONYOF THE DRAWING®! LED DESCRI PTI ON
The catal yst conpositions of this invention conprise alumna, primarily

y-al unina, addgwatlashgws Eat YyeldDeslking Data forduatalystsA widnut h, phosphorus,

pl ati num and I . j Lkyitieal ly effective anpunt
of rhenium | ffj? Lgéb%ggvﬂggotd\r’ll Pﬁ@%ﬂeﬁﬁa@é %ér%(:claaﬁési?éto%Aot#ﬁgnal | ampounts of both
bi stut h and plriggbarshisws €stiVigld DecknegDath iferastdanedpnd\ogpehlbrinated Citely§is+ yi el d
and activity (slt ability relative to the conventional catalyst conpositions.
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deagg i vati on, BitechBowahativiy Datling B4t fF'Gav8yaPient. of G enhances the

acidity of the "support and provides the desited acidic (isomerization and

cracking) functionality. 25 Inclusion of Bi, P, Pt, Re and C in a naphtha
reform ng catalyst is well k i ver, when both bismuth
and phosphorus are inpregnat m%kf;EpﬁgE%Wrﬁggsupport or co-nmulled with
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and unit turnaround tinme during regeneration relative
suppression of the coking rate and remarkable improvement in the regenerability of the

20 catalyst after moisture upset. The catalytically effective amount of Pt in the catalyst
provides the desired hydrogenation-dehydrogenation functionality, the -catalytically
effective amount of Re (when present) improves the coke tolerance and resistance to
deactivation, and the catalytically effective amount of Cl enhances the acidity of the
support and provides the desired acidic (isomerization and cracking) functionality.

25 Inclusion of Bi, P, Pt, Re and Cl in a naphtha reforming catalyst is well known in the art.
However, when both bismuth and phosphorus are impregnated onto the alumina support or
co-mulled with the alumina during forming of the supports of the present invention, the
catalysts exhibit significantly lower coking rates and higher Cs+ yield and activity stability
than conventional catalysts containing only bismuth or phosphorus. Therefore, the

30 catalyst compositions of the present invention will allow for a reduction of the frequency
of catalyst regeneration and maximization of unit uptime, reformate production and
profitability. In the rare cases when higher stability is not desired, these compositions
would still provide significant cost savings to the refiner because of their lower coke make

rates, shorter coke burn off time and unit turnaround time during regeneration relative to
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3 WO 03/099433 PCT/ US03/ 15939 conventional catalysts. The | ower coking
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|rrpregna e support 1s 1mmterial. 20 Exanples 11 an descri be
such cat adepstitipi/egalysit ipmpatemongpmcsdunglle refpr@brtat hengln 89| the i ‘@ro-mPding
conveni eglge, hi,s bi snmuth and phosphorus deposition/catal yst preparation
pr ocedur e 08° erred to herein as the "Inpregnation Procedure". Finally,
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h ff f
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order in Wthh the desired elements are impregnated onto the support is immaterial.

20 Examples 11 and 12 describe such catalyst preparation using a single impregnating
solution. For convenience, this bismuth and phosphorus deposition/catalyst preparation
procedure is referred to herein as the “Impregnation Procedure”.

Finally, these catalysts may be prepared by co-mulling a catalytically effective
amount of either bismuth or phosphorus with alumina powder and alumina sol during

25 preparation of the support followed by impregnating the support with a catalytically
effective amount of a compound of the promoter not co-mulled during support preparation
and with catalytically effective amounts of platinum, chlorine, and optionally rhenium,
using one or more impregnating solutions. Examples 13 and 14 describe these techniques.
For convenience, this bismuth and phosphorus deposition/catalyst preparation procedure is

30 referred to herein as the “Combination Procedure”.

Co-mulling Procedure

In this procedure for making catalysts of the present invention, effective amounts
of bismuth and phosphorus are distributed throughout the support particles by

incorporation of these promoters into the support precursor mixture prior to forming the
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In this procedure for making catal ysts of the present invention, effective
anmounts of bisnmuth and phosphorus are distributed throughout the support
parti cl eswby3/o99asdr porati on of these pronoters into the sROpAISHI/AIELUr SOr
m xture prior to formng the 4 WD 03/099433 PCT/ US03/ 15939 support
particle
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¢

amount s GRUBHEPOMEELANLAIS BY & PERYZing a2t LAl Fytr%%e%w@auaéwmazény
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support. cig, a@?aﬁd/@frbrgampeﬂmmfstamsth%@{@eﬁd&ewwtgt&r&aw&mﬁw(@t@r}pl i shed
at 25 a slow rate followed by a period of conti nued bl endi ng to ensure
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desired concentration of phosphorus on the finished support and then an amount of the
bismuth precursor solution sufficient to provide the desired concentration of bismuth on
the finished support. The addition of phosphorus and bismuth solutions is accomplished at

25 a slow rate followed by a period of continued blending to ensure homogeneous
distribution of phosphorus and bismuth in the support. The final mix should be prepared in
such a way so that to form an extrudable paste. Well extrudable paste is formed when the
LOI (loss on ignition as determined at 1000° C) of the mixture is between 30 and 70 wt.
%, and more preferably between 45-60 wt.%.

30 To incorporate the desired amount of phosphorus into the support a solution of
phosphorus precursor is prepared. The solution can be prepared by any of the methods
known to those skilled in the art. The phosphorus precursor is selected from the group
comprising phosphorus-containing acids and salts, for example, H3PO,4, H3POs;, H;PO,,

NH4H,PO4, (NH4),HPO4 with H3;PO4 being the most preferred precursor. The preferred

5



% and nore preferably between 45-60 wt.% 30 To incorporate the desired
anmount of phosphorus into the support a solution of phosphorus precursor
i s preparwd.03/dvm@3xol uti on can be prepared by any of the meCham$ss/13esowWn to
those skilled in the art. The phosphorus precursor is selected fromthe

group conprisin hosphor us- cont ai ni i dS o al t . ex I
Tapon, ramber ROt SRR el SR E RO RS il T
pr ef er r edoeigethe hgost prefoiedpreferred 5 WO 03/ 099433 PCT/ US03/ 15939

precursor solution may contain between 50 and 85 wt. % H3PO4, with 70-85
W. % H3PO4  bE? isornsatgdysmyheinta thegsuppertiin oD Gy WaE s8i anigt Provideofor fee
support i 80 i de : L i jQn of
tho bi smih e BRI of S bRKhACAD, 1 isIOTROENAAYS Saahi AL |

bi snEt h clavirgnal bismpthedagioys completelyt inosolwtivd andtnot indiircetty interactingrwith eavp Wi t h

by amuth prBELEoRemal RRIdiaAGoDE cIHBEnE) hiseh Ao EROLP BT SHDYP B,

Bi OCI, BiBeRdinB buf a6t Rlafted Bl BgNo3§3tm 0,aBsC1Y.ABicTS BB, 2B L 06 AE BiBYatbe
used, with Bi (R03)3 5H20 and Bi citrat h d

_ _ aite being the nost preferred.
Sol ut i onsandfvarieas Bi plcexidesmay be msedavath, BiiOgr SH.Ommgd| Bixdimaje hgiogtilse ivst

i nprove 10 bis solubiJity acidified water, solutions as l.l as
Gt or entPretrEdcsnidisa thest FhcsPRubin e SR SRtttk R sefty I8 iufive,
prepgre tHsmbihSOUbLEGR Heaiiféd Gatdd RBRItbAs a8 elladsadiffetent s@ifadtdies BF 6ERMC
i nvention. The acceptable concentration of bismuth in the solution is

dependentsobyent pautinns mayhalbbeeigd 4o prepatssbe bispmgh-eentaipmgseppdits and(ce@lstsand

t he sol ubjd j;Ly for t r r.J S The referred
bi smut b o (e B AEfoRbn, e Hob G cohhnlsiort 81 Withoh W RO Rare) g
appr oxi medepkiydeh® oitthe Hsthutiprectugbr Clvsers, ahp hakirangf dgesvlyenannd theesdbediktyce

wat er. Ot her conplexing or chel ati n_gr agents qd'on,cl u&)iﬁnggbut not limted to
pol yacohdiRBeoior thearggussor ap thsaolvsabnBreaneit PrafessoPismyisolriogsoniaps|aioy so be
used:i nst Q s i : i - di td0n, of. igmut h
e I il Salcore S R R s Sl
aci di fi edcongtlexing 2@estplantli thasbaddnce heathi. s ndthhr ppeplaxsy or Thelafingalgerss gps i n

maki ng the part of..the present.invention are fornng the st epar ed
above i nt BB a8 mehE STERER o ekt By bar IR omA PO RS

cal ci ni NGeould\i¥o B ukOPINERAY SN ULARBIItoS HPRMidve OaRSe dRYEINLIGS of BIREFi§Ruth
extruded cylinders and tril obes, etc. may be enpl oyed. The forned

parti cl espraeiysdsdn dhd sodveny Theysagie affeet eaaldhalde bk seliaveasby using agdifisdiwatesd i n
t he Bt s'g?l‘l’{'leo\ﬁ%fthgrb}'sirrﬂﬂhSxtechr%é%t enperature, that is between 110 C and
The final steps in making the support of the present invention are forming the paste
prepared above into particles of the support, followed by drying and, optionally, calcining.
Any of the conventional support shapes, such as spheres, extruded cylinders and trilobes,
etc. may be employed. The formed particles may be dried by any of the methods known
25 to those skilled in the art. However, drying at low temperature, that is between 110° C and
140° C for over 10 hours is preferred. Drying should achieve a final support LOI level in
the range of 10 wt. % to 36 wt. %, more preferably 17 wt. % to 36 wt. %. It is preferred
that the dried support particles then be calcined in order to lower their LOI to between 1
wt. % and 10 wt. %, preferably between 1 wt. % and 7 wt. %. Calcination is done at a
30 temperature between 400° C and 750° C, preferably between 550° C and 700° C for a

period of between 30 minutes and 5 hours, preferably between 1 hour and 2 hours.

To form the finished catalysts of this invention, catalytically active amounts of

platinum and chlorine, and optionally rhenium, are deposited on the support by
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i mpeegnatdnothe tabarhimacpapserk hlosvAt, 1@ andosmionkily Redconcentiatien axf tthmyplbenamslgd to
prepare tsrc])?utl%gt 165lI Xe%ér?mggd 1inhlsgchl nv\()an;[’ It8 "ichieve the desired concentration of these
components on the finished catalyst. All impregnation techniques known to those skilled

in the art may be used to prepare the catalysts of this invention.

Impregnation Procedure

25 In this procedure, support particles comprising y-alumina prepared by any of the
methods known to those skilled in the art are impregnated with one or more solutions
containing precursors of bismuth, phosphorus, platinum, chlorine and optionally rhenium
as described in the above discussion of Co-mulling Procedure. The deposited
concentrations of such elements on the finished catalyst are within the ranges described in

30 the above discussion of Co-mulling Procedure, with the exception of bismuth for which
the deposited concentration should be between 0.03 wt. % and 0.1 wt. %, based on the
finished catalyst. Precursor compounds of all the elements desired on the finished catalyst

contained in a single impregnating solution or several solutions, each containing
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about 1.5 mol/mol and 8 mol/mol, and more preferably between about 2 mol/mol and 6

mol/mol.
20 EXAMPLES
The following examples illustrate the preparation of the supports and catalysts of
this invention. A number of examples illustrate the use of such catalysts in reforming of
naphtha and compare their performance to conventional naphtha reforming catalysts.
These examples should not be considered as limiting the scope of this invention.
25
EXAMPLE 1
This example describes the preparation of five catalyst supports of the present
invention, each containing a different concentration of bismuth.
Support A was prepared by mixing 1 kg of y-alumina with 627 g of alumina sol in
30 a blender for 10 minutes. With the blender running, 9.1 g of 85 wt. % H3;PO4 were slowly
added and blending continued for about another minute. Then, the bismuth solution
defined in Table 1 for Support A was added to the blender and the blending was continued
for another 7 minutes to form an extrudable paste. The paste was extruded into 1.6 mm

diameter pellets which were dried at 125° C overnight. The pellets were then sized to a
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this invention. A nunber of exanples illustrate the use of such catal ysts
in reformng of naphtha and conpare their perfornmance to conventi onal
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bl endi ng was “conti nue orm-an ex ridabl e paste.
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125 C overnight. The pellets were th&ablsilzed to a 8 W 03/099433
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Sol ution Oefpfaced £ the s |on app6 riate far 4each S %ort as
shown in %blinm Tabl ev?_lo upport A B CD E ?ﬁ%l ution: B| (N032§ 5H20
3.20 1.878f¢ Oo 747 d-manni P91 1.50 0%b 0.72 0.3% 0. 36

dei oni zedE 5 2.5 Finished Support: Bi % 0.17 0.10
0.08 0.06 B m%P Wt . %0 (317) 30.30&% 0.3 A@§83 Bal an9&6Ba| anc8-0dal ance
Bal ance Bdf.ant® A snal| safple of SuBBort D wad-3sul fided BY nountihy a few
pel l ets omli®we bottom ofBaangkass Pelance di shBalamidi ng aBelange of Bélanmge %
ammoni um sul fi de solution, closing the 10 glass lid, and allow ng the
pellets to be fAxpglsednplo of Beppdri Mias Sulsided bylthovudpsy s fdvwopelRB the bottom

of a glass Petrie dish, adding a drop of 20 wt.% ammonium sulfide solution, closing the
10 glass lid, and allowing the pellets to be exposed to the ammonium sulfide vapors for about

10 minutes. During this treatment the bismuth atoms in the extrudate reacted with the

ammonium sulfide, yielding dark gray bismuth sulfide. Examination of the sulfided

pellets showed them to be uniformly dark gray, in contrast to the milky-white un-sulfided

pellets, confirming that the bismuth atoms were homogeneously distributed throughout the
15 support.

EXAMPLE 2
(Comparative)

This example describes the preparation of three conventional catalyst supports,

Support F comprising alumina containing the same concentration of bismuth as Support D

20 of Example 1, i.e., 0.06 wt. %; Support G comprising alumina containing the same

concentration of phosphorus as the supports of Example 1, i.e., 0.3 wt. %; and Support H
comprising pure alumina.

Support F was prepared following the procedure described in Example 1 except no

H;PO4 was added. Support G was prepared following the procedure described in Example

25 1 except no Bi/d-mannitol solution was added. Support H was prepared in like manner

except neither H3PO4 nor Bi/d-mannitol solution were added.



10 mnutes. During this treatnment the bisnmuth atons in the extrudate
reacted wwth the ammoniumsulfide, yielding dark gray bisnmuth sulfide.
Exam nat iwo 00/094be sul fided pellets showed themto be unipCarusoy19a¢ k gray,
in contrast to the mlky-white un-sulfided pellets, confirmng that the

bi snut h at ons were honogeneously di@ﬁ&@@d t hroughout the 15 support.
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of deionized water. The sSolutions were stirred and another 120 ml of
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Exanple 1, once the solutign circulation . .
P solution in tple cylinder. The impregnating scr;llutlon was then circulated over the support

for 3 hrs while bubbling CO; and then the CO; gas and the circulation were stopped. The
solution was drained and the catalyst was dried at 125° C for 2 hr and at 250° C for 4 hrs

20 and then calcined at 525° C for 1.5 hrs. Each of the finished catalysts, designated Catalysts
A-E corresponding to Supports A-E, were analyzed and found to contain about 0.25 wt.%
Pt, about 0.95 wt.% Cl and the corresponding amounts of Bi and P (See Example 1, Table
1).

EXAMPLE 4
25 (Comparative)

This example describes the preparation of three conventional catalysts.

Three more impregnating solutions were prepared. These solutions were identical
to those prepared in Example 3 except that 0.754 g of CPA solution were used instead of
the 0.660 g of Example 3. Conventional Supports F, G and H from Example 2 were

30 impregnated with these solutions in the same manner as in Example 3. Analysis of the
finished catalysts showed Catalyst F to contain about 0.3 wt.% Pt and 1.0 wt. % Cl on a
support containing 0.6 wt.% Bi, Catalyst G to contain about 0.30 wt.% Pt and 1.0 wt. % Cl
on a support containing 0.3 wt.% P, and Catalyst H to contain about 0.30 wt.% Pt and 0.96

wt. % Cl on a support containing neither Bi nor P.
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and CO2 gas bubbling were established, 70 g of the support were quickly
added to the solution in the cylinder. The inpregnating solution was then
ci rcul at eslom®se994she support for 3 hrs while bubbling COR2pamaisvdienase he CO2
gas and the circul ation were stopped. The solution was drained and the
catal yst was dried at 125 C for 2 m%o C for 4 hrs 20 and then
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quanti ti of .Catal ysts D, and pl ace din ai eel racks and 5
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the. airfl tEn f

thr agh (P A BF i ol il Wt LR TP (PR BB
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sanpl es Were g g’ﬁ@s Q}Bsteam ng in the furnace for 16 hrs to insure
si gni fi cNapting éfF’ A IHIVeREQt,  the water was stopped, the heat was
turned of by RARrhEGR FillAWMhYaR AG@liRg treatment, both catalyst samples were subjected

to a two-stage oxychlorination treatment. Such treatments are known to be able to restore

20 the original high dispersion of the Pt on an alumina support and are extensively practiced
by those skilled in the art to restore Pt dispersion, activity and selectivity of spent Pt
reforming catalysts. In the first stage, a 2% mol O,/N plus Cl;, gas carrying H,O and HCI
vapors was passed through the catalyst bed at 500° C for 5.5 hrs. In the second stage, the
Cl, gas was turned off and 2% mol O,/N; gas carrying H,O and HCI vapors was passed

25 through the catalyst bed for another 5.5 hrs. The purpose of the first stage was to
redisperse the Pt on the support to a level similar to that of the fresh catalyst, whereas the
purpose of the second stage was to adjust the Cl to the desired level. The steamed and
oxychlorinated sample of Catalyst D was designated Catalyst Dgo and the similarly treated
sample of Catalyst G was designated Catalyst Ggo. A visual inspection of Catalyst Dso

30 revealed the absence of grayish colored pellets, indicating no agglomerated Pt. In contrast,
the inspection of Catalyst Ggo revealed the presence of grayish colored pellets. This
indicates that the Bismuth- and P- containing Catalyst D of this invention better preserves
and restores its Pt dispersion upon steaming and oxychlorination treatments than the

conventional Catalyst G which contained phosphorus but no bismuth. Both catalysts were
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established. The sanples were then cooled to 150 C and transferred to an
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added to bring the total volume of the soluti'on to 150 m. The sol ution was

t hen wt.% B1, 0.30 wt.% P and the remainder alumina.
20
EXAMPLE 7
(Comparative)
This example describes the preparation of samples of Pt- and Re-containing
catalysts on conventional supports F, G and H of Example 2.
25 Samples of Supports F, G and H were each impregnated using the impregnating

solution and procedure described in Example 6. The finished catalyst made from Support
F, designated Catalyst J, was analyzed and found to contain 0.26 wt.% Pt, 0.24 wt.% Re,
0.06 wt.% Bi and 0.95 wt.% Cl. The finished catalyst made from Support G, designated
Catalyst K, was analyzed and found to contain 0.25 wt.% Pt, 0.25 wt.% Re, 0.3 wt.% P

30 and 0.98 wt.% Cl. The finished catalyst made from Support H, designated Catalyst L, was
analyzed and found to contain 0.25 wt.% Pt, 0.25 wt.% Re and 0.96 wt.% Cl.
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10 placed in a 500 mM graduated cylinder and circulated with the aid of a
peristaltic punp. In addition, CO2 gas was bubbled at a very low rate

t hrough awg@as/ogh4sper si on tube placed in the bottom of thecgrsdsated
cylinder and into the solution. Owce the solution circulation and CO2 gas

bubbling were gsta d 70 D | e s added, t
t he i npregnat |}:§ g gﬁ@ ealshl% (I’: ?lt %pgrger%falng% gglée Sé?lﬁfg?c?r%(\/er
t he suppodtové. orInanéaéumeg béldly@ff p&f&ﬁﬁnwid thelreRipmimgoChEphgtas famdiethieard he

CO2 and the circul ation were stopped The solution was drained and the
cat al yst SABRIoYRG eglestivilpgeieyifyp pta ilify angepkiig 150 C for 4 hrs and cal ci ned

at 525 C for I« » MS‘E and
on anal ysi s vvasS@%égf}?] IQ%C%%Q{%%E%&%&%%E!O +v§q%&}ps équ ggs%gv\ﬁ %}%E&é{tﬁéeo(])%

. % C, 0.06 thewoRamsiof fiksBOquitd f8éédRharptdt he r emai nder al um na. 20 EXAMPLE 7
(Corrparatlve) «This exanpl e descrjbes the aration of s |l es of Pt- and
Re- cont ai ni ng c’%ﬁ‘é(?tysﬂssaé‘?Faé‘Hﬁ\fgﬁh? gragtor & Etluée Equg,e%r‘-m ai‘ng dM8fle 2.
25 Sanpl es of RYPRQLEGENE: G and H were each i npregnat ed using the
i npregnating ‘solution and procedure described in Exanple 6. The finished
cat al yst nmade ‘tStahilitglipponteasiFe oflesaghyat’edbilist @l gpstainlits seectiaitalapd ectivatyd
found to contain % Re
o "The s et dieaty s Sssrsed 6 i PRl PRl e PGt as
analiyzed and fQuRy a&lﬁ@@g.@g n 0.25 wt.%Pt, 0.25 wt.% Re, 0.3 w.% P 30 and
0.98 wt.% d . The f| ni shed catal yst made from Support H, designated
Catal yst L, wadokingaRgtedds anameasyimef the teadensyroion 2atalyst o make Goks ontitsys Re
and 0.96 wm.% / [ U 9 re and
compare the perriaetdutis P olinig ol SHlalt o0ty Sk 3R

cat al yst perf omeshatiem of ¢dke depbsition, r@ta:n}stsmpdhtlbwcr toldng raesmasiatle exmml oyed
- selectivity, activity, stability and coking rate: "Selectivity" i

measure of t heloyreCe yieldeand Aptiitvodeclins patess ‘s%dhl§§era5tﬁélﬁﬁ’éh%6@éaléﬁt5 “Btht he

vol yge of fresh jd-Qykid.fQed charged. "Activity" is a neasure of the reactor
tenperature reqﬁl re % ac lieve the target product octane. "Stability" is
a neasure of a catalyst's ability tHEXAMPI&I® its selectivity and activity
over time. It is expressed as and é |nversely proportional to the

sel ectivity and omparative

This example compares the performance of Catalysts A to H when used to reform

a full range (Cs - Cj2 hydrocarbons) commercial hydrotreated naphtha feed having a
20 paraffins/naphthenes/ aromatics (P/N/A) content of 51/34/15 wt.%, respectively.

All tests were done in stainless steel micro-reactors operating under pseudo-
adiabatic and once-through Hj regime and equipped with feed and product tanks and an
online full product (H; + C;-C,; hydrocarbons) gas chromatograph analyzer. The catalysts
were loaded in the micro-reactors as whole particles (not crushed). In each test, 38 cc of

25 catalyst and 38 cc of SiC (an inert diluent) were loaded in the micro-reactor in four stages

as shown in Table 2.

Table 2
Stage Catalyst, cc. SiC. ¢cc
1 (inlet) 1.9 17.1
2 5.7 13.3
3 11.4 7.6

4 (outlet) 19.0 0

13



10 activity decline rates. "Coking Rate" is a neasure of the tendency of a
catal yst to make coke on its surface during the reform ng process. Because
ref or m ngwoasmayst s deactivate by a nechani sm of coke depaIiuSH®H939

catal ysts with | ower coki ng rates usually exhibit | ovver Co+ yield and

Activity decli a her stabili t han cat sts with 15

i gher 2oki ng. 1ok 64 e with debinmapdl ant) 1. (REn BReiae 'S shbtife e e
per f or mangRired tdeddt dWes §f 29 b d19m ofB0 aﬁeﬁﬂ%@vr&fcqnm& ééé'ﬂhaE@"I%@ “btpa> Cl2
hydr ocar bons) com*rerm al otreated na ha feed having a

par af f i ns(unwphiedeviatss lrath@ ed vgs (r@nweA)prwom et tegtf byspasging 1the fﬁed%ough a
respect | \%'sXeé fillel B U [e%Bﬂfﬁl%vé r tf%%t@' é &sﬁ% Mcéons{an%é R Sg@ppe q

oper ati ng unaer pseudo- IC an once I’OU egl ne an

wi t hsf eedCanROpn aéamwaﬁ@mssaban@) ®6ts aDPKihFe LHSV, II;IB(IVIPQTand BiZnot HomdTHC.
hydrocarbons) gas chronatograph anal yzer. The cat al ysts were | oaded in the

m cr o- r eabResF sonditiopsoneWpl s the awve ﬁ@f@IYétrlegma)arramg?% Wefeedhosens® Qiderof 25
catal yst @ng 3¢ uﬁ st%'b gel(fgl[?n h%@{]arﬁ' Ae!dﬁﬂér }@Y—‘flg &@&C{ﬁ%déﬁtgy}ﬁe preéiuc

m cro-reactor in as shown in

cc. sic, Mane](CKSH—RDé{))atiboﬁstm. lével ZhfoughdB tixe nid thé .réactforwall (am;ieke&mr): w3, O O
13 WO 03/0 9433 PCT/ US03/ 15939 Tt&g.f.eeg%cx\as doped wi th isopropanol and
1, 1, 1- t hr3dpighasee éOPBrrﬁ‘fI i Hetyessngq target | evel s of 20 ppmv of

H2O,gnd 1 ppm’ﬂglflregl lafd theh&RSthRh@se yield Qlecifie bAd RabRVANLE WenifRigtlrel N t he
feed was renove rior to the test by ' passing the feed trough a  vessel

filled wAstigay mlﬂdw@bi alatag | wepectiVelg, tfelst@ltaWMQ Aorelult ebabds T osheowantheoct ane

S e s R O s e e A e

| oadi ng adataRgeH s Mat IR EisBGS@Mtdifin® CAelyst Fcexhwl&e thd B weat @baE Ra far f orm
harder and decline faster. In order to naintain the product octane

(C5+RON) Gt déskd tandt Arevis deslinsuGifouther highesinStehidity)eameng thlconyengaalat ur e

Was ;s catalysts. Also, comparison of the data for Catalysts G and H reveals that the addition of

phosphorus to the carrier provides somewhat better Cs+ yields but decline and Coking
rates similar to the pure alumina-supported Catalyst H. Therefore, the addition of P alone
does not suppress the Coking Rate and does not improve the Stability of reforming
catalysts. In contrast, comparison of the decline data for the bismuth- and phosphorus-
20 containing catalysts of this invention shows that their Coking rates and decline rates
depend very strongly on the bismuth concentration. Surprisingly, Catalysts B, C and D,
containing 0.10 wt.% to 0.06 wt.% Bi and 0.3 wt.% P exhibited significantly lower Coking
rates and Cs+ yield and Activity decline rates; i.e., higher Stability relative to the catalysts
made from supports containing Bi-only, P-only, and pure alumina, Catalyst§ F, G and H.
25 These data demonstrate that the inclusion of the proper concentrations of both bismuth and
phosphorus in a carrier used to make naphtha reforming catalysts has a synergistically

beneficial effect on Coking Rate and Stability performance.
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adj usted as needed to correct for the Activity decline. 10 Figures 1 and 2
show the C5+ yield decline and Reactor WAll Tenperature (Activity decline)
data, reswewmBowably, for Catalysts Ato H Table 3 shows treT/US03/1®3pONdi Ng
Activity and C5+ yield decline rates and Coking rates. The analysis of the
data reveal s that the bisnuth-containing Catalyst F exhibited the | owest
Coking Rate and C5+ yield and Activi ecline (i.e., the highest
Stability) anbng the conventional 15 e ysts. Al so, conparison of the
data for Catalysts G and H revA3gsHeWht the addition of phosphorus to the

carrier provides sonewhat bet tﬁécli@kg&% el ds but decline and Coking rates

simlar to the pure alum na-s talyst H Therefore, the addition
of P al one€Catdpss MuBidypppess Achietty;0&ing FageYrhl] vdiddéhrnot  iGukinpvRate,he
Stability of reformng catalysts. In contrast, conparison of tphe decline
data for the bismuth- and phosphorus 20 containing catal ysts Bt "M s

invention shgws thadshheigrs Coki nggsefes and dechppe rates depgnghgvery
strongly on the bismuth concentration. Surprisingly, Catalysts B, C and D,

contai ning 0B10 wt0.26/03/08206 wt.#08.-B70 and 0.3 wt-0.94P exhi bi ted 8i fi cantly

| ower Coking. rat yi el Activity ine rates; . & higher
Stability relativ iégfﬁzu@gat al yg(?'z%imade from'@'ﬁﬁ)orts cont ai+r9|'(ﬁé Bi - only,
P-only, and pure alygn.o60.2¢at al ysh.858, G and H-08%5 These dat a@dgymnstrate

that the inclusion of thesgroper concentrations of both bisnmuth and

phosphorus iR a cdt?¢/804@sed t o H&R%E napht ha r e8P ng cat al ystl8as a

synergisticakly b fdgdal effe Coki ng Ra nd Stabilit
performance.i:14 V\o%%/dogéé%s PCT%E’J%@@/ 15939 Tg(%?SeAPS Ave. Hourﬁoy%lDecl i ne
Rates Catal ygt Pt/ B0SR/0St . % Act+o#s§, C hr. C56:087 el d, vol . %+#xa72Coki ng
Rate, w.%hr. A 0.25/0.17/0.3 +0, 357 -0.069 + 74 B 0.25/0.1/0.32
+0. 270 -0. 044 +0. 0580-3€/%. 25/ 0. 079-89%8 +0. 270 -'%8?)%4 +0. 054 600%4
0.26/0.06/0.29 +0.258 -0.045 +0.052 E 0.26/0.04/0.3 +0.332 -0.056 +0.068
F 0.24/0.06/0 +0.300 -0.054 +0.061 G 0.3/0/0.3 +0.458 -0.087 +0.072
Conventional catalysts such as Catalysts F, G and H are primarily used in cyclic

5 reformer units where they are subjected to high severity operating conditions (low
pressure and sometimes high moisture level in recycle gas). Under these conditions, the
catalysts exhibit higher coking rates, i.e. rapid deactivation and require frequent (once
every 1-2 weeks) regeneration. Catalysts B, C and D of the present invention will allow
for significantly better Yields and Activity stability and significant extension of the time

10 on stream before the need for regeneration relative to conventional catalysts. In addition,
in the rare cases when longer run length is not desired, catalysts of the present invention
will allow for significant reduction of the coke-burn-off and reactor turnaround time thus
again providing some longer unit uptime and higher profitability.

EXAMPLE 9

15 (Comparative)

This example compares the performance of the steamed and oxychlorinated
Catalysts Dgop and Ggp from Example 5.

The operating conditions and catalyst loadings were as described in Example 8.
Figures 3 and 4 show the Cs+ yield and Activity decline curves, respectively, obtained in

20 these tests. The test data show that Catalyst Dgo significantly outperformed conventional
Catalyst Ggo, affording remarkably lower Cs+ yield and Activity decline rates, lower coke

make rates and much higher Cs+ yield and Activity stability advantage than the one

15



H 0.3/0/0 +0.390 -0.095 +0.074 Conventional catalysts such as Catal ysts F,
Gand Hare primarily used in cyclic 5 reformer units where they are

subj ect edvD@3k99gb3 severity operating conditions (low prefsuUSIHTTI39
sonetimes high noisture level in recycle gas). Under these conditions, the

catal ysts.,exhi bi.t hi gher cokin ate . € .F api eactivation and require
frequent O(bS?‘fX%é) f%’\/@?%’ i%tﬁly\%éﬁ%) Ef‘aéﬁélﬁedr)at "ir%lﬁ.sgggefsgﬁ @?’E §1¥t§r, Vedyal?'}aﬁi Iﬂnﬁf t he
present imyietatd @betMhk!Pt didpemion 4id the Pifbintand by CaatlyseD of dlstsvéridnAglli Vi ty
stability and significant extension of the tine 10 on stream before the

need for teapedhanereiredilysesderable (vie reganostenghan thabetgopyentional CafalysttG.on, in
the rare cases when longer run |eng{h\gs 9h desired, catalysts of the

presgnt invention wll allow for Wt reducti on of the
coke=burn-off and reactor turnarou PRE ™ hus agai n providing some | onger
unit uptine arthiheghgle porapiréaidie | petfrmn¥AWPh Bt-Sandde-( S iiampaiatatd} of tHal S

exanpl e conpares the performance_of the steaned and ox%)chl orinated .

Cat al yst Pressst mwentioad Cetabyst ElrampExample ) agaysé conventorad K anddkascemigniagt al yst
| oadi ngs i it aé%!]g: - Figures 3 and 4 show the C5+
yield ancfw%gﬁ%@tagd gsf:jl’?ﬁ%dclﬂ?r\%s, r sl‘%@éti vely, obtained in 20 these
tests. The t eSSangddsaofsdibfoir leatal ySat werg atsedso caalgne thec@fidriynguf pdoll eanpged

ti | Cat t Gso, f ordi kably | ield and
Aot 101 1y BEenTHal R s B SR LA P APBE TSR R Shar e et el d
and Act i VifleViesk aRirk ich¥dREMANIAD fhel AR LEpRAR andunil AR/ O8R43chditions as

PCT/ US03/ 15939 observed for fresh catalysts (see Exanple 8). This suggests
t hat af t eteswréred ilEghmpleid Figwis 6 and 6ushswithe Qe Pelddarsipeacioowalh redhpterature

per f or mange..of talyst D of this invention will  be nu noye.readjly
Fest o abl @Efith TERIF U ForFRRAN Tndl SAALAI dntd dhal e of yEPE: heXanpLe
10 5 (Capspnti@)Actility an@E3APieR] QIR AS dniRoRiak racsrance of a Pt- and
Re- contai ning catal yst of the present invention (Catalyst | from Exanple 6)

agailhst convenkheoaglysitof thadaReshonyst thpthCatglysichohtiespresqntanganiien gfforded and L
from Exa | es. of at al yst at al t he
o or m g gyl ARGy B dnd Ster 21 ekl ALy iREnG S E e

P/ N A cortability Ofclditve 24 /cddvantioftal Caslpsstitudl.y Thus[hke Uetatdeangr shosothatitt ed

using t head?iﬁir(r)% o%t ueI pegge?tcogggtrgt?cgnesrof tbhtefl bslgnrlrl?th%gcril %Itg Itl?enssupggrts of noble metal-
containing catalysts results in a synergistic improvement in catalyst performance. It is

20 obvious that Catalyst I of this invention will allow the refiner to operate at significantly
lower temperatures while maintaining Cs+ yield and achieving the desired octane level
(conversion). In addition, in this particular case, Catalyst I will allow for significant

extension of the run length, i. e. increased unit uptime and profitability. Catalyst I will

also allow the refiner to increase profitability by increasing the unit throughput (feed space

25 velocity) while still operating at acceptable reactor inlet temperatures, thereby producing
more reformate with same octane per unit of time relative to the conventional catalyst

systems. Catalyst I would be especially desirable for reformer units that are Activity

limited.
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described in Exanple 8. Figures 5 and 6 show the C5+ yield and reactor wall
tenperature (Activity decline) curves, respectively, for Catalysts I to L.
Tabl e 4 swows/94383 correspondi ng Activity and C5+ yield deciriuses/rsases and
coking rates. 15 The analysis of the data shows that Catalyst | of the
present invention afforded signifi ca[nH y, | ower coking rates and | ower C5+
yields and activity decline rates; |gher stability, relative to

conventional Catalysts J to L. Thux;‘we: Hb@rlgata clearly show that the
addi tion of the proper concentrations o oth bismuth and P to the supports

of noble netal - containi ng cat al yRedinedatgst s in a syner gi stic inprovenent

in catal yg ﬁg;tformc/ﬁ /p! wtd/s 20 /Qéﬂ G t hat ﬁigras} ?’(ﬁt of Cgﬁl gga eventl on

will allo ref i nef ooperate at sighifican ower ternper
whi | e nai nt ai n| ng C5+ yield and achi€yhmg t he des.blr%ﬂhroct ane |ww%Vhr.
(conversion) . ition this part| cular case, Catalyst I will allow

for signifi clant &&5(49@6/8:96&3 t he rGf: 1Igéngt h, i. '(90 Pncreased G070 upti ne

and profitabjlity. will ,gh al low th finer to i ase
profitabili t{/ by |(r)1(c:§?;eozis4|y€166/?he uni t@t Sﬁr oughput (?)eeé space 25 gg?%m ty)

while still Kperat |0‘@;5/@1t25/ﬁt£b33pt abl e+p24€t or i nl et-0t0hper at ur es+0.0er eby

pr oduci ng re r ef te th sane ne per un|t f time rel e to the
convent i onal cat al ygtzg%s%ﬁéwgns Cat 583% woul d 1 gspem al | y @ézgrabl e
for reformer units that are Activity Ilmted. 16 V\D 03/ 099433

PCT/ US03/ 15939 Table 4 Ave. Hourly Decline Rates Catal yst Pt/ Re/ Bi / P,
wt. % Activity, C5+ Yield, Cokingl%&l\m&ll voI %hr L% hr. |

0. 25/ 0. 26/0.06#0 3 +0l %él @ ﬁ]? 070 | ¢ 0. 06/0 +0. 2t84 035
£0.076 K 0. 25/18° 5¥3mplp dsscrifes, ipg prapaggatipon afafﬁaYE 8 JR3ESSEY BivEnten ¥i8q
-0. 027 +QoQripredndhdbfind bt Bii Bakkeph &n dlantid fpporthe preparation of a

catal yst of the present invention via 5 co-inpregnation of the Pt, Bi, P

and d on an ahuinpEsaAigoiolutionds iprRaEsgnkY Miging O 1t mbef icengentpiad diNGy
459,037 Pl RRRESR PRSI Porn $obd il BORGFMACE
as CPA, 29.7 wt.% Pt), 0.080 g of Bi citrate (99.99 % purxty) 0.782 g of 85 wt.% solution
of H;PO4 and 30 ml deionized water. The solution was stirred and diluted with deionized
10 water to the total volume of 150 ml in a 500 ml graduated cylinder. The solution was then
circulated with the aid of a peristaltic pump. In addition, CO, gas was bubbled at a very
low rate through a gas dispersion tube placed in the bottom of the graduated cylinder and
into the solution. This was done in order to provide HCO; anions which are known to
those skilled in the art as capable of competing with the platinate anions for alumina
15 surface and to provide for better distribution of the Pt atoms on the alumina support.

Once the solution circulation and CO, bubbling were established, 70 g of the pure
alumina Support H (Example 2) were quickly added to the solution in the cylinder. The
impregnating solution was then circulated over the support for 3 hrs while bubbling CO,
and then the CO; gas and the circulation were stopped. The solution was drained and the

20 catalyst was dried at 125° C for 2 hr and at 250° C for 4 hrs and then calcined at 525° C for
1.5 hrs. The finished catalyst was analyzed and found to contain about 0.25 wt.% Pt, 0.06

wt.% Bi, 0.30 wt.% P and about 0.95 wt.% CL.
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as CPA, 29.7 wt.%Pt), 0.080 g of Bi citrate (99.99 %purity), 0.782 g of
85 w.%solution of H3PO4 and 30 nl dei onized water. The sol uti on was
stirred amdodivdaasrd wi th deionized 10 water to the total wolrmseso3950 ni
in a 500 m graduated cylinder. The solution was then circulated with the

aid of a peristaltic punp. In addiﬁgm%gas was bubbled at a very |ow

rate through a gas di spersion tube the bottom of the graduated

cylinder and THi exdnfifte GedckibePihe pléfiasativnofGOPE ahd'Re! B&taihmgiatity st 6f tHeO3
anions which are known to those skilled in the art as capabl e of conpeting

wi th the RPsEnt iyertiamyigree-immregnation 94 they Bt Res fBic® anddCl en ghophgealeminapet t er
di strlbut ﬁg f the Pt atons on the alum na support. Once the solution
circulation and CO2 bubbling were established, 70 g of the pure alumna
Suppert H ( Exafmplimppnasiigesoljitionkis prepdeteldby fnmlng 0s30 il iocdrRohdeentraed ANORder .

a1 e bubbH Y oBeRnceaiitied MEME HE LCLBSb&S! &g o6 GRbI T 0 oo heHREPopped.
The sol utg gy up sl oyt AiegP combal Wphs Yo, dotich Bt 86, Gnd 90 rd 1"

and at 250 C cined at 525 C
finished dcanmtexdswmmasﬂarmﬂlymdwmshrf@hmﬂ tidutcd withi deiafioed wate? 5o whe ot |

0.06 wt. an out, 0.9 03/ 09

PCT/ Uso3/V 09 &ﬁﬁu& O+ %rag&aé%% r@s@ﬁf gsupﬂéw\é@awla% aaﬁ? ¥ithy pt -

3?"{??3 PtCtHélthg'diﬂa'wngatgg 3\6%&) ﬁi‘add'ftﬂm @U?%ﬁmfaé BY¥HMd A1 débalofv‘a@ratermf&ngﬂ%t ion
B,

on the pure alum na support”. 5 An inpregnating
sol uti on gas dgﬁpelpmnet@lbbplam:d( imgledoogomn\vf he gcm@dtcwhndﬁ! applagto thg selgthm of

concentr 1 HC1 SO ut| ReO4
50050y Shtfuad Aife iiohugrogySyte Bl Sl bifne K fo dfe Sl
H3PO4 anchri&s ¢dpabld @if @Bmpethg\aitiithe platngelabd i Ip@ﬁhm& Siibfy fod aﬁﬂﬂnéj lslhﬂﬂetc%d Wi th

dei oni zed water to the total  volune of 150 mM in a 500 nl graduated
cyl i nder .anttrie peayidetfopbetign distrifwtion pf thg P4 pediRgatomsian the alugiga %ﬂppaﬁperl staltic

pups In addi t(b a%gﬁu&ﬁlsmﬁﬁﬁ tBHbalﬂh 265‘}1%1‘M$ ré Qi fi?ll OCHQH re9aS

di spersion tube pI int ottomo aduat e ndér  and |nto t he
sol ut i on.aluriimaSSuppert db (IExample 2ileerd qmpklg\aldde:l Qb8 sahltmnsn\nllm cflindere Theown t o

those skilled in th art as ca | e ,of conmpeting . with t and
per r henat BPETENBHAS FRIRHoN WY Han SUFHIAEE Oveithe CHPRIDATERS oF HsthBhling to,

di stri butdn@nn@f the T Phas3nd tRe citdduPMonORerk BRPpBE MHRAAKIPR N As- drdiRedRELHENE
solution circulation and CO2 bubbling were establlshed 70 g of the pure

al um na Sabot wapdiekangbeCLpr hbr @ldanﬂém ¢ ferdtled and theheaksiriedtat 625°IGrfarhe
cyl ) der. 1. gl' Pu's The finished catalyst was analyzed and found to contain 0.25 wt.% Pt, 0.25 wt.%
Re, 0.06 wt.% Bi, 0.30 wt.% P and about 0.95 wt.% Cl.
EXAMPLE 13
This example describes the preparation of a catalyst of the present invention in
which the bismuth is deposited on the alumina support by co-mulling and the Pt, P and Cl
25 are deposited on the bismuth-containing support via impregnation.
An impregnating solution is prepared by mixing 0.77 ml of concentrated HNO3,
1.97 ml of concentrated (12M) HCI, 0.660 g of a solution of CPA, 0.782 g of 85 wt.%
solution of H3PO4 and 30 ml deionized water. The solution was stirred and diluted with
deionized water to the total volume of 150 ml in a 500 ml graduated cylinder. The solution
30 was then circulated with the aid of a peristaltic pump. In addition, CO, gas was bubbled at
a very low rate through a gas dispersion tube placed in the bottom of the graduated
cylinder and into the solution.
Once the solution circulation and CO, bubbling were established, 70 g of the
bismuth-containing Support F (Example 2) were quickly added to the solution in the
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i npregnating solution was then circul ated over the support for 3 hrs while
bubbling CO2 and then the CO2 gas and the circul ati on were stopped. The
sol uti on wev3dseEsned and the catalyst was dried at 125 Cptorusgs/im3and at
250 C for 4 hrs and then calcined at 525 C for 20 1.5 hrs. The finished
cat al yst

5208 vt o By th g brepibing o Sy R MeE cllpdlaEdoveiinbrorh BT A Wi o

descri beshibBEn® CERamAL the tlﬁ:f CO, gad ahd e @fculdidn m&é Sftippbd) VEHR! doRitionwagMi ch
the bismuth is deposited on the alumna sunfort co-nmulling and the Pt, P

and O 2baiged aafé;ﬂ@scqt@ldstowaq facchats IR - Eornd & ramdigt 2oPperfer ¢ilgs and then

comoct Mot TP LRI 98 S0 Pl B S Bgnd ol
sol usi on #gbbuPAS we.% B 09604+ %531y®.38/wvt8/oPlahdavomf()953mcand 30 m dei oni zed

water. The solution was stirred and_diluted with deionized water to the
total volunme of 150 m in a 500 mﬁééé)é%@éé cylinder. The solution 30 was

then circul at eﬂuWe;(cj!}nelQede@érfjoegfthé”lﬁfég)%aﬁgﬁlotf' agédga of ﬂﬂeﬂ;‘ij Eﬂ ey mngmgas

was bubbled at a very lowrate t a gas ersio aced In the
bottom ofw]mhb tigr Bdsidépeditedcyn theddumanadsuppdroby k:e-xmdhmg and the@Ptc Bi tuhﬂaCa% ateut i on
ci rcul at neﬁ CCE gubblln were established, 70 g of the

bi snut h PHIeHioNd"S r?BBtta{m YRSy MPFegRaHeN-qui ckl y added to the sol ution

in tpe 18 mg@f@g@gﬁln@gamaé pRQARa, By lidaro 7 TR dmpnesRakingNee! ut i on

was then circul ated over the support whil e bubbling CO2 and then
the CO2 ¢ga®’/ aﬂmftChecemtratcdl(éZM()rH ﬂé6§tg0¢fp@dolufr¢m0E6PAt |0<§}$nga@f Bueittiatieed and

t he cat al s dri C fo 2. hr 250 C for hen

cal ci ned (éﬁ 5 g%apffn\y ‘16}@ Iﬁf ge“"f‘ﬁs MA's F@a S8§§‘8Py‘§1s WHE a?{]éil ?/‘i‘g%‘{]g‘ﬂ f ound

to cont ai deidni2a0Miter0o 2ke tal YoRime &T.186 niitin %580 .miGzr&havdd. SAiftd@Mheddution0. 95
.% d. EXAMPLE 14 This exanpl e describes the preparation of a catal yst

of t he preasdhen pipgpdaied withithe aigief @ petistaltip pugipg tiqng C6h 2apwag bulhledhat
SUpHQrt bé/ vg& W Ht?q th hg as dis a}gé&lOﬁ"Q%%h@&F in GGP B?ft&rﬁ 4 t Sduated
Vi a“l e 1 ON

cont ai ni ng-suppor gn n 1 npregnating so on 1s
prepar ed, cyhyxdesnandlmgo@hasbluﬂonof concentrated HNO3, 1.97 m of concentrat ed

12 HCl , f | ut f CP Bi. cit 9. 99%
bur i 1y) and 3000 eisofiRa AR a¥hE s drblon \eeLt Fhe Mo tie e
with dei é?b'ﬂla%’ﬁgg %}ﬁfrt GQEKRRpie?) Herd QLT aBfedl2An&SolufoRinoB0 cPlinddf. 2ddat ed

cylinder. The sol ution
impregnating solution was then circulated over the support for 3 hrs while bubbling CO,

20 and then the CO; gas and the circulation were stopped. The solution was drained and the
catalyst was dried at 125° C for 2 hr and at 250° C for .4 hrs and then calcined at 525° C for
1.5 hrs. The finished catalyst was analyzed and found to contain about 0.25 wt.% Pt, 0.06
wt.% Bi, 0.30 wt.% P and about 0.95 wt.% Cl.

25
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was then circulated with the aid of a peristaltic punp. In addition, CO2
gas was bubbled at 15 a very low rate through a gas di spersion tube placed
in the bowoeswi3z he graduated cylinder and into the sol eCraso3/(3se the
solution circulation and CO2 bubbling were established, 70 g of the P-

cont ai ni rlglrg ort G (Exanple 2) were quickly added to the solution in the
cyl i nder. I npregnating solution was then circul ated over the support
for 3 hr9gqdMinte bubbling CO2 20 and then the CO2 gas and the circul ation
were stopped. The solution was drained and the catalyst was dried at 125 C
for 2 hr land & ngmghagefasming ¢atalysempraingcal ci ned at 525 C for 1.5 hrs.

The finished catalys yzed, .f 0 ' t > . % Pt,
0.06 w66 D030 ebB sORRHEEq G sch Ry e BLOw IR heRysaatl
PCT/4JS03/ 15939 CLAIBive cdnaduit df Bisafhtia rbeéor sdsagtiatlgt doysigen@plyi Si ng:
a) a support conprising y-alumna particles throughout which a
catalytically 5 effgubytd aflount of bi smuth has been essentially
honogeneousl| y ,ydi st j ; ) i f ! . of
phosphor us, pIb ti nucr%r%agﬁiﬁglg%%%?%‘ép aéll? (g{nfgl )lg)ttgt @?S%%%rggﬁt ?faéflwﬁe%ﬁ)@?oémgn t he
surface of sai d suplgnbuted&sentiallyraptehen thefsorfadeny sewltsappst. conpri si ng: a)
a support conprising y-alumna particles throughout which a catalytically
ef fective anmount of phosphorus has been essentially honbgeneously

di sygibuted; afdapHila eRiRIN kAl dtXobligiagi ve amounts of bismuth, platinum
and chlorine 15 distributed essentially entirely on the surface of said
support. 3. Aaaphtahsuppert somprising atalhpgta pasiigles diroughauiswhisbra casdpivallyi ng
y-al um na parti cl es, atnd catal yti cailacl’é ef f Ca:fi ¥E.,2mount. s ofhobiosrmt hsl
phosphorus, plati nur%e%rl‘nvc? SRS e Pi® P‘?ﬁu%u 8d E8s&nt ar PS/ Snit |g?%€i°§/l on the

surface of said suppafibute#@nd, The catal yst of claim1l further conprising a

catalytically effective amount of rheniumdistributed essentially entirely
on the surfac®)of <satalytisalipoeffective amounts of bismuth, platinum and chlorine
15 distributed essentially entirely on the surface of said support.
3. A naphtha reforming catalyst comprising a support comprising y-alumina particles

and catalytically effective amounts of bismuth, phosphorus, platinum and chlorine

distributed essentially entirely on the surface of said support.

20
4, The catalyst of claim 1 further comprising a catalytically effective amount of
rhenium distributed essentially entirely on the surface of said support.
5. The catalyst of claim 2 further comprising a catalytically effective amount of
25 rhenium distributed essentially entirely on the surface of said support.
6. The catalyst of claim 3 further comprising a catalytically effective amount of
rhenium distributed essentially entirely on the surface of said support.
30 7. The catalyst of claim 1 or 4 wherein the amount of bismuth is between 0.05 wt. %

and 0.1 wt. % of the catalyst.

8. The catalyst of claim 2, 3, 5 or 6 wherein the amount of bismuth is between 0.03

wt. % and 0.1 wt. % of the catalyst.

20



5. The catalyst of claim2 further conprising a catalytically effective
amount of 25 rheniumdistributed essentially entirely on the surface of

sai d suppaoto3/o®43iThe catal yst of claim 3 further conprisi rRgraSeaiamBytically
effective anount of rheniumdistributed essentially entirely on the

surface sai-d support..30.7.. Th at.al f claiml or erein the
anount of”'bi s ehceﬁglyf)te?‘;/\é%n d: éS%\’Nt%.’ 5%o¥33£]3/?16r'e? ﬁ}e. Ao éh%&%oéﬁlést . 8.
The cat al yst Ofetwéan (102wt. 3% ahd 056 V&, YeftBe Bathlysr. anount of bismuth is bet ween
0.03 w. %and 0.1 wt. % of the catalyst. 20 WD 03/099433 PCT/ US03/ 15939

9. The catalyst of claim1l1, 2, 3, 4, 5 or 6 wherein the anount of

phosphor is e . W, 490and 0. Mg % Of;. .t t gl . The
cat al yst uloﬁ)f clglgmg%@§§, &38§1 ) 15,2’ 03? QG Sf/\k?grel nerté%ne{haen%ﬁ%@%o Mpﬁ%%h&osr Us is
5 besween 0.1 betwechbAhehtCo4ni).4 Wh. 06 of the catalysd. yst . 11. The catal yst of

claiml1 or 4 wherein the anmount of phosphorus is between 0.25 wt. % and

0.35 wt. % of the catalyst. 10 12. The catalyst of claim1l or 4 wherein the

anount ofqibi s i 0 9 t, the
anount Ofllpho%&&aﬁ%y#??%@ﬁé%ﬁgﬁ%@g%@e @/?Mo%gﬁ%p&{ﬁ@&% %ﬁgé'g%aﬁl yst,
t he anmount of %laadiOBbmt. %o bisthevesalyst. 1 wt. % and 1 wt. % of the catal yst
and the anount of chlorine is between 0.05 wt. % and 2 w. % of the
catalyst. 15 13. The catalyst of claim1 or 4 wherein the anount of bisnuth
i s bet weel?. 0. Obhenatal9ét ofinkdird .1 lorvit whéreinfth¢ hmoumtcdlbysityth ishlieetwemuh 05 oft. %o

phosphorus is between 0.1 w. % a 0.4 wt.. . % of the catal , the anmount
b B at | num & AL haskroe! 1 saeals<Setin i Yiiphoshops i haeeh 4y ae Thard he

amount of chl aj & Q. deort e hst Gh8 aount’dfPinkmas Wetweéh 0f1 w29, hite] Gatal yst .
14. The catalyst of claim1l or 4 wherein'the anmount of bisnuth is between

0.05 wt. % arf the datglyst aggl ge anmaunt af ehlgrine is brevegnO Bt wioto ol phdo o thes
bet ween 0. 25 W lfVSotand 0.35 wt. % of the catalyst, the anount of platinum
is between 0. 2%t "% and 0.3 wt. 25 % of the catal yst and the anmount of
chlgsine is between 0.9 wt. %and 1.1 wt. %of the catalyst. 15. The
catal yst of claim4 wherein the anount of bisnuth is between 0.05 wt. % and
13.  The catalyst of claim 1 or 4 wherein the amount of bismuth is between 0.05 wt. %

and 0.1 wt. % of the catalyst, the amount of phosphorus is between 0.1 wt. % and

0.4 wt. % of the catalyst, the amount of platinum is between 0.15 wt. % and 0.6 wt.

% of the catalyst and the amount of chlorine is between 0.8 wt. % and 1.2 wt. % of

20 the catalyst.

14.  The catalyst of claim 1 or 4 wherein the amount of bismuth is between 0.05 wt. %

and 0.1 wt. % of the catalyst, the amount of phosphorus is between 0.25 wt. % and

0.35 wt. % of the catalyst, the amount of platinum is between 0.2 wt. % and 0.3 wt.

25 % of the catalyst and the amount of chlorine is between 0.9 wt. % and 1.1 wt. % of
the catalyst.

15.  The catalyst of claim 4 wherein the amount of bismuth is between 0.05 wt. % and

0.1 wt. % of the catalyst, the amount of phosphorus is between 0.05 wt. % and 0.6

30 wt. % of the catalyst, the amount of platinum is between 0.1 wt. % and 1 wt. % of
the catalyst, the amount of chlorine is between 0.05 wt. % and 2 wt. % of the
catalyst, and the amount of rhenium is between 0.01 wt. % and 1 wt. % of the

catalyst.
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0.1 wt. %of the catal yst, the anount of phosphorus is between 0.05 mt. %
and 0.6 30 wt. %of the catalyst, the anount of platinumis between 0.1
wt. % anowO 0a099438 of the catal yst, the amount of chl ori necrasogiiassen 0. 05
w. %and 2 w. %of the catalyst, and the anount of rheniumis between

0.01 wt. %ang, 1 wt. %cof .the catalyst. 2 03/,099433 P SQ34,15939
V6. The’ ol ar yof clbtvey S il S BRIR e ol oh PsB) FpRiFRe LOD N eio. 05
wt. % and 0. 10\twt. % 6f tht ketaBst, dleymhount BE plisEpHstus &f bedphesINDS Ws. %anbetlseen
0.25 wt. %and 0.35 wt. %of the catalyst, the anount of platinumis

bet ween 0.2 wWi %04 e @tabysitthe ogngpnt of platinymais Peiveen Qe Whdaard 88 vethloel ne i s
bet 0.9 0 . o : , t
Dot een 0.9, e BAR, ety Y1 1R © 1EALRLEY w20 s, TRUIE P

catafyst of ctahlystd aid eiccamotidteofadoninm Bfbdoweanuf.h wis ‘%benderh vad. 86 ofthe % and
0.1 wt. %of the catal yst, the anount of phosphorus is between 0.25 mt. %
and 0.35 10 G#2l¥8h of the catalyst, the amount of platinumis between 0.2
w. %and 0.3 wt. % of the catal yst, the anount of chlorine is between 0.9
w. %and 1.1 wt. %of the catalyst, and the anount of rheniumis between
0.2 w. %7%nd Theddatalyst o¥/claim tdhehereiattbé yrmbuntkd bidnuti hebateeer §.66 vaf Ycdrdi m 2,

3, 5 or 6 whergin the_anount of, bismuth.is between 0.03 % and Q.1 wt.
% of the cat al b0t P BEiamTohe pRBLHRS PR PRL S at DR 68 Wi SM0aiTd 0. 6
Wt . 180 of the cat 84 ¥bihe dafd®ysATRY BnoGiit o pdtineMsi beri@h R Wt 06 lanat0.3 %ragd 1

w. %of the catalyst and the anount of chlorine is between 0.05 w. % and

2 wt. % of the therahlyst thepanawt ofgklosiae i Hesweesr 0.0 vli fe 2nd 3.1 8t. &b oBthgher ei n
t he amount of Dbj th, t wee ) 0 1o %0,9f th tal yst,
SR e BEUBEL B et g Bl U e

t he amount of phoSphorus’i's Yo Of
catal yst, the afwit of platinumis between 0.15 wt. %and 0.6 wt. % of
the catal yst and the anmount of chlorine is between 0.8 wt. %and 1.2 25

w. %of the catalyst. 20. The catalyst of claim2, 3, 5 or 6 wherein the
oA ofs TR S LR 2208 oyt by ey SEcgiebin i
t he amount of vt & amlénl ive. beofivhe natdlyt, vite. amdéumndf phosphorus is between 0.05 wt.

% and 0.6 wt. % of the catalyst, the amount of platinum is between 0.1 wt. % and 1

wt. % of the catalyst and the amount of chlorine is between 0.05 wt. % and 2 wt. %

of the catalyst.

20
19. The catalyst of claim 2, 3, 5 or 6 wherein the amount of bismuth is between 0.03

wt. % and 0.1 wt. % of the catalyst, the amount of phosphorus is between 0.1 wt.

% and 0.4 wt. % of the catalyst, the amount of platinum is between 0.15 wt. % and

0.6 wt. % of the catalyst and the amount of chlorine is between 0.8 wt. % and 1.2

25 wt. % of the catalyst.

20. The catalyst of claim 2, 3, 5 or 6 wherein the amount of bismuth is between 0.03

wt. % and 0.1 wt. % of the catalyst, the amount of phosphorus is between 0.25 wt.

% and 0.35 wt. % of the catalyst, the amount of platinum is between 0.2 wt. % and

30 0.3 wt. % of the catalyst and the amount of chlorine is between 0.9 wt. % and 1.1
wt. %of the catalyst.
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30 0.3 wt. %of the catalyst and the anobunt of chlorine is between 0.9 wt.
%and 1.1 wt. %f the catalyst. 22 WO 03/099433 PCT/ US03/ 15939 21. The
catal yst wbhoslogdsas 5 or 6 wherein the anount of bisnmuth isPogtusesmsd? 03 wt .
%and 0.1 w. %of the catalyst, the anmobunt of phosphorus is between 0.05
w. % and 0.6 w. %of the catalyst, the amount of platinumis between 0.1
w. %and 1 5 w. %of the catalyst, the anmount of chlorine is between
0.05 wt. %pand T%e%talfs@ @ffclalhles 606 d¥in thaRehouhioTRHIth 19betWB&ND BB WItS%
between 0.01 wt. % and w. %of the catalyst. 22. The catalyst of claim
5 or 6 whereinanhé. lawa%tofdhe satekyst the @nbmtwe‘eqhospl@glw betyeen@.@navt0%1 wt .

% of the catalys o t het 0. 35
wt. % of the ca{l& PstVF f’ﬁe%hgrﬁ%ﬁ SPqﬁeSQI{R&flﬁ{ atmugl\é\%\?\%te‘%eg%m / ﬂd 0.3

w. 5% of the cat®lofshe cattahgestameumbumfof@hlowne REbdteedted. G&aem %aﬁd@twt %@md 1.1
Wt . %of the catalyst, and the armunt of rheniumis t ween % and
0.5 wt. %of t ke caglys 3ngthe amoyns of Theniwm s petueery. Oél“ﬁl‘)/n%ldolrwB "Wﬁ’éﬂlﬁ n the
anount of bi smy %R) between 0.05 wt. % and 0.1 w. % of the catal yst, the
anount of phosphorus is between 0.25 wt. % and 0.35 w. % of the catal yst,
t he amount of platinumis between 0.2 wt. %and 0.3 w. %of the catal yst,
t he anou hl orine i.s between

cat al yst, band ffecatgh of clgpm lsfPéerﬁ Wﬁ‘irf"é‘\l\%"ef‘(y e d‘IfJEanWt ‘&’)Q%W‘E\e“g&ﬁy‘}&t% % of

thejpcatal yst.,d4 1 &tF%%‘f%%scaiéwstWﬁ@%@uﬁthﬁpﬁ@éﬁbmtm Qétwgé@{)@slwtcﬂﬁﬁfd' si ng:
a) preparing a solution conprising a bisnuth precursor; 25 b) preparing a

m xture of y-d.3mivhdo pfﬁvhd:sxataaﬁd tlad amourd of platingm lbb@wdq:rn@%he%mmdt(lﬁ wt.of

or cour sor  havi A0 TSR EREP Rt s PUBE ey 0 R gaddaer] % Rf BifGhout

d) forming theafiPOird AE QBSOS tHEWRINP A bétee@SD.1 W %)andr /5 MA. 8N6f the
optionally calcining the particles; f) inpregnating the particles of step

(e) with at | ed8lyssne sol ution conprising precursors of phosphorus,
pl atinum and chlori ne.

23. The catalyst of claim 5 or 6 wherein the amount of bismuth is between 0.05 wt. %

and 0.1 wt. % of the catalyst, the amount of phosphorus is between 0.25 wt. % and

0.35 wt. % of the catalyst, the amount of platinum is between 0.2 wt. % and 0.3

wt. % of the catalyst, the amount of chlorine is between 0.9 wt. % and 1.1 wt. % of

20 the catalyst, and the amount of rhenium is between 0.2 wt. % and 0.45 wt. % of the

catalyst.

24. A process for making the catalyst of Claim 1 comprising:
a) preparing a solution comprising a bismuth precursor;
25 b) preparing a mixture of y-alumina powder and alumina sol;
c) blending the mixture of step (b) with the solution prepared in step
(a), thereby making a support precursor having bismuth distributed

essentially homogeneously throughout;

d) forming the support precursor into particles;
30 €) drying and optionally calcining the particles;
f) impregnating the particles of step (e) with at least one solution

comprising precursors of phosphorus, platinum and chlorine.
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23 WO 03/099433 PCT/ US03/ 15939 25. A process for making the catal yst of
Claim2 conprising: a) preparing a solution conprising a phosphorus
precur sorwo obpgasepari ng a m xture of y-alum na powder ane#causni/r3sol ; 5
c) blending the m xture of step (b) with the solution prepared in step

(a), thereby meking .a support precursor having phosphorus distributed
essentially honobgeneously throughout; d) formng the support precursor into

particleszs. e)AgroteidorRdkRpithOaAdllt o Bl adnpritengdarticles; 10 f)
i npregnating the particles of steP (e) with at |east one solution
conpri sing precursds ofPrepasingtasolysiontcrmarisiag 8 PhPSRIOTUSPICRBOTA process f or

maki ng the cat al ystlQo:‘Ni ﬁ{éﬁ%‘a??ng aqg{m%%?@giw%ﬁ&p [Asfe 2RURRQE particles

conprising y-alumn eas conpri Si ng pretursors of

15 bysmut h, phosphayus, Hemting1the mixdure bif atepr®) wath. thd Belufioo peparedfinGepi m 24,
25 or 26 wherein the bisnmuth precursor is select ﬁd from the group

consi sting of Bi (NO8)3thegdy mekipg £ sgprory prepupprshavipg phesphogus™ distrituted; ot

and Bi al coxides a LHSs] . 1s selected fromthe group
20 consisting of H3 @hﬁ%@@%%g%pﬂﬁ%ggm and (NH4) 2HPO4. 28. The

process of claim 24d) 25 formiag thehewppon ptdeersbi mbupdrtigegcur sor i s sel ect ed
from the group conﬁi stiépg@of (I?iél.\lo3 3 5H20 and Bi. citrate and the
phosphor us precursd? i <STHBBERd opaonsey calcing the PartiGles; of or i ng hydr ot r eat ed

naphgha conprisi ng gont gafprdptaiid S BRIERS ofWitd (&)NRithadtalledst tonef sobdtinm 1,
2, 3, 4, 5, or 6 inthe presence of hydrogen at el'evated tenperature and
pressure. 24 comprising precursors of bismuth, platinum and chlorine.

26. A process for making the catalyst of Claim 3 comprising impregnating support
particles comprising y-alumina with at least one solution comprising precursors of

15 bismuth, phosphorus, platinum and chlorine.

27.  The process of claim 24, 25 or 26 wherein the bismuth precursor is selected from
the group consisting of Bi(NO;); 5H,O, BiCls, BiOCl, BiBr;, Bi acetate, Bi
citrate, and Bi alcoxides and the phosphorus precursor is selected from the group

20 consisting of H3PO,4, H3PO3, H3PO,, NH4H,PO4 and (NH4);HPOs,.

28.  The process of claim 24, 25 or 26 wherein the bismuth precursor is selected from
the group consisting of Bi(NO3); SH,O and Bi citrate and the phosphorus precursor
is H3POq.

25

29. A process for reforming hydrotreated naphtha comprising contacting said naphtha

with the catalyst of claim 1, 2, 3, 4, 5, or 6 in the presence of hydrogen at elevated

temperature and pressure.

24



