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hydr ocar bons, and formati on of coke which is deposited on the catal yst.
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catal yst zone being a noving-bed systemw th associ ated conti nuous cat al yst
regeneration. However, there is no disclosure of an L-zeolite conponent.

US- A- 5, 190, 638 teaches reform ng in a noving-bed

conti nuous-catal ystregenerati on node to produce a partially reforned stream
to a second reform ng zone preferably using a catal yst having acid
functionality at 100-500 psig, but does not disclose 3 o the use of a

nonaci dic zeolitic catalyst. 16J UL 2003 3 SUWARY It is an object of
the present invention to provide a catalytic reform ng process which
effects an inproved product yield structure.




Thiis invention is based on the discovery that a conbination of bifunqtg opia0td
catalytic 5 reform ng and zeolitic reformng in a sandw ch configuration
shows surprising inprovenents in aromatics yields relative to the prior

art. One enbodi nment of the present invention is directed toward the
catalytic reform ng of a hydrocarbon feedstock by Contacting the feedstock
sequentially with a catal yst system whi2ch conprises a first bifunctional
catal yst conprising platinum a netal pronoter, a refractory inorganic

oxi de and a halogen in an first catal yst zone; a zeolitic reformng
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ded8ri beeHSEA RMBALIAIG ZROMG SABIVSE Wi th the first catal yst zone located in
the first reactor and the term nal catal yst zone in three subsequent
reactors. The segregated catal yst zones al so may be 25 separated by one or
nore reaction zones containing a catal yst conposite having a different
conposition fromeither of the catal yst conposites of the present

i nvention.




Preferably the first catal yst conprises from 10%to 50% the internmepbaie 2003
catal yst conprises from20%to 60% and the term nal catal yst conprises from
-30%to 70% of the total nmass of catalysts in all of the catal yst zones. 3 o
The catal ysts are contained in a fixed-bed systemor a noving-bed system
Wi th associ ated conti nuous catal yst regeneration whereby catal yst may be
conti nuously 16JUIl 2003 5 withdraw, regenerated and returned to the
reactors. These alternatives are associated with catal yst regeneration
options known to those of ordinary skill in the art, such as: (1) a

sem regenerative unit containing fix3dMMARY eactors mai ntai ns operating
severity by increasing tenperature, eventually shutting the unit down for
cat al yst regeltdsa@n objeendf ther pasenty mvention (@ pravidevancatalgtic raforming tprodess

whi ch individual fixed-bed reactors are serially isolated by manifolding
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(ppn) on by processing once again in a continuous-reforming section. The zeolitic-reforming zone
may be an add-on as an intermediate reactor to expand the throughput and/or enhance

25 product quality of an existing continuous-reforming process.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
A broad embodiment of the present invention is directed to a catalytic reforming

process which comprises a sandwich configuration in sequence of a bifunctional

30 reforming catalyst, a zeolitic reforming catalyst and a bifunctional reforming catalyst.



an. el emental basis. Preferably the hydrocarbon feedstock has been pr¢gajgdi(]
frroma contam nated feedstock by a conventional pretreating step such as
.hydrotreating, 5 hydrorefining or hydrodesul furization to convert such
contam nants as sul furous, nitrogenous and oxygenated conpounds to H2S, NHS
~and H20, respectively, which can be separated fromthe hydrocarbons by
fracti onation. This conversion preferaly will enploy a catal yst known to
the art conprising an inorgani c oxide support and netals selected from

G oups VI 8(1UPAC 6) and VIII (I UPAC (err)-~of the Periodic Table. [See
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Edition, 1988)]. ternative or in .additilqn,.: . C i ;

hydr ot re"‘:?tn??‘fgen]gt ﬁlﬂ"b‘ﬁg??r&%i #ﬁédgtpglb "P‘r@"y acg'f:r%r F'&@c@gﬁ?lag%‘%% E hC%s Bl &
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different composition from either of the catalyst composites of the present invention.
Preferably the first catalyst comprises from 10% to 50%, the intermediate
catalyst comprises from 20% to 60% and the terminal catalyst comprises from 30% to
70% of the total mass of catalysts in all of the catalyst zones.
30 The catalysts are contained in a fixed-bed system or a moving-bed system with

associated continuous catalyst regeneration whereby catalyst may be continuously



15.conposition gradients of the species inherent to its conposition. 16 JuL 2003
Wthir~~ the scope of the present invention are refractory support
.containing one or nore of: (1 ) refractory inorganic oxides such as

alumna, silica, titanic, magnesia, zirconia, chromc) thoria, boric or
.mxtures thereof; (2) synthetically prepared or naturally occurring clays
and silicates, which may be acid-treatéd; (3) crystalline zeolitic
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30 valuable B-T-X aromatics, are favorable alternative hydrocarbon feedstocks.



conponent may be either fluorine) chlorine, bromne or iodine or m xtures
thereof. 3 o Chlorine is the preferred hal ogen conponent. The hangéﬁJUL2W3
.conponent is generally present in a conbined state with the inorganic-oxide
support. The hal ogen conponent is 16J UI 2003 9 preferably well

_di spersed throughout the catalyst and nay conprise fromnore than 0.2 to
about 15 wt.% cal cul ated on an el enenbal basis, of the final catalyst. An
optional ingredient of the first reformng catalyst is a zeolite, or
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the fi rst ef fl uent. SeconcL reform ng conditions used in the

zeol i ti cL PRSP Qi hePR6HY BRL)t he present invention include a pressure of from
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kPa to 1 MPa (absol ute pressure of Pa or |less at the exit of

t he0| astfepdstesoby Q@nh@lr@s@&atwywuﬂfu@to@rﬁeuefm eatalysiguith a sulfinsarperd. ¢ o
the zeol irhb GuifGl-QidhArASifind Ralyst confactd! theé*@Brtahfinated feedstock to convert

{ most of the sulfur compounds to yield an H,S-containing effluent. The H,S-containing

effluent contacts the sulfur sorbent, which advantageously is a zinc oxide or manganese
oxide, to remove H,S. Sulfur levels well below 0.1 mass ppm may be achieved thereby.
25 It is within the ambit of the present invention that the pretreating step be included in the
present reforming process.
The feedstock may contact the respective catalysts in each of the respective
reactors in either upflow, downflow, or radial-flow mode. Since the present reforming
process operates at relatively low pressure, the low pressure drop in a radial-flow reactor

30 favors the radial-flow mode.



amount sufficient to correspond to a ratio of from0.1 to 10 nol es of

hydr ogen per nole of . hydrocarbon feedstock, with the ratio preferaﬂ)lsyJUL 2003
-bei ng no nore than about 6 and nore preferably no nore than about 5. By
"free hydrogen” is nmeant nolecular H2, not conbined in hydrocarbons or
ot her conpounds. The volunme of the contained zeolitic 5 reform ng catal yst
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gel, followed by known aging, drying and calcination steps. The extrudate form is



of the alkali netals, although other cationic species may be presentq gAulL 2008
especially preferred nonacidic L-zeolite is potassiumformlL-zeolite.
-CGenerally the L-zeolite is conposited with a binder in order to provide a
convenient 2 o formfor use in the catalyst of the present invention. The
‘art teaches that any refractory i norgani c oxi de binder is suitable. One or
more of silica, alunina or magnesia ar® preferred binder materials of the
present invention. Anorphous silica is especially preferred, and excell ent
results are obtained when using a synthetic white silica powder
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cal cul atgghion an el emental basis. 2 o It is within the scope of the present
invention that the zeolitic catalyst may contain other netal conponents
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component. Catalytically effective amounts of such metal modifiers may be incorporated
into the catalyst by any meanrs known in the art.
The first reforming catalyst may contain a halogen component. The halogen
component may be either fluorine, chlorine, bromine or iodine or mixtures thereof.
30 Chiorine is the preferred halogen component. The halogen component is generally

present in a combined state with the inorganic-oxide support. The halogen component is



catalyst is subjected to a substantially water-free reduction step at‘ ajuL 2003
tenperature of 300 3 o to 550C (preferably 350C) for 0.5 to 10 hours gr
.nore. The duration of the reduction step should be only as |ong as
necessary to reduce the platinum in order to avoid pre 16 JU 2003 13
.deactivation of the catalyst, and may be performed in-situ as part of the
plant startup if a dry atnosphere is nm#l ntained. Further details of the
preparation and .activation of enbodinments of the zeolitic reform ng

catal yst are di scI osed in US-A 619,906 and US A 822,762. 5 At |least a
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25 The hydrocarbon feedstock contacts the zeolitic reforming catalyst in the zeolitic-

reforming zone to obtain an aromatized effluent, with a principal reaction being
dehydrocyclization of paraffinic hydrocarbons remaining in the first effluent. Second
reforming conditions used in the zeolitic-reforming zone of the present invention include a
pressure of from 100 kPa to 6 MPa (absolute), with the preferred range being from 100
30 kPa to 1 MPa (absolute) and a pressure of 450 kPa or less at the exit of the last reactor
being especially preferred. Free hydrogen is supplied to the zeolitic-reforming zone in an



5 regeneration zone. Continuous catalyst regeneration generally is e fe@}‘_ems
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EXAMPLE 5 10 The foll owi ng exanples are presented to denonstrate thz LZU%
present invention and to illustrate certain specific enbodi nents th reoq
-series of reform ng staged-|oading options was studi ed by kinetic nodeling,
using data for different catal ysts derived from pilot-plant and comerci al
operations. The two catal ysts used in the study were respectlvely a

bi functional catalyst ("B') and a zeoli%ic catalyst ("Z') and had the
fol l owm ng conpositions in mass-% Catalyst B: 0.376% Pt and 0.25% Ge on an

extruded al um na support Catalyst Z: 0.82% Pt on silica-bound nonacidic
L-zeol i t@rdar f%wmr%@r@ﬂaﬁesgwtr@mmﬁtab@mwtegm thwithataed diregfeaieinationh Thee

o Pec! E8ufid Aolgh s Bviddl fRbGsh BSLAMbRNEhaRE U Sfed B & o SRR 2"

CB aromatl CS
Fi r st ~- - pdréiclas, nwhladanaendfferﬂ mde@cmed by known methods. Alternatively, spherical

A i BzZZB7. 122 18. 41BZBB6. 2 5727 9520..7818, BZZ B7.2922.1
o b 7 eDRETIeS 554, Re TOTAsE Ry ATeRiolS HEseTat, BRFFTAPINS a5 1 2ONNRHETTTI 1517

. 45£BBB7c 446 9317 OZBZZZ7 8224, 5316 937BZZ77. 4823. 8016 5577777. 9323. 6516. 46
ZBBZ7 3222. 7116 BZZB 5024. 5516 36BBBB7. 5521. 6 9555_' Z9. 0323 115.81 15
The sandwi ch 4% 13 camPARgtt §nan essea aﬁ?&s@ 'F‘ﬁ Ab e zeaitEstetoraiRg an

inter mdba’*é@stz@hé bt ﬁlo?@éﬁhé%lka%@ﬁéialﬁalhblheiﬁ %EHleeéédi%' M@taéﬁﬁm?hﬂﬁ&@h‘ on
of CB aromafics, toward which nost e nodern aromatics conpl exes are

di r ect edcesiun @damwtwregdwe@imavsbe we . with petassiven peingtriefesrgdal The alkali
f f t ock
reform ngd Hly@ W|P§£§Jggp%£§éh§dug%u Qh?%t}&&%@&l{ﬁ%ﬁr Qs GaflStipk 1 n

a catalyst s rises reé sequential catal yst zones
t 0 obt ai acidic Lazentite. i Surfacshdeposded alkat omgiali s ayte ;sneeplst axf desgriped in US-

clont act hg%é g{]éedstock with a first bifunctional catalyst conprising a
pI atinu ‘tal conponent, a netal pronoter, a refractory inorganic

ox:c de, and a gwlammm-gmupoﬁﬁtﬁl d:di?ﬁdmefnit rlﬂalrfoﬂ"fe@réésﬁgtlaﬂofeetlﬁé dfi thet zelohtlc
rerormn con |t|0nS tOO n a |rSt e Uent tJn at eaSt a
o e o erSRS bt oI B ETAtRNT FORPSRST eI plefrar nEhe PAgnig, ey St

conpri si jihip fhaNcASlyst &s aedrhpsundaBuct Kalthe iR, stFEBORSRHe, BtdoxghBiid, IIRUM
group netal copponent in a zeolitic-reformng zgone at second reform ng

coiditi oﬁBe’f‘Gabl‘iPﬁibWaélﬁ“ WiEh@NeZz 0 mare | etk inaipdisniscof thshcatalyshgoantas é&st a
portion @feﬂé?ﬁal@ﬁ&ﬁpthﬁqeﬁﬁtE la'rLeBBtaYHetth d Qlﬁlfgteﬂﬁiallfbﬁ BPHe! rﬁf‘l‘munﬁ 84i8fs"h N9
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zeolitic reforming catal yst conprises a plati num conponent and 5 wherein
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The final zeolitic reforming catalyst generally is dried at a temperature of from 100°
to 320°C for 0.5 to 24 hours, followed by oxidation at a temperature of 300° to 550°C
(preferably 350°C) in an air atmosphere for 0.5 to 10 hours. Preferably the oxidized
catalyst is subjected to a substantially water-free reduction step at a temperature of 300°

30 to 550°C (preferably 350°C) for 0.5 to 10 hours or more. The duration of the reduction

step should be only as long as necessary to reduce the platinum, in order to avoid pre-



conprises a netal pronoter consisting of one or nore of the G oup 'VA\OB JuL 2003
(I'UPAC 14) netals, rhenium indiumor mxtures thereof. 16J Ul 2003"
21 6. The process of Clains 1, 2 or 3 wherein the first reformng

conditions are a pressure of from 100 kPa to 1 MPa) liquid hourly space

veI ocity of from0.2 to 20 hrr', nole ratio of hydrogen to CS+ hydrocarbons
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poin processed |n the zeolitic-reforming zone to obtain an aromatlzed effluent which is

processed in the terminal reforming zone section of the continuous-reforming section.
During the reforming reaction, catalyst particles become deactivated as a result of
mechanisms such as the deposition of coke on the particles to the point that the catalyst
30 is no longer useful. Such deactivated catalyst must be regenerated and reconditioned

before it can be reused in a reforming process. Continuous reforming permits higher
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as moving continuously.

15 In a continuous-regeneration zone, catalyst particles are contacted in a
combustion zone with a hot oxygen-containing gas stream to remove coke by oxidation.
The catalyst usually next passes to a drying zone to remove water by contacting a hot,
dry air stream. Dry catalyst is cooled by direct contact with an air stream. Optimally, the
catalyst also is halogenated in a halogenation zone located below the combustion zone

20 by contact with a gas containing a halogen component. Finally, catalyst particles are
reduced with a hydrogen-containing gas in a reduction zone to obtain reconditioned
catalyst particles which are conveyed to the moving-bed reactor. Details of continuous
catalyst regeneration, particularly in connection with a moving-bed reforming process, are
disclosed below and in US-A-3,647,680; US-A-3,652,231;, US-A-3,692,496; and US-A-

25 4,832,921.

Spent catalyst particles from the continuous-reforming section first are contacted in
the regeneration zone with a hot oxygen-containing gas stream in order to remove coke
which accumulates on surfaces of the catalyst during the reforming reaction. Coke
content of spent catalyst particles may be as much as 20% of the catalyst weight, but 5-

30 7% is a more typical amount. Coke comprises primarily carbon with a relatively small

amount of hydrogen, and is oxidized to carbon monoxide, carbon dioxide, and water at
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5 oxides, sulfur oxides and nitrogen is collected from the combustion section, with a portion

being withdrawn from the regeneration zone as flue gas. The remainder is combined with

a small amount of oxygen-containing makeup gas, typically air in an amount of roughly

3% of the total gas, to replenish consumed oxygen and returned to the combustion

section as recycle gas. The arrangement of a typicat combustion section may be seen in
US-A-3,652,231.

As catalyst particles move downward through the combustion section with
concomitant removal of coke, a "breakthrough" point is reached typicaily about haifway
through the section where less than all of the oxygen delivered is consumed. It is known
in the art that the present reforming catalyst particles have a large surface area

15 associated with a muiltiplicity of pores. When the catalyst particles reach the
breakthrough point in the bed, the coke remaining on the surface of the particles is deep
within the pores and therefore the oxidation reaction occurs at a much slower rate.

Water in the makeup gas and from the combustion step is removed in the small
amount of vented flue gas, and therefore builds to an equilibrium level in the recycle-gas

20 loop. The water concentration in the recycle loop optionally may be lowered by drying the

air that made up the makeup gas, installing a drier for the gas circulating in the recycle

\ gas loop or venting a larger amount of flue gas from the recycle gas stream to lower the
water equilibrium in the recycle gas loop.

Optionally, catalyst particles from the combustion zone pass directly into a drying

25 zone wherein water is evaporated from the surface and pores of the particles by contact

with a heated gas stream. The gas stream usually is heated to 425-600°C and optionally

pre-dried before heating to increase the amount of water that can be absorbed.

Preferably the drying gas stream contain oxygen, more preferably with an oxygen content

-about or in excess of that of air, so that any final residual burning of coke from the inner

30 pores of catalyst particles may be accomplished in the drying zone and so that any

excess oxygen that is not consumed in the drying zone can pass upwardly with the flue
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metals resulting from exposure to high temperatures and steam in the combustion zone.
Redispersion is effected at a temperature of between 425-600°C, preferably 510-540°. A
concentration of chlorine on the order of 0.01 to 0.2 mol.% of the gas and the presence of
oxygen are highly beneficial to promoting rapid and complete re-dispersion of the
platinum-group metal to obtain redispersed catalyst particles.

15 Regenerated and redispersed catalyst is reduced to change the noble metals on
the catalyst to an elemental state through contact with a hydrogen-rich reduction gas
before being used for catalytic purposes. Although reduction of the oxidized catalyst is an
essential step in most reforming operations, the step is usually performed just ahead or
within the reaction zone and is not generally considered a part of the apparatus within the

20 regeneration zone. Reduction of the highly oxidized catalyst with a relatively pure
hydrogen reduction gas at a temperature of 450-550°C, preferably 480-510°C, to provide

( a reconditioned catalyst.
During lined-out operation of the continuous-reforming section, most of the catalyst
supplied to the zone is a first reforming catalyst which has been regenerated and

25 reconditioned as described above. A portion of the catalyst to the reforming zone may be
first reforming catalyst supplied as makeup to overcome losses to deactivation and fines,
particularly during reforming-process startup, but these quantities are small, usually less
than 0.1%, per regeneration cycle. The first reforming catalyst is a dual-function
composite containing a metallic hydrogenation-dehydrogenation, preferably a platinum-

30 group metal component, on a refractory support which preferably is an inorganic oxide

which provides acid sites for cracking and isomerization. The first reforming catalyst
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embodiment of the present invention. A continuous-regeneration reforming unit is
relatively capital-intensive, generally being oriented to high-severity reforming and
including the additional equipment for continuous catalyst regeneration. By adding on a
zeolitic-reforming zone which is particularly effective in converting light paraffins from an

( first effluent produced by continuous reforming, some options would be open for
improvement of the overall catalytic-reforming operation:

*

Increase severity, in terms of overall aromatics yields or product octane number.

* Increase throughput of the continuous-reforming section by at least 5%, preferably at

least 10%, optionally at least 20%, and in some embodiments 30% or more through

15 reduced continuous-reforming severity. Such reduced severity would be effected by
one or more of operating at higher space velocity, lower hydrogen-to-hydrocarbon
ratio and lower catalyst circulation in the continuous-reforming section. The required
product quality then would be effected by processing the first effluent from the
continuous-reforming section in the zeolitic-reforming zone.

20 *  Increase selectivity, reducing severity of the continuous-reforming operation and
selectively converting residual paraffins in the first effluent to aromatics.

The aromatics content of the Cs+ portion of the effluent is increased by at least 5
mass % relative to the aromatics content of the hydrocarbon feedstock. The composition
of the aromatics depends principally on the feedstock composition and operating

25 conditions, and generally will consist principally of C,-C,, aromatics.

The present reforming process produces an aromatics-rich product contained in a
reformed effluent containing hydrogen and light hydrocarbons. Using techniques and
equipment known in the art, the reformed effluent from the terminal reforming zone
usually is passed through a cooling zone to a separation zone. In the separation zone,

30 typically maintained, at 0° to 65°C, a hydrogen-rich gas is separated from a liquid phase.

Most of the resultant hydrogen-rich stream optimally is recycled through suitable
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compressing means back to the first reforming zone, with a portion of the hydrogen being
available as a net product for use in other sections.of a petroleum refinery or chemical
plant. The liquid phase from the separation zone is normally withdrawn and processed in

a fractionating system in order to adjust the concentration of light hydrocarbons and to
5 obtain the aromatics-rich product.
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EXAMPLE

The following examples are presented to demonstrate the present invention and to
illustrate certain specific embodiments thereof.

5 A series of reforming staged-loading options was studied by kinetic modeling,
using data for different catalysts derived from pilot-plant and commercial operations.
The two catalysts used in the study were respectively a bifunctional catalyst ("B") and a
zeolitic catalyst ("Z") and had the following compositions in mass-%:
Catalyst B: 0.376% Pt and 0.25% Ge on an extruded alumina support
10 Catalyst Z: 0.82% Pt on silica-bound nonacidic L-zeolite

A four-reactor system was used for the model, loaded with the respective catalysts as
indicated below and producing benzene, toluene and C,; aromatics in mass-% yields as

indicated:
First —  Terminal Benzene Toluene Cq Aromatics
B Y4 z B 7.12 23.15 18.41
B Y4 B B 6.71 21.92 18.35
Z z B B 6.95 20.78 18.16
z z Z B 7.29 22.17 18.07
z B p4 B 6.95 22.44 17.73
B y4 B Z 7.13 23.49 17.71
z y4 B Z 7.27 22.42 17.57
B B y4 B 8.17 23.16 17.45
Y4 B B B 7.07 20.93 17.02
‘- B z z z 7.82 24,53 16.93
Y4 B Z V4 7.48 23.80 16.55
z yA z Z 7.93 23.65 16.46
Z B B Z 7.32 22.71 16.40
B B z z 8.50 24.55 16.36
B B B B 7.55 21.61 15.95
B B B Z 9.03 23.41 15.81
15 The sandwich loadings of bifunctional first and terminal catalysts and an intermediate

zeolitic catalyst were particularly effective for production of C, aromatics, toward which
most large modern aromatics complexes are directed.
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CLAIMS:

1. A process for the catalytic reforming of hydrocarbons comprising
contacting a hydrocarbon feedstock in a catalyst system which comprises at least three

sequential catalyst zones to obtain an aromatic-rich product, comprising the steps of:

(a) contacting the feedstock with a first bifunctional catalyst comprising a
platinum-group metal component, a metal promoter, a refractory inorganic oxide, and a

halogen component in an first reforming zone at first reforming conditions to obtain a
first effluent;

(b) contacting at least a portion of the first effluent with a zeolitic reforming
catalyst comprising a non-acidic zeolite, an alkali metal component and a platinum-
group metal component in a zeolitic-reforming zone at second reforming conditions to
obtain an aromatized effluent; and,

(c) contacting at least a portion of the aromatized effluent with a terminal
bifunctional reforming catalyst comprising a platinum-group metal component, a metal
promoter, a refractory inorganic oxide, and a halogen component in a terminal

reforming zone at terminal reforming conditions to obtain an aromatics-rich product.

2. The process of Claim 1 wherein the first bifunctional reforming catalyst and
the terminal bifunctional reforming catalyst are the same bifunctional reforming catalyst.

3. The process of Claims 1 or 2 wherein the first and terminal reforming
zones comprises a single continuous-reforming section, and the aromatized effluent
contacts the bifunctional reforming catalyst in the next reactor in sequence of the
continuous-reforming section after the first reforming zone.

4. The process of Claims 1, 2 or 3 wherein the platinum-group metal
component of the zeolitic reforming catalyst comprises a platinum component and
wherein the nonacidic zeolite comprises potassium-form L-zeolite.

5. The process of Claim 2 wherein the bifunctional reforming catalyst further
comprises a metal promoter consisting of one or more of the Group IVA (IUPAC 14)
metals, rhenium, indium or mixtures thereof.
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8. The process of Claims 1 2 or 3 where the terminal reforming conditions
comprises a pressure of from 100 kPa to 1 MPa, liquid hourly space velocity of from 0.2
{ to 10 hr', mole ratio of hydrogen to C;+ hydrocarbons of about 0.1 to 10, and temperature
of from 400° to 560°C.



