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METHOD OF REGENERATING AROMATIZATION CATALYSTS

This application is a countinuation-in-part application of co-pending U.S. Patent
Application No. 13/412,399, filed on March 5, 2012, which s mcorporated herein by

reference in its entirety.

BACKGROUND OF THE INVENTION

The catalytic conversion of non-aromatic hydrocarbons into aromatic compounds,
often referred to as aromatization or reforming, 1s an important industrial process that can be
used to produce benzene, toluene, xylene, and the like. The aromatization or reforming
process often is covnducted 1o a reactor systemn that can countain oue or wore reactors
containing transition metal based catalysts. These catalysts can increase the selectivity to
and/or the yield of the desired aromatic compounds. However, under commercial reaction
conditions, these catalysts slowly lose their activity, often indicated by a loss of selectivity to
desired aromatic compounds and/or a reduction in conversion rates. Such catalysts are often
referred to as “spent” catalysts once economic or operational thresholds are passed.

Because of their comumercial importance and the expense incurred in producing fresh
catalyst to replace spent catalyst, there is an ongoing need for improved methods of restoring
catalytic activity to spent aromatization catalysts.  Accordingly, it is to this end that the

present disclosure is divecte

SUMMARY OF THE INVENTION

This summary is provided to introduce a selection of concepts in a simplified form
that arc further described below in the detalled description. This sunmumary 18 not intended to
identify required or essential features of the claimed subject matter. Nor is this summary
intended to be used to limit the scope of the claimed subject matter.

Methods for treating or regenerating spent catalysts comprising a transition metal and
a catalyst support arc disclosed and described hercin.  One such method of treating or
regencrating a spent catalyst can comprise (1) contacting the spent catalyst with a halogen-
containing stream comprising chlorine and fluorine to produce a halogenated spent catalyst;
and (i1} contacting the halogenated speot catalyst with a decoking gas stream comprising
OXygen.

Another method of treating or regenerating a spent catalyst can comprise (1)

countacting the spent catalyst with a fluorine-containing stream comprising a fhuorine-
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containing compound to produce a fluorinated spent catalyst; (2} contacting the fhuorinated
spent catalyst with a chlorine-contatning stream covoprising a chlorine-containing compound
to produce a fluorinated-chlorinated spent catalyst; and (3} contacting the fluorinated-
chlorinated spent catalyst with a decoking gas strcam comprising OxXygen.

Yet another method of freating or regenerating a spent catalyst can comprise (1}
contacting the spent catalyst with a chlorine-containing strcam coraprising a chlorine-
countaining compound to produce a chlorinated spent catalyst; (2) contacting the chlorinated
spent catalyst with a fluorine-containing stream comprising a fluorine-containing compound
to produce a chlorinated-fluorinated spent catalyst; and (3) contacting the chioninated-
fluorinated spent catalyst with a decoking gas stream comprising oxygen.

Also disclosed herein are various processes for reforming hydrocarbouns. One such
reforming process can comprise {(a} contacting a hydrocarbon feed with an aromatization
catalyst comprising a transition metal and a catalyst support under reforming conditions in a
reactor system fo produce an aromatic product; (b) performing step {(a) for a time period
sufficient to form a spent aromatization catalyst; {¢) contacting the spent aromatization
catalyst with a halogen-containing stream comprising chlorine and fluorine to produce a
halogenated spent catalyst; and (d) contacting the halogenated spent catalyst with a decoking
gas stream comprising oxygen.

Another process for reforming hydrocarbons can comprise {(A) contacting @
hydrocarbon feed with an aroroatization catalyst comprising a transition metal and a catalyst
support under reforming conditions in a reactor system fo produce an aromatic product; (B}
performing step (A) for a time period sufficient to forra a spent aromatization catalyst; (C)
contacting the spent aromatization catalyst with a fluorine-containing stream comprising a
fluorine-containing corapound to produce a fluorinated spent catalyst; (D) contacting the
fluorinated spent catalyst with a chlorine-containing stream comprising a chlorine~-containing
compound to produce a fluorinated-chlorinated spent catalyst; and (E) contacting the
fluorinated-chlorinated spent catalyst with a decoking gas stream comprising oxygen.

Yet another process for reforming hydrocarbons can comaprise (A) contacting a
hydrocarbon feed with an aromatization catalyst comprising a transition metal and a catalyst
support under reforming conditions in a reactor system to produce an aromatic product; (B)
performing step (A) for a time period sufficient to form a spent aromatization catalyst; (C)
contacting the spent aromatization catalyst with a chlorine-containing stream comprising a
chlorine-containing compound to produce a chlorinated spent catalyst; (D) contacting the

chlorinated spent catalyst with a fluorine-containing stream comprising a fluorine-containing



10

20

]
W

L9

WO 2013/134055 PCT/US2013/028533
3

compound to produce a chlorinated-fluorinated spent catalyst; and (E) contacting the
chlorinated-fluorinated spent catalyst with a decoking gas stream coroprising oxygen.

Both the foregoing summary and the following detatled description provide examples
and arc cxplanatory only. Accordingly, the forcgoing summary and the following detailed
description should not be considered to be restrictive. Further, features or variations may be
provided in addition to thosc set forth herein. For example, certain embodiments may be
divected to various feature combinations and sub-combinations described in the detailed

description.

DEFINITIONS

To define more clearly the terms used herein, the following definttions are provided.
Unless otherwise indicated, the following definitions are applicable to this disclosure. 1 a
terrn 18 used n this disclosure but 1s not specifically defined herein, the definttion from the
HUPAC Compendium of Chemical Terminology, 2" Bd (1997), can be applied, as long as
that definition does not contlict with any other disclosure or definttion applied hercin, or
render indefinite or non-enabled any claim to which that definition is applied. To the extent
that any definition or usage provided by any document incorporated herein by reference
conflicts with the definttion or usage provided herein, the definttion or usage provided hercin
controls.

Regarding claim transitional terms or phrases, the trausitioval ferm “comprising,”
which is synonymous with “inchuding,” “containing,” “having,” or “characterized by,” is
inclusive or open-ended and does not exclade additional, unrecited elements or moethod steps.
The transitional phrase “consisting of” excludes any element, step, or ingredient not specified
in the clairn. The transitional phrase “consisting cssentially of” limits the scope of a claim to
the specified materials or steps and those that do not materially affect the basic and novel
characteristic(s) of the claim. A “consisting essentially of” claim occupies a middle ground
between closed claims that are written in a “consisting of” format and fully open claims that
arc drafted in a “comprising” forrnat. For example, absent an mdication to the contrary,
describing a compound or composition as “‘consisting essentially of” 18 not to be construed as
“comprising,” but 18 intended to describe the recited component that includes materials which
do not sigmficantly alter the composition or method to which the term s apphed. For
example, a feedstock consisting essentially of a material A can include impurities typically
present in a commercially produced or commercially available sample of the recited

compound or composition. When a claim includes different features and/or feature classes
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{for example, a method step, feedstock featwes, and/or product features, among other
possibilities), the transitional terros comprising, couvsisting essentially of, and consisting of
apply only to the feature class to which it is utilized, and it is possible to have different
transitional terms or phrases utilized with different features within a claim. For example, a
method can comprise several recited steps (and other non-recited steps), but utilize a catalyst
system consisting of specific components; aliernatively, consisting cssentially of specific
components; or alternatively, comprising the specific components and other nop-recited
components.

In this disclosure, while compositions and methods are often described in terms of
“comprising” various components or steps, the compositions and methods can also “consist
essentially of” or “cousist of” the various components or steps, unless stated otherwise,

The terms "“a,” “an,” and "“the” arce intended to include plural alternatives, e.g., at lcast
one. For instance, the disclosure of “a transition metal,” “a halogen-containing compound,”
etc., is meant to encompass one, or mixtures or combinations of more than one, transition
ractal, halogen-containing compound, ete., unless otherwise specified.

A “spent” catalyst is used herein generally to describe a catalyst that has unacceptable
performance in one or more of catalyst activity, hydrocarbon feed conversion, yield to a
destred product(s), selectivity to a desired product(s}, or an operating parameter, such as
output/production rate or reforming temperature, although the determination that a catalyst is
“spent” is not limited only to these features. In some embodiments, the fresh catalyst can
have an activity X, the spent catalyst can have an activity Z, and the treated or rejuvenated
catalyst can have an activity Y, such that Z <Y < X, ln certain embodiments disclosed
herein, the rejuvenated catalyst often can have an activity that is from about 50% to abowt
80% of the activity of the fresh catalyst {c.g., Y = about 0.5X to about 0.8X). Such catalyst
activity comparisons are meant to use the same production run {(batch} of catalyst, tested on
the same cquipment, and under the same test method and conditions.

For any particular compound or group disclosed herein, any name or structure
{gencral or specific) presented is intended to cncompass all conformational isomers,
regroisorners, stercoisomers, and mixtures thereof that can arise from a particular set of
substituents, unless otherwise specified. The name or structure {general or specific} also
encompasses all enantiomers, diastercomers, and other optical isomers (if there are any)
whether in enantiomeric or racemic forms, as well as mixtures of stercoisomers, as would be
recogunized by a skilled artisan, unless otherwise specificd. For example, a general reference

to pentane, for example, inchudes n-pentane, 2-methyl-butane, and 2,2-dimethvipropane; and
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a general reference to a butyl group includes a n-butyl group, a sec-butyl group, an iso-butyl
group, and a t-butyl group.

in one embodiment, a chemical “group” can be defined or described according to how
that group 1s formally derived from a reference or “parent” compound, for example, by the
number of hydrogen atoms removed from the parent compound to generate the group, even if
that group is not literally synthesized i such & manner. These groups can be utilized as
substituents or coordinated or bonded to metal atorns. By way of example, an “alkyl group”
formally can be derived by removing one hydrogen atom from an alkane. The disclosure that
a substituent, higand, or other chemical moiety can constitute a particular “group” implies that
the well-known rules of chemical structure and bonding are followed when that group is
cmployed as described. When describing a group as being “derived by,” “derived from,”
“formed by,” or “formed from,” such terms arc used in a formal sense and are not intended to
reflect any specific synthetic methods or procedures, unless specified otherwise or the context
requires otherwise.

Various numerical ranges are disclosed herein. When Applicants disclose or claim a
range of any type, Applicants’ intent is to disclose or claim individually each possible
number that such a range could reasonably encompass, including end points of the range as
well as any sub-ranges and combinations of sub-ranges encompassed thercin, unless
otherwise specified.  As a representative example, Applicants disclose that the methods
provided herein can employ a halogen-containing stream coutaining Cl and F at a molar ratio
of CLF in a range from about 0.1:1 to about 28:1 in certain embodiments. By a disclosure
that the wolar ratio of CLF in the halogen-containing stream can be in a range from about
(.1:1 to about 20:1, Applicants intend to recite that the molar ratio can be about §.1:1, about
0.2:1, about 0.3:1, about 0.4:1, about 0.5:1, about 0.6:1, about 8.7:1, about 0.8:1, about §.9:1,
about 1:1, about 2:1, about 3:1, about 4:1, about 3:1, about 6:1, about 7:1, about &:1, about
8:1, about 10:1, about 11:1, about 12:1, about 13:1, about 14:1, about 15:1, about 16:1, about
17:1, about 18:1, about 19:1, or about 20:1. Additionally, the molar ratio of Cl:F can be
within any range from about 0.1:1 to about 20:1 (for cxample, the molar ratio can be n a
range from about 0.2:1 to about 10:1), and this also includes any combination of ranges
between about 0.1:1 and about 20:1. Likewise, all other ranges disclosed herein should be
interpreted 1o a manner similar to this example.

Applicants reserve the right to proviso out or exclude any individual members of any
such group, imcluding any sub-ranges or corabinations of sub-ranges within the group, that

can be claimed according to a range or in any similar manner, if for any reason Applicants
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choose to claim less than the full measure of the disclosure, for example, to account for a
reference that Applicants may be unaware of at the tume of the filing of the application.
Further, Applicants reserve the right to proviso out or exclude any individual substituents,
analogs, compounds, ligands, structures, or groups thercot, or any members of a claimed
group, if for any reason Applicants choose to claim less than the full measure of the
disclosure, for example, to account for a reference that Applicants may be unaware of at the
time of the filing of the application.

The term “substituted” when used to describe a group, for example, when referring to
a substituted analog of a particular group, 1s intended to describe any non-hydrogen moiety
that formally replaces a hydrogen atom in that group, and is intended fo be non-limiting. A
group or groups can also be veferred to herein as “ansubstituted” or by equivalent terms such
as “non-substituted,” which refers to the original group in which a non-hydrogen moiety does
not replace a hydrogen atom within that group. Unless otherwise specified, “substituted” 1s
intended to be non-limiting and include inorganic substifuents or organic substituents as
understood by one of ordinary skill in the art.

As used herein, the term “hydrocarbon” refers to a compound containing only carbon
and hydrogen atorns. Other identifiers can be utilized to indicate the presence of particular
groups, if any, 1o the hydrocarbon {¢.g., halogenated hydrocarbon indicates that the presence
of one or more halogen atoms replacing an equivalent number of hydrogen atoms in the
hydrocarbon).

An “aromatic” compound is a compound containing a cyclically conjugated double
bond systern that follows the Hiickel (4n+2) rule and contains (4n+2) pr-electrons, where n is
an integer from 1 to 5. Aromatic compounds include “arenes” (hydrocarbon aromatic
compounds, c¢.g., benzene, toluene, xvlene, eotc.}) and “heteroarenes” (heteroaromatic
compounds formally derived from arenes by replacement of one or more methine (=)
carbon atoms of the cyclically conjugated double bond system with a frivalent or divalent
heteroatoms, in such a way as to maintain the continuous pi-electron system characteristic of
an arornatic system and a number of cut-of-plane pi-clectrons corresponding to the Hiickel
rule (4n+2)). As disclosed herein, the terro “substituted” can be used to describe an arornatic
group, arene, or heteroarene, wherein a non-hydrogen moiety formally replaces a hydrogen
atorn in the corapound, and 18 1otended to be non-himiting, unless specified otherwise.

As used herein, the term “alkane” refers to a saturated hydrocarbon compound. Other
identifiers can be utilized to indicate the presence of particular groups, if any, i the alkanc

{e.g., halogenated alkane indicates that the presence of one or more halogen atoms replacing



10

20

]
W

L9

WO 2013/134055 PCT/US2013/028533
7

an equivalent number of hydrogen atoms in the alkane). The term “alkyl group”™ is used
heremn in accordance with the definition specified by ITUPAC: a univalent group formed by
remioving a hydrogen atom from an alkape. The alkane or alkyl group can be linear or
branched unless otherwise specified.

A “cycloalkane” is a saturated cyclic hydrocarbon, with or without side chains, for
example, cyclobutane, cyclopentane, cyclohexane, methyl cyclopentane, methyl cyclohexane,
etc. Other identifiers can be utilized to indicate the presence of particular groups, if any, 1o
the cycloalkane (e.g., halogenated cycloalkane indicates that the presence of one or more
halogen atoms replacing an equivalent number of hydrogen atoms in the cycloalkave).

The term “halogen” has its usnal meaning. Examples of halogens include fluorine,
chiorine, bromine, and ioding,

Although any methods and materials similar or cquivalent to those described herein
can be used in the practice or testing of the invention, the typical methods and materials are
herein described.

All publications and patents mentioned herein are incorporated herein by reference for
the purpose of describing and disclosing, for example, the constructs and methodologies that
are described in the publications, which might be used in connection with the presently
described invention. The publications discussed throughout the text are provided solely for
their disclosure prior to the filing date of the present application. Nothing herein is to be
construed as an admission that the inventors are not entitled to antedate such disclosure by

virtue of prior invention.

DETAILED DESCRIPTION OF THE INVENTION
Disclosed herein are methods for treating or regencerating a spent catalyst, such as a

spent aromatization catalyst. Related reforming processes also are disclosed.

METHODS FOR TREATING SPENT CATALYSTS

Various methods for treating or regencerating speunt catalysts comprising a transition
roetal and a catalyst support are disclosed and described. One such method of treating or
regenerating a spent catalyst can comprise (or consist essentially of, or consist of):

(1) coutacting the spent catalyst with a halogen-containing stream covoprising
chlorine and fluorine to produce a halogenated spent catalyst; and

(i}  contacting the halogenated spent catalyst with a decoking gas stream

comprising oxygen.
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Generally, the features of any of the methods disclosed herein (e.g., the spent catalyst,
the transition metal, the catalyst support, the halogen-containing strears, the conditions under
which the halogenation step is conducted, the decoking gas stream, the conditions under

which the decoking step is conducted, among others) are independently described herein, and

Moreover, other process steps can be conducted before, during, and/or after any of the steps
fisted 1 the disclosed methods, unless stated otherwise.  Additionally, reactivated catalysis
produced in accordance with the disciosed methods/processes are within the scope of this
disclosure and are encorpassed heretn,

Step (1) of the method often can be referred to as the halogenation step, and in the
halogenation step, a halogen-containing stream comprising chlorine (Cl) and fluorine (F) can
be contacted with the spent catalyst. In some embodiments, the molar ratio of CLF in the
halogen-containing stream can be in a range frora about §.1:1 to about 25:1, while in other
embodiments, the molar ratio of CUF in the halogen-containing stream can be in a range from
about 0.1:1 to about 20:1. Molar ratios of CLF in the halogen-containing stream in a range
from about (.1:1 to about 15:1, from about $.2:1 to about 15:1, from about 8.2:1 to about
10:1, from about 0.2:1 to about 5:1, from about 0.3:1 to about 3:1, from about §.1:1 to about
111, or from about §.3:1 o about 0.8:1, also can be employed in embodirsents contemplated
herein.

Any compositional attributes of the halogen-coutaining stream are meant to rvefer to
the tncoming halogen-containing stream, prior o contacting the spent catalyst, unless
expressly stated otherwise. As one of skill 1o the art would readily recognize, the outgoing
halogen-containing siream, after contacting the spent catalyst, can vary significantly in
coraposition from the incoming halogen-containing strearn.

The sources of chlorine and fluorine 1y the halogen-containing stream can be varied.
For instance, the halogen-containing strcam can coraprise a chlorine-containing corpound
and a fluorine-containing compound {e.g., at least two distinct compounds), or a
chlorine/fluorine-containing compound {(e.g., at least one compound containing both chlorine
and fluorine, or a chlorofluorocarbon);, or a chlorine-containing compound and a
chlorine/fluorine-containing compound; or a chlorine/fluorine-containing compound and a
fluorine-~containing compound; and so forth.

In an embodiment, suitable chlorine-containing compounds can include, but are not
limited to, hydrochloric acid, chlorine gas (Ch), carbon tetrachloride, tetrachlorocthylene,

chlorobenzene, methyl chloride, methylene chloride, chloroform, allyl chlonide,
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trichloroethylene, a chloramine, a chlorine oxide, a chiorine acid, chlorine digxide, dichlorine
monoxide, dichlorine heptoxide, chloric acid, perchloric acid, aromonium  chiloride,
tetramethylammoniim  chlonide,  tetracthylammoniim  chloride,  tetrapropylammonium
chloride, tetrabutylammoniom chloride, methyliriethylammonium chloride, and the like, or
any combination thereof. Other suitable chiorine~containing compounds can include arenes
and alkyl-substituted arenes {e.g., benzene, toluene, xylene, etc.), where at least one hydrogen
atom 1s replaced with a Cl atom.

In another embodiment, the chlorine-containing compound can comprise {or consist
essentially of, or cousist of) hydrochloric acid; alternatively, chlorine gas (Cly); alternatively,
carbon tetrachloride; alternatively, tetrachlorocthylene; alternatively, chlorobenzene;
alternatively, methyl chloride; alternatively, methvliene chloride; alternatively, chloroformy
alternatively, allyl chloride; alternatively, trichlorocthylene; alternatively, a chloramine;
alternatively, a chlorine oxide; alternatively, a chlorine acid; alternatively, chlorine dioxade;
alternatively, dichlorine monoxide; alternatively, dichlorine heptoxide; alternatively, chloric
acid; alternatively, perchloric acid; alternatively, ammoniom chloride; alternatively,
tetramethylammonium chloride; alternatively, tetracthylammonium chloride; alternatively,
tetrapropylammonium chloride; alternatively, tetrabutylammonium chlonide; or alternatively,
methyltriethylammeonium chloride.

In an embodiment, suitable fluorine-containing compounds can include, but are not
fimited to, hydrofluoric acid, fluorine gas (F2), 2,2,2-trifluoroethanol, tetrafluorocthylene,
carbon  tetrafluoride,  carbon  trifluoride, fluoromethane, eptafluoropropane,
decafluorobutane,  hexafluoroisopropanol,  tetrafluoropropanol,  pentafluoropropanol,
hexafluorophenylpropanol, perfluorobutyl alcohel, hexafluor-2-propanel, pentafluoro-1-
propanol, tetrafluoro-1-propancl, 1.1,1,3,3,3-hexafluore-2-propanol, 2.2,3,3,3-pentafluoro-1-
propanel, ammonium fluoride, tetramethylammonium fluoride, tetracthylammonium fluoride,
tetrapropylammonium  fluoride, tetrabutylammonium  fluoride, methyltriethylammeonium
fluoride, and the like, or any combination thereof. Other suitable fluorine-containing
compounds can mclude arencs and alkyl-substituted arenes {c.g., benzene, toluene, xylene,
ete.), where at least one hydrogen atom is replaced with a F atom,

In another embodiment, the fluorine-containing compound can comprise {or consist
essentially of, or consist of) hydrofluonic acid; alternatively, fluorine gas (F,) ; alternatively,
2,2 2-triflucrocthanocl; alternatively, tetrafluorocthylene; alternatively, carbon tetrafluoride;
alternatively,  carbon  trifluoride;  alternatively,  fluoromcthane;  alternatively,

heptafluoropropane; alternatively, decafluorobutane; alternatively, hexafluoreisopropanol;
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alternatively, tetrafluoropropanol;  alternatively, pentafluoropropanol;  altematively,
hexattuorophenylpropanel; alternatively, perfluorobutyl alcohol; alternatively, hexafluor-2-
propanol; alternatively, pentafluoro-1-propancl; alternatively, tetrafluore-l-propanol;
alternatively,  1,1,1,3,3,3-hexafluoro-2-propancl;  altemnatively,  2,2,3,3,3-pentatluoro-1-
propancl; alternatively, ammoninm fluoride; alternatively, tetramethylammonium fluoride;
alternatively, tetracthylammonium fluoride; slternatively, tetrapropylammonium  fluoride;
alternatively, teirabutylammeoniom  fluonide; or  alternatively, wmethyltriethylaromonium
fiuoride.

Suttable chlovine/fluorine-containing  coropounds  {or chlorofluorocarbons) can
include, but are not limited to, CF:Cl, CE,CL, CFCl;, CHFCL, CHE.Cl, OF,Cly, CoF4Chy,
and the like, or any cornbivation thereof. Thus, the halogen-containing strcam can comprise
{or consist cssentially of, or consist ofy a chlorine/fluorine-containing compound or
chlorofluorocarbon in certain ernbodiments.

In addition to chlorine and fluorine, the halogen-containing stream can further
comprise an inert gas, such as heliom, neon, argon, or nitrogen, or combinations of two or
more of these materials. In certain embodiments, the halogen-containing stream can
comprise {or consist essentially of, or consist of) chlorine, fluorine, and an inert gas, and the
inert gas can be or can comprise nitrogen. lo a further embodiment, the halogen-containing
stream can comprise {or consist essentially of, or consist of) chlorine gas (Cly), fluorine gas
(F), and nifrogen.

In certain embodiments, the amount of chiorine (Cl) and fluorine (F), individually, in
the halogen-containing strearn can be less than about 5% by volume. For instance, the
halogen-containing stream can comprise a concentration in ppmv (ppm by volume) of Cl of
icss than about 25,000 and/or a ppmv of F of less than about 25,000; alternatively, a ppmv of
Cl of less than about 10,000 and/or a ppmv of F of less than about 18,000, alternatively, a
ppmv of 1 of lcss than about 5,000 and/or a ppmv of F of less than about 5,000,
alternatively, a ppmv of {1 of less than about 2,500 and/or a ppmv of F of less than about
2,500. Suitable ranges of the concentration of Cl and/or F can inchude, but are not himited to,
the following ranges: from about 30 to about 25,000 ppmv, from about 50 to about 5,000
ppmv, from about 50 to about 2,500 ppmv, from about 50 to about 1,000 ppmyv, from about
250 to about 25,000 pprov, frova about 250 to about 18,000 ppmy, from about 250 to about
5,000 ppmv, from about 250 to about 2,600 ppmv, from about 500 to about 5,000 ppmv,
from about 500 to about 2,500 ppmv, and the like.
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Additionally, or alternatively, the halogen-containing stream can be substantially free
of oxygen-containing compounds, such as oxygen (Oy), water (H;0), etc. As used herein,
“substantially free” of oxygen-containing compounds means less than 100 ppmw (ppm by
weight} of oxygen-containing compounds in the halogen-containing stream. Therefore, it i3
contemplated that the amount of oxygen-containing compounds in the halogen-containing
stream can be less than 50 ppmw, less than 25 ppmw, less than 10 ppmow, less than 5 ppmw,
or less than 3 ppmw, in certaim embodiments. To other ermbodiments, the amount of oxygen-
containing compounds in the halogen-containing stream can be in range from about 0.1 to
100 ppmw, from about 4.5 to 100 pprow, from about 1 to 100 ppmw, from about 0.1 to about
50 ppmw, from about 8.1 fo about 25 ppmw, from about 8.1 to about 10 ppmw, or from about
0.1 to about 5 pprow. While not wishing to be bound by theory, Applicants believe that it can
be beneficial to have substantially no oxygen added during the halogenation step of the
method of treating a spent catalyst.

The halogenation step can be conducted at a variety of temperatures and time periods.
For mstance, the halogenation step can be conducted at a halogenation teraperature in g range
from about 0 °C to about 500 °C,; alternatively, from about 100 °C to about 500 °C;
alternatively, from about 0 °C to about 400 “C; alternatively, from about 100 °C to about 450
°C; alternatively, from about 150 °C to about 350 °C; alternatively, from about 20 °C to about
350 °C; alternatively, from about 25 °C to about 300 °C; alternatively, from about 25 °C to
about 2530 °C; alternatively, from about 50 °C to about 280 °C; alternatively, frorm about 120
°C to about 320 °C; alternatively, from about 158 °C to about 300 °C; alternatively, from
about 130 °C to about 280 °C; or alternatively, from about 170 °C to about 230 “C. In these
and other embodiments, these temperature ranges also are meant to encompass circumstances
where the halogenation step is conducted at a series of different teraperatures, instead of at a
single fixed temperature, falling within the respective ranges.

The duration of the halogenation step is not liratted to any particular period of tirne.
Hence, the halogenation step can be conducted, for example, in a time period ranging from as
ittt as 30-45 minutes to as long as 12-24 hours, 36-48 hours, or more. The appropriate
halogenation fime can depend upon, for example, the halogenation temperature, aund the
amounts of chlorine and fluorine in the halogen-containing stream, among other variables.
Geoerally, however, the halogenation step can be conducted in a time period that can be in a
range from about 45 minutes to about 48 hours, such as, for example, from about 1 hour to

about 48 hours, from about 45 minutes to about 24 hours, from about 45 minutes to about 1§
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hours, from about 1 hour to about 12 hours, from about 2 hours to about 12 hours, from about
4 hours to about 10 hours, or from about 2 hours to about 8 hours.

Other methods for treating or regenerating spent catalysts comprising a trapsition
metal and a catalyst support also are disclosed and described herein. In one crabodiment, the
method of treating or regenerating a spent catalyst can comprise {or counsist essentially of, or
consist of):

{1 contacting the spent catalyst with a fluotine-containing strearn comprising a
fluorine-containing compound to produce a tluorinated spent catalyst;

() contacting the fluorinated spent catalyst with a chlorine-containing stream
comprising a chlorine-containing compound to produce a fluorinated-chlorinated spent
catalyst; and

(33 contacting the fluorinated-chlorinated spent catalyst with a decoking gas
stream Comprising oxygen.

In another embodiment, the method of treating or regenerating a spent catalyst can
comprise {or consist essentially of, or consist of):

(1) contacting the spent catalyst with a chlorine-containing stream comprising a
chlorine-containing compound to produce a chlorinated spent catalyst;

(2) contacting the chlorinated spent catalyst with a fluorine-containing stream
comprising a fluorine-containing compound to produce a chlorinated-fluorinated spent
catalyst; and

(33 contacting the chlorinated-fluorinated spent catalyst with a decoking gas
stream COMprising oxygen.

Generally, the features of any of the methods disclosed herein (e.g., the spent catalyst,
the transition metal, the catalyst support, the fluorine-containing stream, the chlorine-
containing stream, the conditions under which the fluoriation step is conducted, the
conditions under which the chlorination step is conducted, the decoking gas stream, the
conditions under which the decoking step is conducted, among others) are independently
described herein, and these features can be combined in any combination to further describe
the disclosed methods. Moreover, other process steps can be conducted before, during,
and/or after any of the steps listed in the disclosed methods, unless stated otherwise.
Additionally, reactivated catalysts produced 1o accordance with  the disclosed
methods/processes are within the scope of this disclosure and are encompassed herein.

The steps of these methods that utilize & fluorine-containing stream often can be

referred to as fluorination steps, while the steps of these methods that utilize a chiorine-
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containing stream often can be referred o as chlorination steps. Any compositional atiributes
of the fluorine-containing strearn and the chlorine-containing stream are meant to refer to the
respective incoming fluorine-containing stream and chlorine-containing stream, prior to
contacting the spent catalyst, unless expressly stated otherwise. As one of skill in the art
would readily recognize, the outgoing fluorine-containing stream and chlorine-containing
stream, after contacting the spent catalyst, can vary significantly in composition from the
respective mcoming fluorine-containing stream and chlorine-coutaining stream.

The fluorine-containing compound in the fluorine-containing stream can be any
fluorine~-containing compound disclosed herein as being suitable as a fluorine-containing
compound in the halogen-containing stream. For instance, the fluorine-containing compound
can comprise {or cousist esscotially of, or consist of) fluorine gas (Fy). In addition to
fluorine, the fluorine-containing stream can further comprise an inert gas, such as helium,
neon, argon, or nitrogen, or combinations of two or more of these materials.  In certain
embodiments, the fluorine-containing stream can comprise {(or consist essentially of, or
consist of} a fluorine-containing compound and an nert gas, and the inert gas can be or can
comprise nitrogen. In a further embodiment, the fluorine-containing stream can comprise {or
consist essentially of, or consist of) fluorine gas (F)) and nitrogen.

In certain embodiments, the aroount of fluorine (F) in the fluorine-containing stream
can be less than about 5% by volume. For instance, the fluorine-containing stream can
cotaprise a concentration in ppmv {(ppm by volume) of F of less than about 25,000,
alternatively, a ppmv of F of less than about 10,000; alternatively, a ppmv of F of less than
about 5,000; alternatively, a ppmyv of F of less than about 2,500, Suitable ranges of the
concentration of F can include, but are not limited to, the following ranges: from about 50 to
about 25,000 ppmiv, frora about 50 to about 5,000 pprav, from about 50 to about 2,500 ppmv,
from about 50 to about 1,000 ppmv, from about 250 to about 25,000 ppmv, from about 250 to
about 10,000 ppmv, from about 250 to about 5,000 ppmv, from about 250 to about 2,000
ppov, from about 500 to about 5,000 ppmyv, from about 500 to about 2,500 ppmv, and the
fike.

The fluorine-containing sitreamy can be substantially free of oxygen-containing
compounds {¢.g., oxygen (On), water (H,O), ctc.), i.e., can contain less than 100 ppmw {(ppm
by weight) of oxygen-containing compounds. Therefore, it 1s contemplated that the amount
of oxygen-containing compounds in the fluorine-containing stream can be less than 50
ppiw, less than 25 ppmw, less than 10 ppraw, less than 5 ppraw, or less than 3 ppmw, in

certain embodiments. In other embodiments, the amount of oxygen-containing compounds in
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the fluorine-containing stream can be in range from about 0.1 to 100 ppmw, from about 8.5 to
180 ppmow, from about 1 to 100 pprow, from about 0.1 to about 50 ppmw, fromw about 0.1 to
about 25 ppmw, from about 0.1 to about 10 ppmw, or from about 0.1 to about 5§ ppmw.
While not wishing to be bound by theory, Applicants believe that it can be beneficial to have
substantially no oxygen added during the fluorination step of the method of treating a spent
catalyst.  Morcover, although not required, the fluorine-containing stream can be
substantially free of chlonne-containing compounds, 1.e., can contain less than 100 ppmw
{(ppm by weight} of chlorine-containing compounds. As above, it is contemplated that the
amount of chlorine-containing coropounds iu the fluorive-containing stream cawn be, for
instance, less than 50 ppmw, less than 10 ppmw, in a range from about 0.1 to 100 ppmw, in a
range from about 8.1 to about 50 pprow, or 1 a ravge from about 8.1 to about 10 pprow, and
the like.

The tluorination step can be conducted at a variety of teraperatures and time periods.
For instance, the fluorination step can be conducted at a fluorination temperature in a range
from about § °C to about 500 °C, alternatively, from about 100 °C to about 500 °C;
alternatively, from about § °C to about 400 °C; alternatively, from about 100 °C to about 450
°C; alternatively, from about 150 °C to about 350 °C; alternatively, from about 20 °C to about
330 °C; aliernatively, from about 25 “C to about 300 °C; alternatively, from about 25 °C to
about 250 °C; alternatively, from about 10 °C to about 100 °C; alternatively, from about 20
°C to about 50 °C; alternatively, from about 50 “C to about 280 °C; alternatively, from about
120 °C to about 320 °C; alternatively, from about 150 °C to about 300 °C; alternatively, from
about 130 °C to about 280 °C; or alternatively, from about 170 °C to about 230 “C. In these
and other embodiments, these temperature ranges also are meant to encompass circumstances
where the fluorination step is conducted at a serics of differcut ternperaturcs, mstead of at a
single fixed temperature, falling within the respective ranges.

The duration of the fluorination step 1s not Hmited to any particular period of tirae.
Hence, the fluorination step can be conducted, for example, in a time period ranging from as
fittle as 30-45 minutes to as long as 12-24 hours, 36-48 hours, or more. The appropriate
fluorination time can depend upon, for exaraple, the fluorination temperature, and the amount
of fluorine in the fluorine-containing stream, among other variables. Generally, however, the
fluorination step can be conducted 1 a tiroe period that caun be n a range from about 45
minutes to about 48 hours, such as, for example, from about 1 hour to about 48 hours, from

about 45 minutes to about 24 hours, from about 45 minutes to about 18 hours, from about |
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hour to about 12 hours, from about 2 hours to about 12 hours, from about 4 hours to about 10
hours, or from about 2 hours to about 8 hours.

The chlorine-containing compound in the chlorine-containing stream can be any
chlorine-containing cornpound disclosed herein as being suitable as a chlorine-contaming
compound in the halogen-containing stream. For instance, the chlorine-containing compound
can comprise {or consist essentially of, or consist of) chlorine gas (Ch). In addition to
chlorine, the chlorine-containung stream can further comprise an inert gas, such as helium,
neon, argon, or nifrogen, or combinations of two or more of these materials. In certain
embodimuents, the chlorine-containing stream can comprise {or cousist esseutially of, or
consist of) a chlorine-containing compound and an inert gas, and the inert gas can be or can
comprise nifrogen. In a further embodiment, the chlorine-containing stream can comprise {or
consist essentially of, or consist of} chlorine gas {Ch) and nitrogen.

In certain embodiments, the amount of chlorine (Cl) in the chlorine-containing strcam
can be less than about 5% by volume. For iustance, the chlorine-containing stream can
comprise a concentration in pprav {ppm by volume) of Cl of less than about 25,000;
alternatively, a ppmv of Cl of less than about 10,000; alternatively, a ppmv of Cl of less than
about 5,000; alternatively, a ppmv of Cl of less than about 2,500, Suitable ranges of the
concentration of Cl can include, but are not hmited to, the following ranges: from about 50
to about 25,000 ppmv, from about 50 to about 5,000 ppmv, from about 50 to about 2,500
ppmv, from about 5¢ to about 1,000 pprov, from about 250 to about 25,000 pprav, from about
250 to about 10,000 ppmv, from about 250 to about 5,000 ppmv, from about 250 to about
2,800 ppmv, from about 500 to about 5,000 ppmv, from about 500 to about 2,500 pprov, and
the like.

The chlorme-containing stream can be substantially free of oxyvgen-containing
compounds {¢.g., oxygen (Oy), water (H: (), etc.), i.e., can contain less than 180 ppmw {ppm
by weight) of oxygen-containing compounds. Thercfore, it 1s contemplated that the amount
of oxygen-containing compounds in the chlorine-containing stream can be less than 50
ppimw, less than 25 ppmw, less than 10 ppmw, loss than 5 pprow, or less than 3 ppmw, in
certain embodiments. Tu other embodiments, the amount of oxygen-containing compounds n
the chlorine-containing stream can be in range from about 0.1 to 100 ppmw, from about 0.5
to 100 ppmw, from about 1 to 100 pprow, from about 0.1 to about 30 pprow, frova about 0.1
to about 25 ppmw, from about (.1 to about 10 ppmw, or from about 0.1 to about 5 ppmw.
While not wishing to be bound by theory, Applicants believe that if can be beneficial to have

substantially no oxygen added during the chlorination step of the method of treating a spent
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catalyst.  Moreover, although not required, the chlorine-containing stream can be
substantially free of fluorine-containing compounds, t.¢., can contain less than 100 ppmw
{ppm by weight} of fluorine-containing compounds. As above, it 1s conterplated that the
amount of fluorine-containing compounds i the chlorine-containing stream can be, for
instance, less than 50 ppmw, less than 10 ppmw, in a range from about 8.1 to 100 ppmw, in a
range from about 0.1 to about 50 pprow, or 1n a range from about 0.1 to about 10 pprow, and
the hike.

The chlorination step can be conducted at a variety of temaperatures and time periods.
For instance, the chlorination step can be conducted at a chlorination temperature 1n a range
from about § °C to about 500 °C; alternatively, from about 100 °C to about 3500 °C;
alternatively, from about § °C to about 400 °C; alternatively, from aboat 100 °C to about 450
°C; alternatively, from about 150 “C to about 350 °C; alternatively, from about 20 °C to about
350 °C; alternatively, from about 25 °C to about 300 °C; alternatively, from about 25 °C to
about 230 °C; alternatively, from about 10 °C to about 100 °C; alternatively, from about 20
°C to about 50 °C; alternatively, from about 50 “C to about 280 °C; alternatively, from about
120 °C to about 320 °C; alternatively, from about 150 °C to about 300 °C; alternatively, from
about 150 °C to sbout 280 °C; or alternatively, from about 170 °C to about 250 °C. In these
and other embodiments, these temperature ranges also are meant to encompass circumstances
where the chlorination step is conducted at a series of different temperatures, instead of at a
single fixed temperature, falling within the respective ranges.

The duration of the chlorination step is not limited to any particular period of time.
Hence, the chlorination step can be conducted, for example, in a time period ranging from as
litthe as 30-45 mimutes to as long as 12-24 hours, 36-48 hours, or more. The appropriate
chlorination timae can depend upon, for example, the chlorination temperature, and the
amount of chiorme in the chlorine-containing stream, among other variables. Generally,
however, the chlorination step can be conducted in a time period that can be in a range from
about 45 minutes to about 48 hours, such as, for example, from about 1 hour to about 48
hours, from about 45 minutes to about 24 hours, from about 45 minutes to about 18 hours,
from about 1 hour to about 12 hours, from about 2 hours to about 12 hours, from about 4
hours to about 10 hours, or from about 2 hours to about 8 hours.

In various embodiments contemplated herein, the methods of treating or regeverating
a spent catalyst can further include an optional halogen purge step prior to the carbon burn
step, and between the fluorination and chlorination step or between the chlorination and

fluorination step. In one embodiment, for example, a method of treating or regenerating a
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spent catalyst {c.g., comprising a iransition metal and a catalyst support) comprising a
fluorination step, followed by a chlorination step and a carbon burm step, can further
comprise a halogen purge step prior to the chlorination step. This halogen purge step can
comprise contacting the fluorinated spent catalyst with s halogen purge stream corprising
{or consisting essentially of, or consisting of) an inert gas. In another embodiment, a method
of treating or regencrating a spent catalyst {e.g., comprising a transition metal and a catalyst
support) coraprising a chlorination step, followed by a fluorination step and a carbou burn
step, can further comprise a halogen purge step prior to the fluorination step. This halogen
purge step can comprise contacting the chlorinated spent catalyst with a halogen purge stream
comprising (or consisting essentially of, or consisting of} an tnert gas. In these halogen purge
steps, the inert gas caun be helium, veon, argon, or nifrogen, or a wixture thercof]
alternatively, helium; alternatively, neon; alternatively, argon; or alternatively, nitrogen.

In some embodiments, the halogen purge stream can be substantially free of oxygen-
containing compounds {e.g., oxygen, water, etc.), as discussed above in relation to the
halogenation step. Hence, the halogen purge step can be conducted in the presence of less
than 100 ppmw of oxygen-containing compounds, or less than 58 ppmw, or less than 25
ppmw, or less than 10 ppmw, or less than 5 ppmw, or less than 3 ppmw.

Additionally, in some embodiments, the halogen purge stream can be substantially
free of halogen-containing compounds, as discussed herein in relation to the carbon burn
step. Hence, the halogen purge step can be conducted 1o the presence of less than 100 ppmw
of halogen-containing compounds, or iess than 50 ppmyw, or less than 25 ppmw, or less than
10 ppmw, or less than S pprow, or less than 3 ppmw.

The halogen purge step can be performed at a halogen purge temperature which
generally can encornpass the same temperature range as the halogenation temperature used in
the halogenation step. Accordingly, the halogen purge temperature can be in a range from
about 0 °C to about 500 °C; alternatively, from about 100 °C to about 500 °C; alternatively,
from about O °C to about 400 °C,; alternatively, from about 100 °C to about 400 °C;
alternatively, from about 150 °C to about 400 “C; alternatively, from about 20 °C to about
350 °C; alternatively, from about 25 °C to about 300 °C; alternatively, from about 180 °C to
about 320 °C; alternatively, from about 180 °C to about 280 °C; or alternatively, from about
200 °C to about 300 °C. In these and other embodiments, these temperature ranges also are
rmeant to encompass circumstances where the halogen purge step is conducted at a scries of
different teraperatures, instead of at a single fixed temperature, falling within the respective

ranges.
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The duration of the halogen purge step is not limited to any particular period of time.
Typically, the halogen purge step can be conducted 1u a tirne period ranging from as little as
30-45 minutes to as long as 48-72 hours (or more}, but more typically, the purging step can
be conducted in a time period that can be in a range frorn about 1 hour to about 48 hours,
such as, for example, from about 1 hour to about 36 hours, from about 2 hours to about 36
hours, from about 2 hours to about 24 hours, or from about 2 hours to about 18 hours.

Alternatively, the halogen purge step can be conducted for a time perlod sufficient to
reduce the halogen content of the outgoing purging stream, after contacting the spent catalyst
{the fluorinated spent catalyst or the chlorinated spent catalyst), to less than 100 ppraow of
halogen-containing compounds (i.c., substantially halogen-free).  For instance, after
countacting the spent catalyst with a fluorine-containing sitrearn comprising a fluonine-
containing compound to produce a fluorinated spent catalyst, the halogen purge step can be
conducted for a time period sufficient to reduce the fluorine content of the outgoing halogen
purge stream, after contacting the fluorinated spent catalyst, to less than about 160 ppmw of
fluorine-containing compounds; alternatively, less than about SO ppmw; alternatively, less
than about 25 ppmw; alternatively, less than about 10 ppmw; alternatively, less than about 3
ppmw; or alternatively, less than about 3 ppmw. Likewise, after contacting the spent catalyst
with a chlorine-containing stream comprising a chlorine-containing compound to produce a
chlorinated spent catalyst, the halogen purge step can be conducted for a time period
sufficient to rveduce the chlorine content of the outgoing halogen purge stream, after
contacting the chiorinated spent catalyst, to less than about 100 ppmw of chlorine-containing
compounds; altematively, less than about 30 ppmw; alternatively, tess than about 25 pprow;
alternatively, less than about 10 ppmw: alternatively, less than about 5 ppmw; or
alternatively, less than about 3 ppraw.

Step (i1} and step (3) of the method for treating or regenerating a spent catalyst often
can be referred to as the carbon burn step, or decoking step, and in this step, a halogenated
spent catalyst (or a fluorinated-chlorinated spent catalyst, or a chlorinated-fluorinated spent
catalyst) can be contacted with a decoking gas stream cornprising oxygen. In addition to
oxvgen, the decoking gas sircam can corprise an inert gas, i.¢., the decoking gas stream can
comprise {or consist cssentially of, or consist of) oxygen and an inert gas. Typical inert
gasses useful in the carbon burn step can eocowpass helium, neon, argon, nitrogen, and the
like, and this includes combinations of two or more of these materials.  In certain
embodiments, the decoking gas stream can comprise (or consist essentially of, or consist of)

oxygen and nitrogen; alternatively, air and nitrogen; or alternatively, air.
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Sinee the decoking gas stream can comprise air, the decoking gas stream can
cotaprise about 20-21 mole % oxygen. More often, however, the aroount of oxygen 1o the
decoking gas can be less than about 10 mole %. For example, in some embodiments, the
decoking gas strearn can comprise less than about 8 mole %, less than about § mole %, or
less than about 3 mole % oxygen. Accordingly, suitabie ranges for the mole % of oxygen in
the decoking gas stream can include, but are not limited to, the following ranges: from about
0.1 to about 25 mole %, from about 0.1 to about 20 mole %, from about 0.2 to about 10 mole
%%, from about 0.2 to about 5 mole %, from about .3 to about 5 mole %, from about 0.5 o
about 5 mole %, from about .5 to about 4 mole %, from about 0.5 to about 3 mole %, or
from about 1 to about 3 mole %, and the like.

fo an embodiment, the decoking gas stream can be substantially halogen-free, ie.,
substantially free of halogen-containing compounds. In this context, “substantially halogen-
free” mcans less than 100 ppmw (ppm by weight) of halogen-containing compounds in the
decoking gas stream. Therefore, it 1s contermplated that the amount of halogen-containing
compounds i the decoking gas strearn can be less than 50 pprow, less than 25 ppmw, less
than 10 ppmw, less than 5 ppmw, or less than 3 ppmw, in certain embodiments. In other
embodiments, the amount of halogen-containing compounds in the decoking gas stream can
be i range from about 0.1 to 100 ppmw, from about 0.5 to 100 ppmw, from about 1 to 100
ppmw, from about 0.1 to about 50 ppmw, from about 0.1 to about 25 ppmw, from about (.1
to about 10 ppmw, or fromw about §.1 to about 5 pprow. While not wishing to be bound by
theory, Applicants belicve that it can be beneficial to have substantially no halogens added
during the carbon burn step of the method of treating a spent catalyst.

In another embodiment, the decoking gas stream can be substantially free of water,
and in this regard, “substantially free” means less than 100 pproow (ppm by weight) of water
in the decoking gas stream. Therefore, it s contemplated that the amount of water in the
decoking gas strcam can be less than 50 ppmw, less than 25 pprmw, less than 10 pprow, less
than 5 ppmw, or less than 3 ppmw, in certain embodiments. In other embodiments, the
amount of water in the decoking gas strearn can be in range from about 0.1 to 100 ppmw,
from about (.5 to 100 ppmw, from about 1 to 100 pprow, frore about 0.1 to about 30 ppmw,
from about 0.1 to about 25 ppmw, from about 0.1 to about 10 ppmw, or from about 0.1 to
about 5 pprow. While not wishing to be bound by theory, Applicants believe that it can be
beneficial to have substantially no water added during the carbon burn step of the method of

treating a spent catalyst.
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Similar to that described above for the halogen-containing stream, any compositional
attributes of the decoking gas stream are meant to refer to the incoming decoking gas stream,
prior to contacting the halogenated spent catalyst (or the fluorinated-chlorinated spent
catalyst, or the chlorinated-tfluorinated spent catalyst), unless expressly stated otherwise, As
one of skill in the art would readily recognize, the outgoing decoking gas stream, after
contacting the halogenated spent catalyst {(or the fluorinated-chlorinated spent catalyst, or the
chlotinated-fluorinated speot catalyst), can vary significantly in composttion from the
incoming decoking gas stream. For instance, halogens deposited during the halogenation
step (or fluonination and/or chlorivation steps) can elute, in some circurstances, from the
catalyst during the carbon burn step. Moreover, water can be produced during the carbon
burn step, aud thus, water may be detected n the outgoing decoking stream.

The carbon burn step can be conducted at a varicty of temperatures and time periods.
For instance, the carbon burn step can be conducted at a peak decoking temperature in g
range from about 300 °C to about 600 °C, alternatively, from about 300 °C to about 550 °C;
alternatively, from about 300 °C to about 500 °C; alternatively, from about 320 °C to about
480 °C; alternatively, from about 340 °C to about 460 °C; or alternatively, from about 350 °C
to about 450 °C. In thesc and other embodiments, these temperature ranges also arc meant to
encompass circumstances where the carbon burn step is conducted at a series of different
temperatures {e.g., an initial decoking temperature, a peak decoking temperature), instead of
at a single fixed teraperature, falling within the respective ranges. For instance, the carbon
burn step can start at an initial decoking temiperature which is the same as the halogenation
teraperature in the halogenation step {or fluorination temperature 1n the fluonination step, or
chlorination temperature in the chlorination step). Thus, for example, the carbon bum step
can commence at an initial decoking temperature in a range frorn about 25 °C to about 250
°C, from about 10 °C to about 100 °C, or from about 50 °C to about 280 "C. Subsequently,
the temperature of the carbon burn step can be increased to a peak decoking temperature, for
example, in a range from about 300 °C to about 600 °C, or from about 350 °C to about 450
°C.

The duration of the carbon burn step s not Hmited to any particular period of time.
Hence, the carbon burn step can be conducted, for example, in a time period ranging from as
little as 30-45 munutes to as long as 48-72 hours, or more. The appropriate decoking time can
depend upon, for example, the mitial/peak decoking temperature, and the amount of oxygen
in the decoking gas stream, arnong other variables. Generally, however, the carbon burn step

can be conducted in a time period that can be in a range from about 45 minutes to about 72
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hours, such as, for example, from about 45 minutes to about 4% hours, from about 1 hour o
about 48 hours, from about 1 hour to about 12 hours, or from about 1 hour to about 6 hours.

Alternatively, the carbon burn step can be conducted for a time pertod sufficient to
reduce the wt. % of carbon on the halogenated spent catalyst {or the fluorinated-chlorinated
spent catalyst, or the chlorinated-fluorinated spent catalyst) to less than about 1 wt. %. In
some embodiments, the carbon bum step can be conducted for a time period sufficient to
reduce the wt. % of carbon ou the halogenated spent catalyst (or the fluorinated-chlorinated
spent catalyst, or the chlorinated-fluorinated spent catalyst) to less than about 0.75 wt. %, less
than about 0.5 wt. %, or iess than about 0.25 wt. %. In other erobodirnents, the carbon burn
step can be conducted for a time period determined by monitoring the €O, level in the
outgoing or exiting decoking stream, after countacting the catalyst. Hence, the carbou burn
step can be conducted for a time period sufficient to reduce the amount of €Oy in the
outgoing or exiting decoking stream, afier contacting the catalyst, to less than about 100
ppmv, for example, less than about 50 ppmv, or less than about 20 ppmv.
result in a treated spent catalyst having an activity that is from about 50% to about R0% of the
activity of the fresh catalyst, for example, from about 50% to about 75%, or from about 55%
to about 75%. In this regard, the activity of the treated speut catalyst 1s based on retarning to
within about 50%-80% of fresh catalyst activity of the same production run of catalyst, tested
on the same equipment and under the saroe method and conditions.

In various embodiments contemplated herein, the methods of treating or regenerating
a speut catalyst can further mclude one or more optional steps performed prior o the
halogenation step (or prior to the fluorination and chlorination steps, or prior to the
chlorination and fluorination steps) and the carbon bum step.  For example, a method of
treating or regenerating a spent catalyst can further comprise a partial decoking step prior to
the halogenation {or fluorination, or chlorination) step, and/or can further comprise a pre-
drying step prior to the halogenation (or fluorination, or chlorination} step, and/or can further
comprise a re-coking pretreatment step prior to the halogenation {(or fluorination, or
chlorination) step. These optional pre-halogenation (or pre-fluorination, or pre-chlorination)
steps are discussed in greater detail herein below. In one embodiment, at least one of these
optional steps can be performed 1o a method of treating or regenerating a speut catalyst, while
in another embodiment, two of these optional steps can be performed. However, in yet
another embodiment, all three of these optional steps can be performed.  The pre-

halogenation {or pre-fluorination, or pre-chlorination} steps can be performed in any order,
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however, in a particular embodiment, the partial decoking step can be performed first,
followed by the pre-drying step, and then the re-colang step.

in an embodiment, a method of treating or regenerating a spent catalyst {¢.g.,
comprising a transition metal and a catalyst support) comprising a halogenation step {or a
fluorination step followed a chlorination step, or a chlorination step followed by a
fluorination step) and a carbon burmn step can further coraprise a partial decoking step prior to
the halogenation {or fluorination, or chlorination) step. This partial decoking step generally
can comprise contacting the spent catalyst with a partial decoking gas stream comprising
oxXygen.

The composition of the partial decoking gas stream can encompass the same potential
atiributes as that described above for the decoking gas stream employed i the carbon burn
step. Thus, in addition to oxygen, the partial decoking gas stream can comprise an inert gas,
such as helium, neon, argon, and/or nifrogen. In an embodiment, the partial decoking gas
stream can cowmprise {or consist essentially of, or consist of} oxygen and wnitrogen;
alternatively, air and nitrogen; or alternatively, air.  In another ernbodiment, the partial
decoking gas stream often can comprise, for example, from about 0.1 to about 25 mole %
oxygen, from about 0.1 to about 20 mole % oxygen, from about 0.2 to about 10 mole %
oxygen, from about 8.2 to about 5 mole % oxygen, from about 0.3 to about S mole % oxygen,
from about 0.5 to about 5 mole % oxygen, from about 0.5 to about 4 moele % oxygen, from
about 0.5 to about 3 mole % oxygen, or from about 1 to about 3 mole % oxygen, and the like.
in yet another embodiment, the partial decoking gas stream can be substantially halogen-free
or substantially free of halogen-contaiming compounds, 1.¢., baving less than 100 ppmow (ppm
by weight) of halogen-containing compounds in the partial decoking gas stream, such as, for
example, less than 50 ppraw, less than 25 ppmw, less than 10 ppraw, less than 5 ppmw, or
less than 3 ppmw, of halogen-containing compounds in the partial decoking gas stream. In
still another embodiment, the partial decoking gas stream can be substantially free of water,
i.e., having less than 100 ppmw of water in the partial decoking gas stream, such as, for
example, less than 50 ppraw, less than 25 ppmw, less than 10 ppraw, less than 5 ppmw, or
iess than 3 ppmaw, of water in the partial decoking gas strear.

The partial decoking step differs from the carbon burn step in that it can be conducted
at a much lower temperature. Generally, the parhial decoking step can be conducted at a
partial decoking temperature in a range from about from about 125 °C to about 260 °C;
alternatively, from about 150 °C to about 250 °C; alternatively, from about 150 °C to about

250 °C; alternatively, from about 175 °C to about 250 °C; alternatively, from about 150 °C to
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about 225 °C; or alternatively, from about 175 °C to about 225 °C. In these and other
embodiments, these temperature ranges also are meant to encompass circurustances where
the partial decoking step is conducted at a series of different temperatures, instead of at a
single fixed teraperature, falling within the respective ranges.

The duration of the partial decoking step is pot himited to any particular period of
time. Typically, the partial decoking step can be conducted 1 a time period ranging from as
ftttle as 30-45 minutes to as long as 48 hours {or more), but more typically, the partial
decoking step can be conducted in a time period that can be in a range from about 1 hour to
about 36 hours, such as, for example, from about 2 hours to about 36 hours, from about |
hour to about 24 hours, from about | hour to about 18 hours, or from about 2 hours to about
24 hours.

Alternatively, the partial decoking step can be conducted for a time period sufficient
to reduce the wt. % of carbon on the spent catalyst to within a range from about 1 to about 10
wt. %, such as, for example, from about 2 to about 10 wt. %, from about 2 to about 8 wit. %,
from about 3 to about 7 wt. %, from about 3 to about 6 wt. %, or from about 4 to about 5 wi.
% carbon. While not wishing to be bound by theory, Applicants believe that operational
health and safety benefits can be achieved by removing liquid hydrocarbons and light
oligomers prior to freating the spent catalyst or opening the reactor.

In an cmbodiment, a method of treating or regenerating a spent catalyst {(e.g.,
coraprising a transition metal and a catalyst support) comprising a halogenation step {or a
fluorination step followed a chlorination step, or a chlorination step followed by a
fluorination step) and a carbon burn step can further comprise a pre~drying step prior to the
halogenation (or fluorination, or chlorination} step. This pre-drying step generally can
comprise contacting the spent catalyst with a pre-drying gas stream comprising {or consisting
essentially of, or consisting of} an inert gas. The inert gas can be helivm, neon, argon, or
nitrogen, or a mixture thereof; alternatively, heliurn; alternatively, neon; alternatively, argon;
or alternatively, nitrogen. Additionally, in some embodiments, the pre-drying gas stream can
be substantially free of oxygen-containing compounds {(¢.g., oxygen, water, etc), as discussed
above in relation to the halogenation step. Hence, the pre-drying step can be conducted in the
presence of less than 100 ppmw of oxygen-containing compounds, or less than 58 ppmw, or
less than 25 ppmw, or less than 10 ppmw, or less than 5 ppmw, or less than 3 ppmw.,

The pre-drying step can be performed at a pre-drying temperature which generally
can encompass the same temperature range as the halogenation temperature used in the

halogenation step. Accordingly, the pre-drying temperature can be in a range from about



L

]
W

WO 2013/134055 PCT/US2013/028533
24

°C to about 300 °C; alternatively, from about 100 °C to about 300 °C; alternatively, from
about 0 °C to about 400 °C; alternatively, from about 100 °C to about 400 °C; alternatively,
from about 150 °C to about 400 °C, alternatively, from about 20 °C to about 350 °C;
alternatively, from about 25 “C to about 300 °C; alternatively, from about 150 "C to about
3530 °C; alternatively, from about 180 °C to about 320 °C; alternatively, from about 180 °C to
about 280 °C; or alternatively, from about 200 °C to about 300 °C.

fo these and other embodiments, these teraperature ranges also are meant to
encompass circumstances where the pre-drying step is conducted at a series of different
teraperatures, nstead of at a single fixed temperature, falling within the respective ranges.

The duration of the pre-drying step is not limited to any particular period of time.
Typically, the pre~drying step can be conducted in a tirae period ranging from as hitle as 30-
45 minutes to as long as 48-72 hours {or more), but more typically, the pre-drying step can be
conducted in a tiroe period that can be in a range from about 1 hour to about 72 hours, such
as, for example, from about 1 hour to about 48 hours, from about 1 hour to about 36 hours,
from about 2 hours to about 24 hours, or from about 2 hours to about 1¥ hours.

Alternatively, the pre-drying step can be conducted for a time period sufficient to
reduce the moisture content of the spent catalyst to less than about 4 wt. %, less than about 2
wt, %, less than about 1 wt. %, less than about 8.5 wt. %6, or less than about 0.1 wit %.

In an cmbodiment, a method of treating or regenerating a spent catalyst {e.g,
coraprising a transition metal and a catalyst support) comprising a halogenation step {(or a
fluorination step followed a chlorination step, or a chlorination step followed by a
fluorination step) and a carbon burn step can further comprise a re-coking pretreatment step
prior to the halogenation {or fluorination, or chlorination) step. This re~coking pretreatment
step generally can comprise contacting the spent catalyst with a pretreatment strear
comprising a hydrocarbon feed and molecular hydrogen. The hydrocarbon feed can be the
same as a feed strearn to an aromatization process. Thus, in some embodiments, the
hydrocarbon feed can comprise Cg-Cy alkanes and/or cycloalkanes.

The pretreatment step can be performed at a pretreatment teroperature which
generally can encompass the same temperature range as the halogenation temperature and/or
the temperaturc used in the aromatization process.  Accordingly, the pretreatment
teraperature can be in a range from about 100 °C to about 600 °C; alternatively, from about
300 °C to about 600 °C; alternatively, from about 400 °C to about 600 °C; alternatively, from
about 100 °C to about 350 °C; alternatively, from about 0 °C to about 400 °C; alternatively,

from about 20 °C to about 350 °C; aliernatively, from about 25 °C to about 300 °C;
Y
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alternatively, from about 120 °C to about 300 °C; or alternatively, from about 150 °C to about
250 °C. In these and other embodiments, these temperature ranges also are meant to
encompass circumstances where the pretreatment step is conducted at a series of different
teraperatures, instead of at a single fixed temperature, falling within the respective ranges.

The duration of the re~coking pretreatment step is not limited to any particular period
of time. Typically, the pretreatment step can be conducted in a tirac period ranging from as
ftttie as 30-45 wanutes to as long as 48-72 hours {(or more), but more typically, the
pretreatment step can be conducted in a time period that can be in a8 range from about | hour
to about 48 hours, such as, for exaraple, from about 1 hour to about 36 hours, from about 1
hour to about 24 hours, from about 2 hours to about 24 hours, or from about 2 hours to about
18 hours.

Alternatively, the re-coking pretreatment step can be conducted for a time period until
the wt. % of carbon on the spent catalyst is within a range from about 1 to about 10 wt. %.
Additionally or alternatively, the re-coking pretreatment step can be conducted for a time
period sufficient to add from about 0.5 to about 2.5 wt. %, from about 1 to about 2 wt. %, or
from about | to about 1.5 wit. %, of coke or carbonaceous build-up onto the spent catalyst.

In various embodiments contemplated herein, the methods of treating or regenerating
a spent catalyst can farther include one or more optional intermediate steps performed afie
the halogenation step (or after the fluorination and chlorination steps, or after the chlorination
and fluorination steps), but prior to the carbon buro step. For example, a roethod of treating
or regenerating a spent catalyst can further comprise @ purging step prior to the carbon burn
step and/or can further comprise a hydrocarbon treatment step prior to the carbon burn step.
These optional intermediate steps are discussed in greater detail herein below. In one
cmbodiment, at lcast one of these optional intermediate steps can be performed in @ method
of treating or regenerating a spent catalyst, while in another embodiment, both of these
optional intermediate steps can be performed. When both intermediate steps are performed,
the intermediate steps can be performed in any order, for example, the halogenation step (or
the fluorination and chlorination steps, or the chlorination and fluorination steps), followed
by the hydrocarbon treatment step, then the purging step, and then the carbon burn step.

In an embodiment, a mcthod of treating or regenerating a spent catalyst {¢.g.,
comprising a trassifion metal and a catalyst support) comprising a halogenation step {or a
fluorination step followed a chlorination step, or a chlorination step followed by a
fluorination step) and a carbon burn step can further corprise a purging step prior to the

carbon burn step. This purging step can comprise contacting the halogenated spent catalyst
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{or the fluorinated-chlorinated spent catalyst, or the chiorinated-fluorinated spent catalyst)
with a purging stream comprising {or consisting essentially of, or consisting of) an wnert gas.
The inert gas can be helium, neon, argon, or nitrogen, or a mixture thereof; alternatively,
heliurn; alternatively, neon; alternatively, argon; or alternatively, nitrogen.

Additionally, in some embodiments, the purging stream can be substantially free of
oxygen-containing compounds {¢.g., oxygen, water, cte), as discussed above in relation to the
halogenation step. Hence, the purging step can be conducted in the presence of less than 100
ppmw of oxygen-containing compounds, or less than 50 ppmw, or less than 25 ppmw, or less
than 10 pprow, or less than 5 ppmw, or less than 3 ppmw.

Additionally, in some embodiments, the purging stream can be substantially free of
halogen-contaiming compounds, as discussed above wn relation to the carbon buro step.
Hence, the purging step can be conducted in the presence of less than 100 ppmw of halogen-
containing compeunds, or oss than 50 ppmw, or less than 25 ppmw, or less than 10 ppmw, or
less than 5 ppmw, or less than 3 pprmaw.,

The purging step can be performed at a purging teraperature which gencrally can
encompass the same temperature range as the halogenation temperature used in the
halogenation step.  Accordingly, the purging temperature can be in a range from about 0 °C
to about 300 °C; aliernatively, from about 100 “C to about 300 °C, alternatively, frora about 0
°C to about 400 °C; alternatively, from about 100 °C to about 400 °C; alternatively, from
about 150 °C to sbout 400 °C; alternatively, from about 20 °C to about 350 °C; alternatively,
from about 25 °C to about 300 °C; alternatively, from about 180 °C to about 320 °C;
alternatively, from about 180 °C to about 280 °C; or alternatively, from about 200 °C to about
300 °C.  In these and other embodiments, these temperature ranges also are meant to
cncompass circumstances where the purging step is conducted at a serics of different
temperatures, instead of at a single fixed temperature, falling within the respective ranges.

The duration of the purging step is not hmuted to any particular period of time.
Typically, the purging step can be conducted in a time period ranging from as little as 30-45
mtnutes o as long as 48-72 hours {or more), but more typically, the purging step can be
conducted in a time period that can be in a range from about 1 hour to about 48 hours, such
as, for example, from about | hour to about 36 hours, from about 2 hours to about 36 hours,
from about 2 hours to about 24 hours, or from about 2 hours to about 18 hours.

Alternatively, the purging step can be conducted for a time period sufficient to reduce
the halogen content of the outgoing purging stream, after contacting the halogenated spent

catalyst {or the fluorinated-chlorinated spent catalyst, or the chlorinated-fluorinated spent
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catalyst), to less than 100 ppmw of halogen-containing compounds (i.e., substantially
halogen-free).  In some cmbodiments consistent with the disclosure herein, the halogen
content of the outgoing purging stream, after contacting the halogenated spent catalyst (or the
fluorinated-chlorinated spent catalyst, or the chlorinated-fluorinated spent catalyst), can be
less than 50 ppmw, less than 25 ppmw, less than 10 ppmw, less than 5 ppmw, or less than 3
ppw. While not wishing to be bound by theory, Applicants believe that it can be beneficial
to have halogeus closely associated with the catalyst during the carboun burn step, but
substantially no halogens present in the free volume of the atmosphere surrounding the
halogenated spent catalyst, or the fluorinated-chlorinated spent catalyst, or the chlornated-
fluorinated spent catalyst (e.g., in the vessel containing the spent catalyst).

In an embodiment, a method of freating or regenerating a spent catalyst {(e.g.,
comprising a transition metal and a catalyst support) comprising a halogenation step {(or a
fluorination step followed a chlorination step, or a chlorination step followed by a
fluormnation step) and a carbon burn step can further comprise a hydrocarbon treatment step
prior to the carbon burn step. This hvdrocarbon treatmoent step can cormprise contacting the
halogenated spent catalyst {or the fluorinated-chlorinated spent catalyst, or the chlorinated-
fluorinated spent catalyst) with a hydrocarbon treatment stream comprising a hydrocarbon
feed. The hydrocarbon freatment stream can be the saroe as a feed stream to an aromatization
process. Hence, in some embodiments, the hydrocarbon treatment stream can comprise Cs-
(g alkanes and/or cycloalkanes.

The hydrocarbon treatment step can be performed at a hydrocarbon treatment
teraperature which generally can cucornpass the same terperature range as the teraperature
range used in the aromatization process. In some embodiments, the hydrocarbon treatment
temperature can be in a range from about 300 °C to about 600 °C; alternatively, from about
350 °C to about 600 °C; alieratively, from about 400 °C to about 600 °C; alternatively, from
about 350 °C to sbout 550 °C; or alternatively, from about 450 °C to about 550 “C. In these
and other embodiments, these temperature ranges also are meant to encompass circumstances
where the hydrocarbon treatment step is conducted at a scries of different temperatures,
instead of at a single fixed temperature, falling within the respective ranges.

The duration of the hydrocarbon treatment step is not limited to any particular period
of time. Typically, the hydrocarbon treatrnent step can be conducted 1 a time period ranging
from as little as 30-45 minutes to as long as 48-72 hours {or more), but more typically, the
hiydrocarbon treatraent step can be conducted in a tirae period that can be in a range from

about 1 hour to about 48 hours, such as, for example, from about 1 hour to about 36 hours,
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from about 1 hour to about 24 hours, from about 2 hours to about 24 hours, or from about 2
hours to about I8 hours.

in various embodiments contemplated herein, the methods of treating or regenerating
a spent catalyst can further mmclude one or more optional final steps performaed afier the
carbon burn step. For example, a method of treating or regenerating a spent catalyst can
further comprise a reducing step after the carbon burn step. This reducing step can coraprise
countacting the de~coked catalyst with a reducing gas stream comprising wolecular hydrogen.
in addition to molecular hydrogen, the reducing gas stream can comprise an inert gas, i.¢., the
reducing gas stream can comprise (or consist essentially of, or consist of) molecular bydrogen
and an inert gas. Typical inert gasses useful in the reducing step can encompass helium,
neon, argon, nitrogen, and the hike, and this inchudes combinations of two or more of these
materials.  In certain embodiments, the reducing gas stream can comprise {or consist
essentially of, or consist of) molecular hydrogen and nitrogen.

In some embodiments, molecular hydrogen can be the major component of the
reducing gas stream, while in other embodiments, molecular hydrogen can be a minor
component. For example, the reducing gas stream can comprise at least about 25 mole %
molecular hydrogen, at icast about 35 mole % molecular hydrogen, at least about 50 mole %
molecular hydrogen, at least about 65 mole % molecular hydrogen, at least about 75 wole %
molecular hydrogen, or 100 mole % molecular hydrogen. Accordingly, suitable ranges for
the mole % of roolecular hydrogen in the reducing gas strearo can include, but are not limited
tg, the following ranges: from about 25 to 100 mole %, from about 50 to 100 mole %, from
about 25 to 100 mole %, from about 35 to 100 mole %, from about 55 to 100 mole %, from
about 25 to about 75 mole %, from about 35 to about 65 mole %, or from about 70 to 100
molc %, and the hke.

The reducing step can be conducted at a variety of temperatures and time periods.
For instance, the reducing step can be conducted at a pesk reducing temperature in a range
from about 300 °C to about 600 “C; alternatively, from about 300 °C to about 550 °C;
alternatively, from about 400 °C to about 600 °C; alternatively, from about 350 °C to about
575 °C; alternatively, from about 400 "C to about 550 °C; or alternatively, from about 450 °C
to about 350 °C. In these and other embodiments, these temperature ranges also are meant to
encompass circumstances where the reducing step s conducted at a series of different
temperatures {¢.g., an initial reducing temperature, a peak reducing temperature), instead of at
a single fixed temperature, falling within the respective ranges. For instance, the reducing

step can start at an initial reducing temperature which is the same as the halogenation
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temperature in the halogenation step, or the fluorination temperature in the fhiorination step,
or the chlorination teroperature in the chlorination step (e.g., in a range from about 8 °C to
about 500 °C, in a range from about 25 °C to about 250 °C, or in a range from about 50 °C o
about 280 °C). Subsequently, the temperature of the reducing step can be increased to a peask
reducing temperature, for example, in a range from about 400 °C to about 600 °C.

The duration of the reducing step is not limited to any particular period of time.
Hence, the reducing step can be conducted, for example, in a time period ranging from as
litthe as 1 hour to as long as 4¥-72 hours, or more. For example, the reducing step can be
conducted n a time period that can be 1 a range from about 2 hours to about 48 hours, from
about 3 hours to about 36 hours, from about § hours to about 36 hours, from about 2 hours to
about 30 hours, or from about 10 hours to about 30 hours.

Alternatively, the reducing step can be conducted for a time period sufficient to result
in a treated spent catalyst having an activity that is from about 50% to about 80% of the
activity of the fresh catalyst, for example, from about 580% to about 75%, or from about 55%
to about 75%. In this regard, the activity of the treated spent catalyst is based on returning to
within about 50%-80% of fresh catalyst activity of the same production run of catalyst, tested

on the same equipment and under the same method and conditions.

REFORMING PROCESSES WITH AROMATIZATION CATALYSTS

Also encoropassed herein are various processes for reforming hydrocarbons. One
such reforming process can comprise {or consist essentially of, or consist of):

(a3 contacting a hydrocarbon feed with an aromatization catalyst comprising a
transition metal and a catalyst support under reforming conditions in a reactor system to
produce an aromatic product;

{b} performing step (a) for a time period sufficient to form a spent aromatization
catalyst;

{c) contacting the spent aromatization catalyst with a halogen-containing stream
comprising chlorine and fluorine to produce a halogenated spent catalyst; and

{d contacting the halogenated speot catalyst with a decoking gas stream
conmprising oxygen.

Generally, the features of any of the reforming processes disclosed herein {e.g., the
hydrocarbon feed, the aromatization catalyst, the transition metal, the catalyst support, the
reforming conditions, the halogen-containing stream, the conditions under which the

halogenation step is conducted, the decoking gas stream, the conditions under which the
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decoking step is conducted, among others) are independently described herein, and these
features caun be combined in any combination to further describe the disclosed processes.
Moreover, other process steps can be conducted before, during, and/or after any of the steps
iisted in the disclosed processes, unless stated otherwise.

The halogenation step (¢} and the carbon burn step (d) are discussed herein above.
Any embodiments and features of the halogenation step and/or the carbon burn step (as well
as other steps that can be conducted before, during and/or afier the halogenation step and/or
the carbon burn step) described herein can be utilized in the processes for reforming
hydrocarbous and, accordingly, are encompassed herein.

Another process for reforming hydrocarbons disclosed herein can comprise {or consist
essentially of, or counsist of}:

{(A)  contacting a hydrocarbon feed with an aromatization catalyst comprising a
transition metal and a catalyst support under reforming conditions in a reactor system to
produce an aromatic product;

(B)  performing step {A) for a time period sufficient to form a spent aromatization
catalyst;

(C}  contacting the spent aromatization catalyst with a fluorine-containing stream
comprising a fluorine-containing compound to produce a fluormated spent catalyst;

(D) contacting the fluorinated spent catalyst with a chlorine-containing stream
coraprising a chlorine-containing compound to produce a fluorinated-chlorinated spent
catalyst; and

(B}  contacting the fluonnated-chlorinated spent catalyst with a decoking gas
stream COMprising oxygen.

Yet another process for reforming hydrocarbons disclosed herein can comprise {or
counsist essentially of, or consist of}:

{(A)  contacting a hydrocarbon foed with an aromatization catalyst comprising a
transition metal and a catalyst support under reforming conditions in a reactor system (o
produce an aromatic product;

(B)y  performing step {A) for a time period sufficient to form a spent aromatization
catalyst;

(C)  coutacting the spent aromatization catalyst with a chlorine-containing stream

comprising a chlorine-containing compound to produce a chlorinated spent catalyst;
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(D) contacting the chlorinated spent catalyst with a fluorine-containing stream
cornprising a fluorine-contaiming compound to produce a chiorivated-fluorinated spent
catalyst; and

(B}  countacting the chlorinated-fluorinated spent catalyst with a decoking gas
stream comprising oxygen.

Generally, the features of any of the reforming processes disclosed herein {e.g., the
hydrocarbon feed, the aromatization catalyst, the transition metal, the catalyst support, the
reforming conditions, the fluorine-containing stream, the conditions under which the
fluorination step is conducted, the chlorine-containing stream, the couditions under which the
chlorination step is conducted, the decoking gas stream, the conditions under which the
decoking step is conducted, armong others) are independently described herein, and these
features can be combined in any combination to further describe the disclosed processes.
Moreover, other process steps can be conducted before, during, and/or after any of the steps
listed in the disclosed processes, unless stated otherwise.

The fluorination and chlorination steps {steps (C) and (D)) and the carbon burn step
(E) are discussed herein above. Any embodiments and features of the fluorination step
and/or the chlorination step and/or the carbon burn step (as well as other steps that can be
conducted betore, during and/or after the fluorination step and/or the chlorination step and/or
the carbon burn step) described herein can be utilized in the processes for reforming
hydrocarbons and, accordingly, are encompassed hereiu.

In these reforming processes, step {a) and step (A} can comprise contacting a
hydrocarbon feed with an aromatization catalyst under reforming conditions in a reactor
system to produce an aromatic product. The reactor systems for reforming and the respective
reforming conditions are well known to those of skill in the art and arc described, for
example, in U.S. Patent Nos. 4,456,527, 5,3K9,235, 5,401,386, 5,401,365, 6,207,042, and
7,932,425, the disclosures of which are incorporated herein by reference in their entirety.

Likewise, typical hydrocarbon feeds are disclosed in these references. Often, the
hydrocarbon feed can be a naptha stream or light naptha strearn. In certain erabodiments, the
hydrocarbon feed can comprise Ce-Cg  alkanes and/or cycloalkanes {e.g., hexane,
cyclohexane, ete.).

Step {b) and step (B) in the reforming processes indicate that step {a) and step (A),
respectively, can be performed for a time period sufficient for the aromatization catalyst to be
“spent.”  As discussed herein above, a “spent” catalyst is typically a catalyst that has

unacceptable performance in one or more of catalyst activity, hydrocarbon feed conversion,
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yield to a desired product(s), selectivity to a desired product(s), or an operating parameter,
such as output/production rate or reforming temperature, although not Hmited thereto. Once
the aromatization catalyst is “spent,” the rejuvenation steps (¢) and {d) {or {C}, (P}, and (E}},
amongst others, can be performed.

In an embodiment, the reforming process can be an in situ process, for example, steps
{a)~(d) or (A)—(E) can be performed in the samc reactor systemn. However, 1n an alternative
embodiment, the catalyst treatment or rejuvenation steps (¢)—{d) or (C)—(E} can be conducted
external to the reactor systern, such as in another vessel and/or location. For instance, the
halogenation {or fluorination and chlorination) and the carbon burn steps can be conducted in
a vessel that is not in the reforming reactor system.

fo another ewbodimaent, the reforming process can further comprise a step of
reactivating the catalyst after step (d) or after step (E). Any catalyst reactivated by these
processes is considered within the scope of this disclosure and encompassed herein. In some
embodiments, the reactivated catalyst can have from about 50% to about 0% of the catalyst
activity of fresh aromatization catalyst of the same production run of catalyst, tested on the
same equipment, and under the same method and test conditions.

Additionally, it is contemplated that the fouling rate (FR) of the reactivated catalyst
can be equal to or less than the fouling rate of the fresh aromatization catalyst. Moreover, the
End of Run (EOR) temperature of the reactivated catalyst can be within +/- 8 °C of the EOR

temperature of the fresh aromatization catalyst, in certain embodiments.

TRANSITION METAL BASED CATALYSTS

Consistent with embodiments disclosed herein, and the various methods described
heremn above and below, the aromatization catalyst {c.g., fresh or spent) can comprise a
transition metal and a catalyst support. The catalyst support typically can comprise an
inorganic oxide, cxamples of which can include, but are not lirntted to, bound medium and/or
large pore zeolites (aluminosilicates), amorphous inorganic oxides, as well as mixtures
thereof. Large pore zeolites often can have average pore diameters in a range of from about 7
A to about 12 A, and non-limiting examples of large pore zeolites include L-zeolite, Y-
zeolite, mordenite, omega zeolite, beta zeolite, and the like. Medium pore zeolites often can
have average pore diameters in a range of from about 5 A fo about 7 A.  Amorphous
inorganic oxides can include, but are not limited to, aluminum oxide, silicon oxide, titania,

and combinations thereof.
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The term “zeolite” generally refers to a particular group of hydrated, crystalline metal
aluminostlicates, These zeolites exhibit a network of 5iQy and AlQy tetrahedra in which
aluminum and stlicon atoms are crosslinked in a three-dimensional framework by sharing
oxygen atoms. In the framework, the ratio of oxygen atorns to the total of aluminum and
stlicon atoms can be equal to 2. The framework exhibits a negative electrovalence that
typically can be balanced by the inclusion of cations within the crystal, such as metals, alkali
roetals, alkaline earth metals, and/or bydrogen.

In some embodiments, the catalyst support can comprise an L-type zeolite. L-type
zeoltte supports are a sub~-group of zeolitic supports, which can contain mole ratios of oxides
in accordance with the formula: My, OALOxSIO,vHO. In this formula, “M” designates an
exchangeable cation {one or more) such as barturs, calcium, cerium, Hthium, magnesiom,
potassium, sodium, strontium, and/or zinc, as well as non-metallic cations like hydronium
and aramonium ions, which may be replaced by other exchangeable cations without causing a
substantial alteration of the basic crystal structure of the L-type zeolite. The *“n” iun the

%

formula represents the valence of “M”; “x” 1s 2 or greater; and “v” is the number of water
molecules contained in the channels or interconnected voids of the zeolite.

In one embodiment, the catalyst support can comprise a bound potassium L-type
zeolite, also referred to as a Kl-zeolite, while in another erabodiment, the catalyst support
can comprise a barium ion-exchanged L-zeolite. As used herein, the term “KL-zeolite” refers
to L-type zeolites in which the principal cation M incorporated in the zeolite is potassium. A
Ki-zeolitc can be cation-exchanged {(c.g., with barium) or impregnated with a transition
metal and one or more halides to produce a transition roetal impregnated, halded zeohtc or a
KL supported transition metal-halide zeolite catalyst.

In the aromatization catalyst (c.g., fresh or spent), the zeolite can be bound with a
support maftrix {or binder), non-limiting examples of which can include silica, alumina,
magnesia, boria, titania, zirconia, various clays, and the like, including mixed oxides thercof,
as well as mixtures thereof. For example, the spent catalyst can comprise a support matrix
comprising alumina, silica, a mixed oxide thereof, or a mixture thercof. The zeolite can be
bound with the support matrix using any method known in the art.

The aromatization catalyst can comprise a fransition metal, and non-Himiting examples
of suitable transition metals can include wron, cobalt, nickel, rutheniura, rhodium, palladium,
osmium, iridiam, platinum, gold, silver, copper, and the like, or a combination of two or more

transition metals. In one cmbodiment, the transition metal can comprise & Group VIHI
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transition metal {one or more), while in another embodiment, the transition metal can
cotnprise platinum (Pt).

in one embodiment, the spent catalyst can comprise from about (.1 wt. % to about 10
wt. % transition metal. In another cmbodiment, the spent catalyst can comprise from about
(.3 wt. % to about 5 wt. % transition metal. In yet another embodiment, the spent catalyst
can comprise frorn about 0.3 wt. % to about 3 wt. % transition metal, or from about 0.5 wt. %
to about 2 wi. % transition metal. These weight percentages are based on the weight of the
spent catalyst excluding carbon. As one of skill in the art would recognize, the spent catalyst
can coutain varving levels of carbon build-up, often n the 2 wi. % to 10 wt. % range.
Accordingly, the weight percentages of the transition metal are meant to be based on the
weight of the spent catalyst minus any weight attributable to carbon.

In circumstances where the transition metal comprises platinum, the spent catalyst can
comprise from about 0.1 wt. % to about 10 wt. % platimum; alternatively, from about 0.3 wt.
% to about 5 wt. % platinum; alternatively, from about 0.3 wit. % to about 3 wt. % platinum;
or alternatively, from about 0.5 wt. % to about 2 wt. % platinurn. In a particular cmbodiment
contemplated herein, the spent catalyst can comprise platinum on a KL-zeolite.

While not being limited thereof, the spent catalyst can comprise from about 5 wt. % to
about 35 wt. % support matrix. For example, the spent catalyst can coraprise from about 5
wt. % to about 30 wt. %, or from about 10 wt. % to about 30 wt. % support matrix. Similar
to above, these weight percentages are based on the weight of the spent catalyst excluding
any weight contribution due to carbon.

In an embodiment, the aroroatization catalyst can further comprise a halogen, such as
chlorine, fluorine, bromine, iodine, or a combination of two or more halogens. For example,
the spent catalyst can comprise chlorine, or fluorine, or both chlorine and fluorine. Chlorine
can be present in the spent catalyst in an amount of from about $.025 wt. % to about 5 wt. %,
from about 0.025 wt. % to about 3 wt. %, or from about 0.05 wi. % to about 2 wt. %.
Likewise, the spent catalyst can comprise from about 0.025 wt. % to about 5 wt. % fhuorine,
from about 0.025 wi. % to about 3 wt. % fluorine, or from about 8.05 wt. % to about 2 wt. %
fluorine. These weight percentages are based on the weight of the spent catalyst, and exclude
any weight contribution due to carbon. In certain embodiments, the spent catalyst comprises
chlorine and fluorine, and typically, the molar ratio of chlorine:fluorine can be in the range of
from about 0.5:1 to about 4:1. Other suitable molar ratios of CEF can include the following
non-Hmiting ranges: from about 1:1 to about 4:1, from about 0.5:1 to about 3:1, from about

1:1 to about 3:1, from about (.5:1 to about 2:1, or from about 1:1 to about 2.5:1.
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Examples of representative and non-limiting catalysts that are encompassed herein
include those disclosed 1o UK. Patent Nos. 35,196,631, 6,190,539, 6,406,614, 6,518,470,
6,812,180, and 7,153,801, the disclosures of which are incorporated heretn by reference in

their entirety.

EXAMPLES

The wvention 1s further llustrated by the following examples, which are not fo be
construed in any way as imposing limitations to the scope of this invention. Various other
aspects, embodiments, wodifications, and equivalents thereof which, after reading the
description herein, can suggest themselves to one of ordinary skill in the art without
departing from the spirit of the present invention or the scope of the appended claims.

Treated or refuvenated catalysts in some of the examples that follow were tested for
their respective fouling rates (abbreviated FR, units of m F/hr), which correlate to their
activities by the formula, y = FR*t + SOR, where y 1s temperature, FR is the fouling rate, tis
time, and SOR 15 the initial Start of Run temperature. The FR of a treated or rejuvenated
catalyst sample was determined by plotting the temperature required to maintain a total yield
of benzene and toluene at 60 wt. % over time at standard test conditions, as described later
herein. The FR’s were then determined from the calculated slopes fit to the resulting data.
The total Time on Stream (abbreviated TOS, units of hry and the End of Run temperature
{abbreviated EOQR) also were determined.

In each of the examples, the following standard testing procedures were utilized. The
catalysts were ground and sieved to about 20-40 wesh, and 1 g of the sieved catalyst was
placed in a 1/4-inch OD stainless steel reactor vessel in a temperature controlled furnace.
After reducing the catalyst under flowing molecular hydrogen, a feed stream of aliphatic
hydrocarbons and molecular hydrogen was introduced to the reactor vessel at a feed rate of
22 ml/min, a pressure of 50 psig, a Hyhydrocarbon ruolar ratio of 3:1, and a liquid hourly
space velocity (LHSV) of @ hr' to obtain catalyst performance data over time. The aliphatic
hydrocarbon feed contained from 22 to 26 wit. % n-hexane, 4 to 8 wi. % n-heptane, 33 to 37
wi. % Cs iso-paraffins, 17 to 21 wt. % € iso-parathing, 6 to 10 wt. % Cg iso-paraffins, with
the balance attributable to Cg and 5 olefins, naphthenes, and aromatics. The reactor effluent
composition was analyzed by gas chromatography to determoine the amount of benzene and

tolucne.

EXAMPLES 1-47
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In Examples 1-47, experiments were conducted to demonsirate the effectiveness of
various processes and steps in treating and rejuvenating a spent aromatization catalyst, with
the performance of a fresh aromatization catalyst used as a target baseline. The fresh
aromatization catalyst was a PUKL-zeolite containing approximately 1 wit. % platinur, and
0.828 wt. % Cl and O0R37 wt. % F {determined via XRF}, with a surface area of
approximately 177.5 m%g, a pore volume of 0.19 ce/g, and a micropore volume of 0.0615
ce/g. The source of the spent catalyst was the fresh catalyst, but after it had been deactivated
after long-term use in an aromatization process. Prior o usage in these examples, the spent
aromatization catalyst was subjected to a mild partial decoking treatment to remove unreacted
hydrocarbons and light carbonaceous deposits from the catalyst.

The general freating or rejuvenating procedure was conducied as  follows.
Approximately 62 g of the spent catalyst was charged to a glass fixed-bed reactor, then
contacted with a halogen-containing gas stream containing nitrogen (1850 mi/min), chlorine
gas (2 volume % in nitrogen, 50 mi/min), and fluorine gas (1 volume % in nitrogen, 100
ml/min). The spent catalyst was contacted for 6 hr at 200 °C with the halogen-containing
gas stream. The halogenated spent catalyst was then contacted with a decoking gas stream
containing a muxture of air (100 mb/mimn} and nitrogen (1900 mi/min). The reactor
teraperature was ramped slowly from 200 °C to 300 “C over 8 hr and then held at 300 °C for
24 hr. Molecular hydrogen (1330 mL/min) was then contacted with the de-coked catalyst at
500 °C for 20 hr. This general procedure was followed for Examples 1-47, except for the
process changes to this general procedure noted in the discussion of Examples 1-47 below.
Table I summarizes the rejuvenation results for Examples 1-47.

In Examples 1-9, Example 1 was the fresh catalyst baseline. For Example 2, the
carbon burn step was perforrned on the spent catalyst at a peak tempersture of 550 °C,
followed by halogenation with CL/F, (volume ratio of 2:1) at 300 °C. For Example 3, the
sequence of steps was reversed: the spent catalyst was halogenated with Cly/F, (volume ratio
of 2:1) at 300 °C, followed by the carbon burn step at a peak temperature of 550 °C.
Unexpectedly, the order of the steps resulted 1n significantly different catalyst performance.
The spent catalyst which was halogenated first (Exarople 3) had a much lower SOR
ternperature, as compared to the spent catalyst which was de-coked first (928 °F versus 994
°F), demoustrating the unexpected benefit of performing the halogenation step prior to the
carbon burn step.

For Examples 4-5, halogenation of the spent catalyst with CL/F, was conducted at

300 °C. In Example 4, the halogenation gas stream contained 1000 ppmv of Cly, 500 ppmv



h

10

[y
L9

20

P
i

WO 2013/134055 PCT/US2013/028533
37

Fy, 1 volume % (b, and the balance Nj, while the halogenation gas stream of Example 5
coutained 500 pprav of Cl, SO0 ppmv Fy, 1 volume % Oy, and the balance N,. Hence, the
volume ratio of CLF was 2:1 1n Example 4 and 11 in Example 5. Surprisingly, the reduction
in the CUF ratio resulted in only minor decreases in catalyst performance: SOR from 914 °F
to 916 °F, and FR from 28 to 33 m°F/hr.

For Examples 6-9, halogenation with Ch/F, (volume ratio of 2:1) was first conducted
at 300 °C, followed by the carbon burn step at a peak temperature of 550 °C, 500 °C, 475 °C,
or 450 °C, respectively. Unexpectedly, the results demonstrated that the peak temperature of
the carbou burn cau be reduced to 450 °C (Example 9) froma S50°C (Exaruple 6) with only a
minor loss of catalyst activity: SOR temperature increased from 928 °F to 952 °F, and
fouling rate FR. increased from 14 to 30 mF/hr,

In Examples 10-14, Example 10 was the fresh catalyst baseline. For Examples 11-14,
the spent catalyst was halogenated with Ch/F; (volume ratio of 2:1) at a temperature of 300
°C, 200 °C, 100 °C, or room temperature, respectively.  The results demonstrated that
halogenation temperatures over 100 °C (e.g., 200-300 °C, Examples 11-12) improved the
catalyst performance. At temperatures of 100 °C and below, inferior catalysts with higher
SOR temperatures and higher fouling rates were produced.

In Examples 15-18, Exarople 15 was the fresh catalyst baseline. The spent catalyst of
Example 16 was pre-dried in a mixture of air (100 mL/min)} and nitrogen (1900 mL/min) at
260 °C, the spent catalyst of Example 17 was pre-dried in Na, and the spent catalyst in
Example 18 was not pre-dried. Subsequent halogenation with Cly/F, {(volume ratio of 1:1}
was conducted at 260 °C for these examples. Purging of Examples 16-17 was conducted in a
mixture of air and nitrogen at 260 "C. De-coking of Examples 16-18 was conducted at 500
°C. Surprisingly, pre-drying in an inert gas prior to halogenation and subsequent carbon burn
{Example 17, SOR 814 °F) produced a far superior catalyst compared to that formed by pre-
drying in an air/nitrogen mixture (Example 16; SOR 927 °F).

In Examples 19-32, Example 19 was the fresh catalyst baseline. Each of the spent
catalysts of Examples 20-23 was pre-dried in Nj at 200 °C. Subsequent halogenation with
ClL/F; {volume ratio of 1:1} was conducted at 200 “C in a mixture of air and nitrogen for
Example 20, at 200 °C in nitrogen for Example 21, at 260 °C in a mixture of air and nitrogen
for Example 22, and at 260 °C in nitrogen for Exaraple 23, Decoking of all examples was
conducted in a mixture of air and nitrogen at 500 "C. Unexpectedly, the composition of the
gas streamn during halogenation affocted the catalyst performance. Rejuvenated catalyst

produced using an inert gas {e.g., Example 21; SOR 916 °F) during the halogenation step
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performed better than the catalyst produced when an air/nitrogen mixture was used {e.g.,
Example 20; SOR 930 °F).

Fach of the spent catalysts of Examples 24-25 was pre-dried in Ny at 200 °C,
halogenated in a mixture of air and nitrogen with Ch/F; {(volume ratio of 1:1} at 200 °C, and
de-coked at 500 “C. Prior to the pre-drying step, the spent catalyst of Example 25 underwent
a re-coking pretreatment at 500 °C with molecular hydrogen and an aromatization feed
containing Cs-Cy alkanes and/or cycloalkanes and less than § wt. % aromatics, while
Example 24 was not pretreated.  More specifically, the aromatization feed used contained
from 22 to 26 wit. % n-hexane, 4 to 8 wi. % n-heptane, 33 to 37 wt. % Cy tso-paraffios, 17 to
21 wt. % 5 iso-paraffins, 6 to 10 wt. % Cy 1so-paraffins, with the balance attributable to Cs
and C; olefins, naphthenes, and aromatics. Surprisingly, the re-coking pretreatment prior to
halogenation significantly improved catalyst activity. Rejuvenated catalyst using the re-
coking pretreatment (Example 25; SOR 917 °F) had improved performance over the
unireated catalyst {Example 24; SOR 930 °F).

Each of the spent catalysts of Examples 26-29 was halogenated in nitrogen with
Cly/F, (volume ratio of 1:1) at 200 °C, and de-coked at 500 °C. A subsequent reduction step
was conducted with 10 mole % H; in nitrogen at 500 °C for Example 26, with 100 % H; at
300 °C for Example 27, with 20 mole % H; in nitrogen at 500 °C for Example 28, and with
100 % H; at 500 °C for Example 29 (duplicate of Example 27}, Unexpectedly, the amount of
molecolar hydrogen present i the reducing step affected the catalyst performance.
Rejuvenated catalysts produced with high mole % molecular hydrogen (Examples 27 and 29)
during the reducing step performed betier than the catalysts produced when low roole %
melecular hydrogen was used.

Each of the spent catalysts of Examples 30-32 was halogenated in a nitrogen stream
containing Cly/F,, de-coked in a mixture of air and nitrogen at 500 °C, and reduced in 100 %
H, at 500 °C. In Example 30, the halogenation gas stream contained 500 pprov of Cly and
300 ppmv F; and the halogenation time was 6 hr; in Example 31, the halogenation gas stream
contained 1,100 ppmv of Cly and 1,100 ppmv F, and the halogenation tirac was 3 hr; and in
Example 32, the halogenation gas stream contained 2,200 ppmv of Clh and 2,200 ppav B
and the halogenation time was 1.5 hr. The results demonstrated that the time for the
halogenation step can be reduced with an increase in the halogen concentration i the
nitrogen stream {(e.g., 1,100 ppmv cach of Cl; and F, for 3 hr in Example 31}

In Examples 33-37, Example 33 was the fresh catalyst baseline. Example 34 was not

subjected to any hydrocarbon treatment, while Example 35 was hydrocarbon treated before



h

10

[
L

20

P
i

WO 2013/134055 PCT/US2013/028533
39

halogenation, Example 36 was hydrocarbon treated during halogenation, and Example 37
was hydrocarbon treated after halogenation but before the carbon burn step. Halogenation
was performed under nert conditions with Ch/F» {volume ratio of 1:1), and the carbon burn
was conducted in the mixture of ar and nitrogen.  Similar to Example 25, the hydrocarbon
treatment stream was the aromatization feed (containing from 22 to 26 wt. % n-hexane, 4 to ¥
wt. % n-heptane, 33 to 37 wt. % Cs iso-paraffins, 17 to 21 wt. % €5 iso-paraffins, 6 to 10 wt.
Y% Cy 1so-paratfing, with the balance atiributable to Cg and C; olefins, naphthenes, and
aromatics), but with no molecular hydrogen. As with Example 25, the hydrocarbon
treatment prior to halogenation of Example 35 was beneficial.  Surprisingly, however, the
hydrocarbon treatment after halogenation, but before the carbon burn step, of Example 37
was even more beneficial in improving rejuvenated catalyst performance.

In Examples 38-47, Example 38 was the fresh catalyst baseline. For Examples 39-41,
the spent catalyst was halogenated with Ch/F» (voluroe ratio of 111} in nitrogen at a
temperature of 200 "C, 260 °C, or 370 °C, respectively. Unexpectedly, the results
demonstrated that the lower halogenation terperatures of 200-260 °C provided superior
catalyst performed as compared to the higher halogenation temperature of 370 °C.

For Examples 42-45, halogenation of the spent catalyst with Cly/F, was conducted at
260 °C. The volume ratio of CUF was 2:1 in Exaraple 42, 1:1 in Exarmaple 43, 0.67:1 in
Example 44, and 0.5:1 in Example 45. Under these conditions, the rejuvenated catalyst with
the best overall catalyst performance was obtained at a CLF ratio of 1:1.

Each of the spent catalysts of Examples 46-47 was halogenated with Cl/F, (volume
ratio of 1:1) at 200 °C, and de-coked in the mixture of air and nitrogen at 500 °C. The carbon
burn time for Example 46 was 16 hr, while the carbon burn time for Example 47 was 1 hr.
The gas stream after contacting the spent catalyst was monitored for carbon dioxide levels to
determine when sufficient de-coking had occurred. In these examples, 1 hr at 500 “C was

sufficient for the carbon burn step.
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Table I. Examples 1-47.
Example | Catalyst SQR 05 EGR v FR
T60 °F) (hr} T68 °F) | (m"F/hr)

] Fresh 911 140 919 56.4
2 Spent 994 - - -

3 Spent 928 140 929 14.0
4 Spent 914 163 918 28.2
5 Spent 916 164 922 332
6 Spent 028 140 920 14.0
7 Spent 914 163 918 28.2
8 Spent 911 164 917 37.4
9 Spent 952 163 G956 30.3
10 Fresh 946 138 91¢ 28.0
i1 Spent 914 163 91% 28.2
12 Spent 912 163 914 18.4
13 Spent 963 6% 966 44.0
14 Spent 991 20 1060 ~
15 Fresh 911 140 919 56.4
16 Spent 927 140 936 67.8
17 Spent 914 163 921 43.6
18 Spent 913 116 924 93.7
19 Fresh 802 168 962 1.9
20 Spent 930 43 932 44.4
21 Spent 916 126 915 -
22 Spent 913 96 014 13,1
23 Spent 910 145 912 14.7
24 Spent 930 43 932 44.4
25 Spent 917 144 919 18.5
26 Spent 908 120 912 40.9
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Example | Catalyst SQR » 105 EGS ‘ FR »
T60 ("F) (hr} T68 °F) | (m"F/hr)

27 Spent 806 144 947 17.0
28 Spent 913 144 929 554
29 Spert 9035 144 909 31.2
30 Spent 906 144 G847 17.0
31 Spent 905 144 908 16.7
32 Spent 909 144 912 19.0
33 Fresh RO 144 906 543
34 Spent 912 96 917 56.0
35 Spent 909 144 915 44.2
36 Spent 988 24 979 -

37 Spent 904 128 904 12.8
38 Fresh 902 144 907 55.5
39 Spent 214 144 917 289
40 Spent 908 144 914 38.3
41 Spent 928 126 933 50.2
42 Spent 927 72 930 46.2
43 Spent 908 144 914 38.3
44 Spent 919 143 922 30.7
45 Spent 17 144 925 68.5
46 Spent 917 138 922 45.6
47 Spent 914 144 o917 28.9

EXAMPLES 48-49
The fresh aromatization catalyst (Example 48) was a Pt/KL-zeolite containing
approximately 1 wt. % platinum, and 0.828 wt. % C and 0.837 wt. % F (determined via
XRF), with a surface arca of approximately 177.5 m%/g, a pore volume of 0.19 co/g, and a
micropore volume of $.0615 cc/g. The source of the spent catalyst was the fresh catalyst, but

after it has been deactivated after long-term use in an aromatization process. Prior to usage in
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these examples, the spent aromatization catalyst was subjected to a mild partial decoking
treatroent at 200 °C to remove unreacted hydrocarbons and light carbonaceous deposits from
the catalyst.

The reiuvenation process was conducied as follows. Approxamately 62 ¢ of the spent
catalyst was charged to a glass fixed-bed reactor, and contacted with a pre-drying gas stream
containing nitrogen (2000 mL/min) at 200 °C for 20 hr. The gas stream was changed to a
halogen-contaiming gas stream containing rutrogen (1750 wl/mun), chlorine gas (2 volume %
in nitrogen, 50 mL/min), and fluorine gas (1 volume % in nitrogen, 200 mL/min}, and the
spent catalyst was contacted for 3 hr at 200 °C with the halogen-containing gas stream. The
halogenated spent catalyst was then contacted with a purging gas stream containing nitrogen
(2000 mL/min) at 200 °C for 20 hr. Next, a decoking gas stream was charged to the reactor
and contacted with the halogenated spent catalyst. The decoking gas stream contained air
(100 mU/min) and nitrogen {1900 mU/min). The reactor temperature was ramped slowly
from 200 °C to 500 °C over 6 hr and then held at 300 °C for 20 hr. The reactor and the de-
coked catalyst were cooled down with a roixture of air (100 mEi/min) and nitrogen (1900
mb/min}. This rejuvenated catalyst is Example 49,

The catalyst performance of the rejuvenated catalyst of Example 49 was compared to
that of the fresh catalyst of Exarople 4%, An aromatization feedstock was used for the
catalyst comparison. The results indicated that the catalyst activity of the rejuvenated catalyst
of Example 49 was slightly lower than the fresh catalyst of Example 48, while the selectivity

using the rejuvenated catalyst was equal to or superior to that of the fresh catalyst.

EXAMPLES 50-55

The fresh aromatization catalyst (Example 50} was a PYKL-zeolite containing
approximately 1 wt. % platinum, and 0.828 wt. % 1 and 0.837 wt. % F {determined via
XRF), with a surface arca of approximately 177.5 m’/g, a pore volume of 0.19 cc/g, and a
micropore volume of 8.0615 co/g. The source of the spent catalyst was the fresh catalyst, but
after it has been deactivated after long-term usc in an aromatization process. This spent
catalyst had less carbon/coke deposition than that of the spent catalyst in Examples 48-49.
Prior to usage in these cxamples, the spent aromatization catalyst was subjected to a mild
partial decoking treatment at 200 °C to remove unreacted hydrocarbons and light
carbonaceous deposits from the catalyst.  The spent catalyst (Example 51} contained

approximately 1 wt. % platinum, €.19 wt. % Cl, and 0.05 wt. % F (determined via XRF).
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The rejuvenation process was conducted as follows. Approximately 61 g of the spent
catalyst was charged to a glass fixed-bed reactor, and contacted with a pre-drying gas strears
containing nitrogen (2000 mL/min) at 200 °C for 20 hr. The gas stream was changed to a
halogen-containing gas strearn containing nitrogen {1750 mL/min)}, chlorine gas (2 volume %
in nitrogen, 50 mbi/min), and fluorine gas (1 volume % in nitrogen, 200 mi/min), and the
spent catalyst was contacted for 3 hr at 200 °C with the halogen-containing gas strearn. The
halogenated spent catalyst was then contacted with a purging gas stream containing nitrogen
(2000 mL/min) at 200 °C for 20 hr. Next, a decoking gas stream was charged to the reactor
and contacted with the balogenated spent catalyst. The decoking gas strearn contained air
{100 mL/min} and nitrogen (1900 mL/min). The reactor temperature was ramped slowly
from 200 °C to a peak decoking temperature in the 400-500 °C range over 6 hr and then held
at the peak temperature for up to 44 hr (Examples 52-35). The reactor and the de-coked
catalyst were cooled down with a mixture of air (100 mU/rain) and nitrogen (1900 mL/min).
Table H summarizes various decoking conditions and the resultant rejuvenated catalyst

propertics.
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Table I§. Examples 50-535.
Feak Decoking Surface Pore Mirco-Pore
) ) ] Wt Wt Wt ] )
Example | Catajyst | Decoking Time Avea Volume Volume

) Pt %Ol %F ]

¢y {hr) {m2/g) {cc/g) {co/p)
50 Fresh - - t 0.828 | 0.837 177 0.194 0.0615
5t Spent - - 0.999 | 0.188 | 0.046
52 - 500 16 0.991 | 0.621 | 0.632 &7 0.131 0.0285
53 - 435 {6 0.993 | 0.644 | 0.733 99 0.147 0.0260
54 - 400 20 0.976 | 0.682 | 0.808 54 0.149 0.0280
55 - 450 44 0.967 | 0.640 | 0.695 9% 0.150 0.0265
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EXAMPLES 56-60

in Examples 56-60, the spent aromatization catalyst and general treating or
rejuvenating procedure were the same as provided above for Examples 1-47, except for the
process changes as follows. For Examples 56-58, the halogenation gas stream contained 500
ppiv of Cly, 1600 ppmv Fy, and the balance Ny (volume ratio of CUF equal to 1:2), and the
halogenation step was conducted for 3 hr at a teraperature of 200 °C, 100 °C, and 25 °C
{ambient}, respectively. For Example 59, the spent catalyst was first contacted with a
chlorination gas stream containing 500 ppmv of Cl, (balance N;) for 3 hr at 200 °C, then
contacted with a fluorination gas stream containing 1000 ppmv of F, (balance Ny} for 3 hr at
25 °C (ambient). For Example 60, the spent catalyst was first contacted with a fluorination
gas stream containing 1000 ppmv of Fy (balance Np) for 3 hr at 25 °C {(ambient), then
contacted with a chlorination gas stream contaming 500 ppmv of Cl; (balance Ny) for 3 hr at
200 °C.

Table IH summarizes the nitial Start of Run temperature {(SOR) to maintain the total
yield of benzene and toluene at 60 wt. % over time at the standard test conditions described
above, as well as the SOR temperature to maintain the total yield of benzene and toluene at
75 wt. % over time at the same standard test conditions.  Unexpectedly, the sequential
addition of fluorine followed by chlorine at the respective temperatures resulted in a
rejuvenated catalyst with superior performance (Example 60; SOR(60) equal to 907 °F, and

SOR(73) equal to 948 °F).

Table 1. Examples 56-60.

SOR SOR
Example | Catalyst N
Te8 F) | T7T5 )

56 Spent 921 8962
57 Spent 930 -

58 Spent 950 999
50 Spent 947 991
60 Spent 907 948
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EXAMPLES 61-63

For Examples 62-63, Example 61 was the fresh catalyst baschine. In Examples 62-63,
the spent aromatization catalyst and general treating or rejuvenating procedure were the same
as provided above for Examples 1-47, except for the process changes as follows. For
Example 62, 60 g of the spent catalyst was first contacted with a fluorination gas stream
containing 300 ppmv of F; (balance Nyp) for 3 hr at 25 °C (ambient), then contacted with a
chlorination gas strearn containing 500 ppmv of Ch (balance Ny for 3 hr at 200 °C. For
Example 63, 60 g of the spent catalyst was first contacted with a fluorination gas stream
containing 250 pprav of Fy (balance Ny} for 6 hr at 25 "C (ambient), then contacted with a
chlorination gas stream containing 250 ppmyv of Cl, {(balance Na) for 6 hr at 200 °C.

Table IV suramarizes the initial Start of Run teraperature (SOR) to maintain the total
yield of benzene and toluene at 60 wit. % over time at the standard test conditions described
above, as well as the SOR temperature to maintain the total yield of benzene and toluene at
75 wt. % over time at the saroe standard test conditions. The respective total time ou stream
{TOS) and vield of C4 by-products at both 60 wt. % and at 75 wt. % also are listed in Table
I¥. Notably, based on the SOR terperatures, the catalysts of both Example 62 and Example
63 performed similar to that of the fresh catalyst of Example 61. The amount of C4 by-
products, surprisingly, was reduced by using lower fluorine and chlorine concentrations

during the catalyst rejuvenation (Example 63}

Table IV. Examples 61-63.

SOR TOSq | Cs@ 60| SOR TOSy | C,@ 75

Example | Catalyst -
Tob (°F) {hr) (wt. %) | TT5(°F} | (hr} {(wt. %}

61 Fresh 902 55 3.1 954 336 4.3
62 Spent 899 55 3.0 953 336 52

63 Spent 206 48 2.6 554 336 3.5
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The invention has been described above with reference to numerous embodiments and
specific examples, Mauy variations will suggest themselves to those skilled n the art wn light
of the above detailed description.  All such obvious variations are within the full intended
scope of the appended claims. Other erobodirsents of the tnvention can include, but are not
fimited to, the following:

Embodiment 1. A reforming mcethod comprising:

{A}  contacting a hydrocarbon feed with an aromatization catalyst corprising a
transition metal and a catalyst support under reforming conditions in a reactor system to
produce an aromatic product;

(B)  performing step (A) for a time period sufficient to form a spent aromatization
catalyst;

(Cy  contacting the spent aromatization catalyst with a fluorine-containing stream
comprising a fluorine-containing compound to produce a fluorinated spent catalyst;

(D) contacting the fluorinated spent catalyst with a chlorine-containing stream
comprising a chlorine-containing compound to produce a fluorinated-chlorinated speut
catalyst; and

(E}  contacting the fluorinated-chlorinated spent catalyst with a decoking gas
stream COMprising oxygen.

Embodiment 2. A reforming method comprising:

{A)  contacting a hydrocarbon feed with an aromatization catalyst coroprising a
transition metal and a catalyst support under reforming conditions in a reactor system to
produce an aromatic product;

(B)  performing step (A) for a time period sufficient to form a spent aromatization
catalyst;

{Cy  contacting the spent aromatization catalyst with a chlorine-containing stream
comprising a chlorine-containing compound to producce a chlorinated spent catalyst;

(D) contacting the chlorinated spent catalyst with a fluorine-containing stream
comprising a fluorine-containing compound to produce a chlorinated-fluorinated speunt
catalyst; and

(E}  contacting the chlorinated-fluorinated spent catalyst with a decoking gas
stream COMprising oxygen.

Embodiment 3. The method defined in embodiment 1 or 2, wherein the reforming
racthod s an in sifu process, for cxample, steps (A)—~{E) are performed in the same reactor

system.
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Embodiment 4. The method defined in embodiment 1 or 2, wherein steps {U)(E) are
performed externally to the reactor systern of steps (A}(B), for example, steps (OE) are
performed in a vessel that is not in the reforming reactor system.

Erabodiraent 5. The method defined in any of embodiments 1-4, further comprising a
step of reactivating the catalyst after step {(E).

Embodiment 6. A method of treating {or regencrating) a spent catalyst comprising a
transition metal and a catalyst support, the method comprising:

{1} contacting the spent catalyst with a fluorine-containing stream comprising a
fluorine~-containing corapound to produce a fluorinated speot catalyst;

2) contacting the fluorinated spent catalyst with a chiorine-containing stream
comprising a chlorine-containing compound to produce a fluorinated-chlorinated speot
catalyst; and

(3} contacting the fluorinated-chlorinated spent catalyst with a decoking gas
stream comprising oxygen.

Embodiment 7. A method of treating {(or regenerating) a spent catalyst comprising a
transition metal and a catalyst support, the method comprising:

{1} contacting the spent catalyst with a chlorine-containing stream comprising a
chlorine-containing compound to produce a chlorinated spent catalyst;

) contacting the chlorinated spent catalyst with a fluorine-containing stream
coraprising a fluorine-containing compound to produce a chiorivated-fluorinated spent
catalyst; and

3) coutacting the chlorinated-fluorivated spent catalyst with a decoking gas
stream COMprising oxygen.

Embodiment 8. The method defined in any of embodiments 1-7, wherein the fluorine-
containing stream comprises {(or consists essentially of, or consists of) the fluorine-containing
compound and any inert gas disclosced herein, for example, nitrogen.

Embodiment 9. The method defined in any of embodiments 1-8, wherein the fluorine-
containing stream corprises {or consists cssentially of, or consists of) fluorine gas {Fy) and
nitrogen.

Embodiment 10. The method defined in any of embodiments [-9, wherein the
fluorine-~containing stream covaprises a councentration of fluorine (F) less than any mwaximum
amount or in any range disclosed herein, for example, less than about 25,000 ppmyv, in a

range from about 50 to about 2,500 pprov, or in 4 range from about 250 to about 2,000 ppmv.
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Embodiment 11. The method defined in any of embodiments 1-10, wherein the
fluorine-containing stream s substantially free of oxygen-containing compounds and/or
chlorine-containing compounds, for example, less than 100 ppmw.

Erobodiraent 12, The method defined in any of embodiments 1-11, wherein the
fluorination step is conducted at a fluorination temperature in any fluorination temperature
range disclosed herein, for example, from about 8 °C to about 500 °C, from about 25 °C to
about 250 °C, or from about 30 °C to about 280 °C.

Embodiment 13. The method defined in any of embodiments 1-12, wherein the
fluorination step is conducted for a tivoe period tn any range of fluorination time pertods
disclosed herein, for example, from about | to about 48 hours, from about 1 to about 12
hours, or frora about 2 to about 8 hours.

Embeodiment 14, The method defined in any of embodiments 1-13, wherein the
chlorine-containing strearmn comprises {(or consists essentially of, or consists of) the chlorine-
containing compound and any inert gas disclosed herein, for example, nitrogen.

Embodiment 15. The mcthod defined in any of cmbodiments 1-14, wherein the
chlorine-containing stream comprises (or consists essentially of, or consists of) chlorine gas
(Cly} and nitrogen.

Erobodiroent 16, The method defined in any of ewmbodiments 1-15, wherein the
chlorine-containing stream comprises a concentration of chiorine (1) less than any
maximam amount or in any range disclosed herein, for example, less than about 25,000
ppmv, int a range from about 50 to about 2,500 ppmv, or in a range from about 250 to about
2,000 ppmv.

Embodiment 17. The method defined in any of embodiments 1-16, wherein the
chlorine-containing stream 1s substantially free of oxygen-contaiming compounds and/or
fluorine-containing compounds, for example, less than 100 ppraw.

Erobodiraent 18, The method defined in any of embodiments 1-17, wherein the
chlorination step is conducted at a chlorination temperature in any chlorination temperature
range disclosed herein, for example, from about 8 °C to about 500 °C, from about 25 °C to
about 250 °C, or from about 30 °C to about 280 °C.

Embodiment 19. The method defined in any of embodiments 1-18, wherein the
chlorination step is conducted for a fimoe period i any range of chlorination fime periods
disclosed herein, for example, from about | to about 48 hours, from about 1 to about 12

hours, or from about 2 to about § hours.
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Embodiment 20. The method defined in any of the preceding embodiments, wherein
the method further comprises a halogen purge step between step (C) and (D) or between step
{1} and (2}, the halogen purge step comprising contacting the fluorinated speunt catalyst or
chlorinated spent catalyst with a halogen purge strearn comprising {(or consisting cssentially
of, or consisting of) any inert gas disclosed herein, for example, nitrogen.

Embodiment 21. The method defined in embodiment 20, wherein the halogen purge
stream is substantially free of oxygen-contaiming compounds, for example, less than 100
ppmw.

Erabodiment 22, The method defined in any of embodiments 20-21, wherein the
halogen purge stream is substantially frec of halogen-containing compounds {(substantially
halogen-free), for example, less than 100 ppmw.,

Embediment 23. The method defined in any of cmbodiments 20-22, wherein the
halogen purge step is conducted at a halogen purge temperature in any halogen purge
temperature range disclosed herein, for example, from about 0 °C to about 400 °C, or from
about 25 °C to about 300 °C.

Embodiment 24. The method defined in any of embodiments 20-22, wherein the
halogen purge step is conducted for a time period in any range of halogen purge time periods
disclosed herein, for example, from about 1 to about 48 hours.

Embodiment 25. The method defined in any of embodiments 20-24, wherein the
halogen purge step is conducted for a time penod sufficient to reduce the fluorine content of
the outgoing halogen purge stream, afier contacting the fluorinated spent catalyst, to less than
any maximum fhiorine content described herein, for example, less than about 180 ppmw of
flnorine-containing compounds.

Embodiment 26. The method defined in any of embodiments 20-24, wherein the
halogen purge step is conducted for a time period sufficient to reduce the chlorine content of
the outgoing halogen purge stream, after contacting the chlorinated spent catalyst, to less than
any maximum chlorine content described herein, for example, less than about 100 ppmw of
chlorine-containing compounds.

~
7
i

Embodiment 27. A reforming roethod comprising:

(a) contacting a hydrocarbon feed with an aromatization catalyst comprising a
transition metal and a catalyst support under reforming conditions 1n a reactor system fo
produce an aromatic product;

(b) performing step (a) for a time period sufficient to form a spent aromatization

catalyst;
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(<} countacting the spent aromatization catalyst with a halogen-containing stream
cornprising chlorine and fluorine to produce a halogenated spent catalyst; and

{d contacting the halogenated spent catalyst with a decoking gas stream
comprising oxygen.

Embodiment 28. The method defined in embodiment 27, wherein the reforming
method is an in sifu process, for cxample, steps (ay-(d) are performed n the same reactor
system,

Embodiment 29. The method defined in embodiment 27, wherein steps {c}-(d) are
performed externally to the reactor system of steps {a}—(b), for example, steps {(¢){d) are
performed in a vessel that is not in the reforming reactor system.

Embodiment 30. The method defined in any of embodivaents 27-29, further
comprising a step of reactivating the catalyst after step (d).

Embodirnent 31. A method of treating (or regenerating) a spent catalyst comprising a
transition metal and a catalyst support, the method comprising:

(U contacting the spent catalyst with a halogen-containing stream comprising
chlorine and fluorine to produce a halogenated spent catalyst; and

(i1}  contacting the halogenated spent catalyst with a decoking gas stream
COMPrising OXygen.

Embodiment 32. The method defined in any of the preceding embodiments, wherein
the catalyst support comprises a zeolite, an amorphous norganic oxide, or any combination
thereof.

Erobodiroent 33, The wethod defined in any of the preceding embodiments, wherein
the catalyst support comprises an L-zeolite, a Y-zeolite, 2 mordenite, an omega zeolite,
and/or a beta zeolite.

Embodiment 34. The method defined in any of the preceding embodiments, wherein
the catalyst support compriscs a potassium L-zeolite or a barium ion-cxchanged L-zeolie.

Embodiment 35, The method defined in any of the preceding embodiments, wherein
the spent catalyst comprises a support matrix comprising sluroina, silica, a mixed oxide
thereof, or a mixiure thereof

Embodiment 36. The method defined in any of the preceding embodiments, wherein
the transttion metal coraprises a Group VI travsifion metal.

Embodiment 37. The method defined in any of the preceding embodiments, wherein

the transition metal compriscs platinura.
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Embodiment 38. The method defined in any of the preceding embodiments, wherein
the spent catalyst comprises any weight percentage range of transition metal disclosed herein,
for example, from about 8.1 wt. % to about 10 wt. %, or from about §.3 wt. % to about 5 wt.
%, transition metal, based on the weight of the spent catalyst excluding carbon.

Embodiment 39. The method defined in any of the preceding embodiments, wherein
the spent catalyst comprises any weight percentage range of platinum disclosed herein, for
example, from about 8.1 wt. % to about 10 wt. %, or from about 8.5 wt. % to about 2 wt. %,
platinum, based on the weight of the spent catalyst excluding carbon.

Erabodiment 40, The method defined in any of the preceding embodiments, wherein
the spent catalyst comprises platinum on a KL-zeolite.

Embodiment 41. The method defined wn any of the preceding ermbodiments, wherein
the spent catalyst further comprises chlorine and fluorine.

Embodirnent 42. The method defined in embodiment 41, wherein the spent catalyst
comprises any weight percentage range of chlorine and/or weight percentage range of
fluorine disclosed herein, for exarmple, from about 0.025 wt. % to about 5 wt. % tluorine
and/or from about 0.025 wt. % to about 5 wt. % chlorine, based on the weight of the spent
catalyst exclnding carbon.

Erobodiroent 43, The method defined in any of embodiments 1-26 or 41-42, wherein
the spent catalyst comprises any molar ratio of chlorine:fluorine disclosed herein, for
example, from about 0.5:1 to about 4:1.

Embodiment 44. The method defined in any of embodiments 27-43, wherein the
molar ratio of CLF in the halogen-containing stream 18 1o any range of wolar ratios disclosed
herein, for example, from about 0.2:1 to about 10:1.

Embodiment 45. The method defined in any of cmbodiments 27-44, whercin the
halogen-containing stream comprises a chlorine-containing compound and a fluorine-
containing compound.

Embodiment 46. The method defined in any of embodiments 1-26 or 45, wherein the
chlorine-containing compound comprises hydrochloric acid, chlorine gas (Chy), carbon
tetrachlonide, tetrachloroethylene, chlorobenzene, wethyl chloride, methylene chloride,
chloroform, allyl chioride, trichloroethylene, a chloramine, a chlorine oxide, a chlorine acid,
chlorine dioxide, dichlorine monoxide, dichlorine heptoxide, chloric acid, perchloric acid,
ammonium  chloride, tetramethylammonium  chloride, tetracthylammonium  chloride,
tetrapropylaramoniurn  chloride, tetrabutylammonium  chloride, mcthyltricthylaramonium

chloride, or any combination thereof.
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Embodiment 47. The method defined in any of embodiments 1-26 or 45-46, wherein
the chiorine~containing compound comprises chlorine gas (Ch).

Embodiment 48. The method defined in any of embodiments 1-26 or 45-47, wherein
the fluorine-containing compound comprises hydrofluoric acid, fluorine gas, 2,2,2-
trithuorocthanol, tetrafluorocthylene, carbon tetrafluoride, carbon trifluoride, fluoromethane,
heptatluoropropane, ccafluorobutane,  hexafluoroisopropancl,  tetrafluoropropanol,
pentafluoropropancl,  hexafluorophenyipropanol, perfluorobutyl  alcohol, hexafluor-2-
propanol, pentafluoro-1-propancl, tetrafluore-1-propanol, 1,1,1,3,3,3-hexafluore-2-propanol,
2,2,3,3,3-pentaftuoro-1-propanol, ammonium fluoride, tetramethylammoniom  fluoride,
tetracthylammeonium fluoride, tetrapropylammeonium fluoride, tetrabutylammonium fluoride,
rocthyliricthylaromonium fluoride or any corabination thereof.

Embediment 49. The method defined in any of ecmbodiments [-26 or 45-48, wherein
the fluorine-containing compound comprises fluorine gas (Fo).

Embodiment 5¢. The method defined in any of embodiments 27-49, wherein the
halogen-contatming  strcam  coroprises  a  chlorine/fluorine-containing  compound  or
chlorofhuorocarbon.

Embediment 51. The method defined in any of embodiments 27-50, wherein the
halogen-containing strcam comprises (or cousisis cssentially of, or consists of) chioring,
fluorine, and any inert gas disclosed herein, for example, nitrogen.

Embodiment 52. The method defined in any of embodiments 27-51, wherein the
halogen-containing stream comprises {or consists essentially of, or consists of} chlorine gas
{Cly), fluorine gas (F;), and nitrogen.

Embodiment 53. The method defined in any of embodiments 27-32, wherein the
halogen-containing strearn comprises a concentration of chlorine (Cl) and a concentration of
fluorine (F) less than any maxinmim amount or in any range disclosed herein, for example,
iess than about 25,000 ppmv, in a range from about 50 to about 2,500 ppmv, or in & range
from about 250 to about 2,000 ppmv.

Embodiment 54. The method defined in any of embodiments 27-53, wherein the
halogen-coutaining stream is substantially free of oxygen-containing compounds, for
example, less than 100 ppmw.

Erobodioent 55, The method defined 1o any of embodiments 27-34, wherewn the
halogenation step is conducted at a halogenation temperature in any halogenation temperature
range disclosed herein, for example, from about § °C to about 500 °C, from about 25 °C to

about 250 °C, or from about 530 °C to about 280 °C.
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Embodiment 56. The method defined in any of embodiments 27-55, wherein the
halogenation step is conducted for a fime period 1n any range of halogenation time periods
disclosed herein, for example, from about 1 to about 4% hours, from about 1 to about 12
hours, or from about 2 to about 8 hours.

Embodiment 537. The method defined in any of the preceding embodiments, wherein
the decoking gas strcam coraprises {or consists essentially of, or consists of) any combination
of an inert gas {one or more) and oxygen disclosed heremn, for exaraple, a mixture of nitrogen
and oxygen, air, efc.

Erabodiment 58, The method defined in any of the preceding embodiments, wherein
the decoking gas stream comprises a mole % of oxygen less than any maximum amount or in
any range disclosed herein, for example, less than about 5 mole %, or in a range frovo about
0.5 to about 3 mole %.

Embodirnent 59, The method defined in any of the preceding embodiments, wherein
the decoking gas stream is substantially free of halogen-contaiming compounds {substantially
halogen-free), for example, less than 100 ppmw,

Embodiment 68. The method defined in any of the preceding embodiments, wherein
the decoking gas stream 1S substantially free of water, for example, less than 100 ppmw.

Erobodiroent 61. The wethod defined in any of the preceding embodiments, wherein
the carbon burn step is conducted at a peak decoking temperature in any peak decoking
temperature range disclosed herein, for example, from about 300 °C to about 600 °C, or from
about 350 °C to about 450 °C.

Erobodiment 62. The wethod defined in any of the preceding embodiments, wherein
the carbon burn step is started at an initial decoking temperature which is the same as any
halogenation, fluorination, or chlorimation temperature disclosed herein, for example, n a
range from about ¢ °C to about 500 °C, from about 25 °C to about 230 °C, or from about 50
°C to about 280 °C.

Embodiment 63. The method defined in any of the preceding embodiments, wherein
the carbon bummn step s conducted for a time period in any range of de-coking time periods
disclosed herein, for example, from about 1 {o about 48 hours, or from about 1 to about 6
hours.

Erobodiroent 64, The wethod defined in any of the preceding embodiments, wherein
the carbon burn step is conducted for a time period sufficient to reduce the wi. % of carbon

on the halogenated spent catalyst (or fluorinated-chlorinated spent catalyst, or chlorinated-
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fluorinated spent catalyst) to less than any maximum weight percentage of carbon disclosed
heren, for example, less than about 1 wt. %,

Embodiment 65. The method defined 1 any of the preceding embodiments, wherein
the method further comprises a partial decoking step prior to the halogenation, fluorination,
or chlorination step, the partial decoking step comprising contacting the spent catalyst with a
partial decoking gas stream coraprising oxygen.

Embodiment 66. The method detined m embodiment 635, wherein the partial decoking
gas stream compriscs {or consists essentially of, or consists of) any combination of an inert
gas {oune or more) and oxygen disclosed herein, for example, a mixture of nitrogen aund
oxXygen, air, etc.

Embodiment 67. The method detined in any of embodimeunts 65-66, wherein the
partial decoking gas stream comprises a mole % of oxygen less than any maximum amount
or in any range discloscd herein, for example, less than about 5 mole %, or in 4 range from
about .5 o about 3 mole %.

Embodiment 68. The method defined in any of embodiments 65-67, wherein the
partial decoking gas stream is substantially free of halogen-containing compounds
(substantially halogen-free), for example, less than 100 ppmw.

Embodiment 69. The method defined in any of cmbodiments 65-68, wherein the
decoking pas stream is substantially free of water, for example, less than 100 ppmw.

Embodiment 70. The method defined in any of embodiments 65-69, wherein the
partial decoking step is conducted at a partial decoking temperature in any partial decoking
teraperature range disclosed herein, for example, from about 150 °C to about 250 "C.

Embodiment 71. The method defined in any of embodiments 65-70, wherein the
partial decoking step 1s conducted for a time period in any range of partial de-coking time
pertods disclosed herein, for example, from about 2 to abowut 24 hours.

Erabodimaent 72. The method defined in any of cmbodiments 65-71, wherein the
partial decoking step is conducted for a time period sufficient to reduce the wt. % of carbon
on the spent catalyst to any range of weight percentage of carbon disclosed herein, for
example, from about 1 to 10 wt. %, or frora about 4 to about 5 wt. %.

Embodiment 73. The method defined in any of the preceding embodiments, wherein
the method further comprises a pre-drying step prior to the bhalogenation, fluorination, or
chlorination step, the pre-drying step comprising contacting the spent catalyst with a pre-
drying gas stream comprising {or consisting essentially of, or consisting of) any mert gas

disclosed herein, for example, nitrogen.
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Embodiment 74. The method defined in embodiment 73, wherein the pre-drying gas
stream is substantially free of oxygen-containing compounds, for example, less than 100
ppmw.

Erabodiraent 75. The method defined in any of ersbodiraents 73-74, wherein the pre-
drying step is conducted at a pre~drying temperature in any pre-drying temperature range
disclosed herein, for example, from about 100 °C to about 500 °C, from about 0 °C to about
400 °C, or from about 180 °C to about 280 °C.

Embodiment 76. The methed defined in any of embodiments 73-75, wherein the pre-
drying step is conducted for a tivoe period in any range of pre-drying time periods disclosed
herein, for example, from about 1 to about 48 hours.

Embodiment 77. The rocthod defined v any of embodiments 73-76, wherein the pre-
drying step is conducted for a time period sufficient to reduce the moisture content of the
spent catalyst to less than any maximum moisture content of the spent catalyst disclosed
herein, for example, less than about 4 wt. %, or less than about 1 wt. %.

Embodiment 78. The method defined in any of the preceding embodiments, wherein
the method further comprises a re-coking pretreatment step prior to the halogenation,
fluorination, or chlorination step, the re-coking pretreatment step comprising contacting the
spent catalyst with a pretreatment strearo comprising a hydrocarbon feed and molecular
hydrogen.

Embodiment 79, The method defined in embodiment 78, wherein the hydrocarbon
feed comprises Cg-C alkanes and/or cycloalkanes.

Embodiment 88, The method defined in any of cmbodiments 78-79, wherein the
pretreatment step is conducted at a pretreatment temperature in any pretreatment temperature
range disclosed herein, for example, from about 100 °C to about 600 "C.

Embodiment 81. The method defined in any of embodiments 78-80, wherein the
pretreatment step 18 conducted for a time period in any range of pretreatment time periods
disclosed herein, for example, from about 1 to about 48 hours.

Embodiment 82. The method defined in any of embodiments 78-81, wherein the
pretreatmocnt step 18 conducted for a time period sufficient to add any range of weight
percentage of coke or carbon build-up to the spent catalyst disclosed herein, for example,
from about 1 to about 2 wi. %.

Embodiment 3. The method defined in any of the preceding embodiments, wherein
the method further comprises a purging step prior to the carbon burn step, the purging step

comprising coutacting the halogenated spent catalyst {or fluorinated-chlorinated spent
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catalyst, or chlorinated-fluorinated spent catalyst) with a purging stream comprising {or
cousisting essentially of, or consisting of) any inert gas disclosed herein, for example,
nitrogen.

Erabodiraent 84, The method defined in cmbodiment 83, wherein the purging stream
is substantially free of oxygen-containing compounds, for example, fess than 100 ppmaw.

Embodiment 85. The method defined in any of embodiments 83-84, wherein the
purging strearn is substantially free of halogen-containing compounds (substantially balogen-
free), for example, less than 100 ppmw.

Erobodiroent 86, The method defined 1o any of embodiments §3-85, wheretn the
purging step is conducted at a purging temperature in any purging temperature range
disclosed herein, for example, from about § °C to about 400 °C, from about 25 “C to about
300 °C, or from about 180 °C to about 280 °C.

Embodirnent 87. The method defined in any of embodiments 83-86, wherein the
purging step is conducted for a tume period in any range of purging tume periods disclosed
herein, for example, from about 1 to about 48 hours.

Embodiment 88. The method defined in any of embodiments 83-87, wherein the
purging step is conducted for a time period sufficient to reduce the halogen content of the
outgoing purging strearn, after contacting the halogenated spent catalyst (or the fluonnated-
chlorinated spent catalyst, or the chlorinated-fluorinated spent catalyst), to less than any
maximam halogen content described herein, for example, less than about 100 pprow of
halogen-containing compounds.

Erobodiroent 89, The wethod defined in any of the preceding embodiments, wherein
the method further comprises a hydrocarbon treatment step prior to the carbon burn step, the
hydrocarbon trestraent step comprising contacting the halogenated spent catalyst {(or
fluorinated-chlorinated spent catalyst, or chlonmnated-fluorinated spent catalyst) with a
hydrocarbon treatment stream comprising a hydrocarbon feed.

Embodiment 98. The method defined in embodiment 89, wherein the hydrocarbon
feed comprises Cg-Cg alkancs and/or cycloalkanes.

Embodiment 91. The method detfined in any of embodiments 89-90, wherein the
hydrocarbon treatment step is conducted at a hydrocarbon treatment temperature in any
hydrocarbon treatment temperature range disclosed herein, for example, from about 400 °C to

about 630 °C.
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Embodiment 92. The method defined in any of embodiments 89-91, wherein the
hydrocarbon treatment step is conducted for a tiroe period in any range of hydrocarbon
treatment time periods disclosed herein, for example, from about 1 to about 4K hours.

Erabodiraent 93. The rocthod defined in any of the preceding embodiments, wherein
the method further comprises a reducing step after the carbon burn step, the reducing step
comaprising contacting the de-coked catalyst with a reducing gas stream comprising {or
cousisting cssentially of, or counsisting ofy molecular hydrogen.

Embodiment 94, The method defined in embodiment 93, wherein the reducing gas
stream covoprises a mole % of molecular hydrogen greater than any vointmum amount or in
any range disclosed herein, for example, greater than about 25 mole %, or greater than about
75 mole %.

Embediment 95. The method defined in any of cmbodiments 93-94, wherein the
reducing step 18 conducted at a peak reducing temperature in any peak reducing temperature
range disclosed herein, for example, from about 400 °C to about 6060 °C.

Embodiment 96. The method defined in any of embodiments 93-95, wherein the
reducing step is started at an initial reducing temperature which is the same as any
halogenation, fluorination, or chlorination temperature disclosed herein, for example, m a
range from about § °C to about 500 "C, from about 235 °C to about 250 °C, or from about 50
°C to about 280 °C.

Embodiment 97. The method defined in any of embodiments 83-96, wherein the
reducing step 18 conducted for a time period in any range of reducing step time perinds
disclosed herein, for example, from about 10 to about 380 hours.

Embodiment 98. A reactivated or rejuvenated catalyst produced by the method
defined i any of the preceding embodiments.

Embodiment 99. The catalyst defined in embodiment 98, wherein the reactivated or
rejuvenated catalyst has an activity frorn about 50% to about 80% of the catalyst activity of
fresh aromatization catalyst of the same production run of catalyst, when tested on the same
equipment, and under the same method and test conditions.

Embodiment 100. The catalyst defined in any of embodiments 98-99, wherein the
reactivated or rejuvenated catalyst has a fouling rate that is equal to or less than that of fresh
aromatization catalyst from the same production run of catalyst,

Embodiment 101, The catalyst defined in any of embodiments 98-100, wherein the
reactivated or rejuvenated catalyst has an EOR temperature that is within +/- 8 °C of the EOR

temperature of the fresh aromatization catalyst from the same production run of catalyst.
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CLAIMS
That which s claimed 1s:
I. A method of treating a spent catalyst comprising a transition metal and a catalyst

support, the method comprising:
{1} contacting the spent catalyst with a halogen-containing stream comprising
chlorine and fluorine to produce a halogenated speunt catalyst;
2) contacting the halogenated spent catalyst with a purging stream consisting
essentially of an inert gas; and
(33 contacting the halogenated spent catalyst with a decoking gas stream

comprising oxygen.

2. The method of claim 1, wherein:

step (1) is conducted at a halogenation temperature in a range from about 120 °C to
about 320 °C; and

a molar ratio of CLF 1o the halogen-contaming stream is in a range from about §.2:1

to about 10:1.

3. The method of claim 1 or 2, wherein the halogen-containing stream is substantially

free of oxygen-containing compounds.

4. The mcthod of any one of clairas 1-3, wherein the halogen-containing stream
comprises Cly, Fa, and nitrogen.
3. The method of any one of claims 1-3, wherein the halogen-containing stream

coraprises a chiorofluorocarbon.

6. The method of any one of claims 1-5, wherein:
step (23 is conducted at 8 purging temperature in a range from about 150 °C to about
400 °C; and

the purging stream consists essentially of nitrogen.
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7. The rocthod of any one of claivas 1-6, wherein:

step (3) is conducted at a peak decoking temperature in a range from about 300 °C to
about 500 °C; and

the decoking gas stream in step (3} comprises air or 8 mixture of nitrogen and oxygen.
8. The roethed of any one of claivas 1-7, wherein the decoking gas stream is

substantially free of halogen-containing compounds.

9. The method of any one of claims 1-8, wherein the spent catalyst comprises:
platinum on a KL-zeolite;
a support matrix comprising alumina, silica, a mixed oxide thereof, or a mixture
thereof;
from about 0.025 wt. % to about S wt. % chlorine; and

from about §.025 wt. % to about 5 wt. % fluorine.

18.  The method of any one of claims 1-9, further comprising a pre-drying step prior to
step (1), the pre-drying step coruprising coutacting the spent catalyst with a pre-drying gas

stream consisting essentially of an inert gas.

11, The method of any one of claims 1-10, further comprising a re-coking pretreatiment
step prior to step {1}, the re~-coking pretreatroent siep comprising contacting the spent catalyst
with a pretreatment stream comprising molecular hydrogen and a hydrocarbon feed

comprising Ce-Cq alkanes and/or cycloalkanes.

12, The method of any one of claims 1-11, further comprising a partial decoking step
prior to step (1), the partial decoking step comprising contacting the spent catalyst with a
partial decoking gas stream cornprising oxygen at a partial decoking temperature in a range

from about 150 °C to about 250 °C.

13 The method of any one of claims 1-12, further comprising a reducimg step after step
{3), the reducing step comprising contacting the de-coked catalyst with a reducing gas stream

comprising molecular hydrogen.
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14, The method of claim 13, wherein the reducing gas stream comprises at least about 25

role Yo molecular hydrogen.

15, A mecthod of treating a spent catalyst comprising a transition metal and a catalyst
support, the method comprising:

(L contacting the spent catalyst with a halogen-containing stream comprising
chlorine and fluorine to produce a halogenated spent catalyst; and

(ii}  contacting the halogenated spent catalyst with a decoking gas stream
comprising oxygen;

wherein the halogen-containing stream is substantially free of oxygen-containing
compounds and/or the decolang gas stream s substantially free of halogen-containing

compounds.

16. The method of claim 15, wherein:
the transition metal comprises a Group VI transition metal; and

the catalyst support comprises a potassium L-zeolite or a barium ion-exchanged -

zeolite.
17.  The method of claim 15 or 16, further comprising a hydrocarbon treatment step prior

to step (it), the hydrocarbon treatrucuot step comprising contacting the halogenated spent
catalyst with a hydrocarbon treatment stream comprising a hydrocarbon feed comprising Ce-

(g alkaves and/or cycloalkanes.

18. A reforrming process Comprising:

{(a) contacting a hydrocarbon feed with an aromatization catalyst comprising a
transition metal and a catalyst support under reforming conditions in a reactor system to
produce an aromatic product;

(b) performing step (a) for a time period sufficient to form a spent aromatization
catalyst;

(<) contacting the spent aromatization catalyst with a halogen-containing stream
comprising chlotine and fluornine to produce a halogenated spent catalyst; and

(@) contacting the halogenated spent catalyst with a decoking gas stream

COMPIISing OXygen.
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19, The process of claira 18, whereiu the reforming process is an in situ process.
20.  The process of claim 18, wherein steps {¢)-{d} are performed in a vessel external to
the reactor system.
21, A wmethod of treating a spent catalyst coraprising a travsition metal and a catalyst

support, the method comprising:

(1) coutacting the spent catalyst with a fluorine-containing stream coroprising a
fluorine-containing compound to produce a fluorinated spent catalyst;

{2 contacting the fluormated spent catalyst with a chlorine-containing stream
comprising a chlorine-containing compound to produce a fluorinated-chlorinated spent
catalyst; and

3) countacting the fluorinated-chlorinated spent catalyst with a decoking gas

strearn Comprising OXygen.

22. The method of claim 21, wherein:

step (13 is conducted at a fluorination temperature in a range from about 25 “Cto
about 250 °C; and

a concentration of fluorine (F) in the fluorine-containing stream is less than about

2,500 ppm by volume.

23, The method of claim 21 or 22, wherein the fluorine-containing stream is substantially

free of oxygen-containing compounds.

24, The method of any one of claims 21-23, wherein the fluorine-containing stream

comprises F; and nitrogen.

25. The roethod of any one of claivas 21-24, wherein:

step (2) is conducted at a chlorination temperature in a range from about 150 °C to
about 300 °C; and

a concentration of chlorine (Cl} in the chlorine-containing stream is less than about

2,500 ppm by volume.
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26.  The method of any one of claims 21-25, wherein the chlorine-containing stream is
substantially free of oxygen-containing compounds.

27.  The method of any one of claims 21-26, wherein the chlorine-containing stream

comprises Cl; and nitrogen.

28, The rocthed of any one of claivas 21-27, further coroprising a halogen purge step prior
o step (2}, the halogen purge step comprising contacting the fluorinated spent catalyst with a
P gon purge sty prising g p 3

halogen purge stream counsisting essenfially of an nert gas.

29, The roethod of any one of claivas 21-28, wherein:

step (3) is conducted at a peak decoking temperatare in a range from about 300 °C to
about 500 °C;

the decoking gas stream comprises air or a mixture of nitrogen and oxygen; and

the decoking gas strearn is substantially free of halogen-containing corapounds.

38.  The method of any one of claims 21-29, wherein the spent catalyst comprises:
platinam on a KL-zeolite;
a support matrix comprising alumina, silica, a mixed oxide thercof, or a mixture
thereof]
from about §.025 wt. % to about 5 wi. % chlorine; and

from about §.025 wi. % to about § wt. % fluorine.

31, The method of any one of clairas 21-30, further comprising:

a pre-drying step prior to step (1), the pre-drving step comprising contacting the spent
catalyst with a pre-drying gas stream consisting cssentially of an inert gas;

a re~coking pretreatment step prior to step (1), the re-coking pretreatment step
comprising contacting the spent catalyst with g pretreatment stream cornprising molecular
hydrogen and a hydrocarbon feed comprising Ce-Cg alkaves and/or cycloalkanes;

a partial decoking step prior to step (1), the partial decoking step comprising
contacting the spent catalyst with a partial decoking gas stream comprising oxygen at a
partial decoking temperature in a range from about 150 °C to about 250 °C; or

any combination thereof,
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32, The method of any one of claims 21-31, further comprising a reducing step after step
{3}, the reducing step comprising contacting the de-coked catalyst with a reducing gas stream

comprising molecular hydrogen.

33, The method of any one of claims 21-32, further comprising:

a purging step prior to step (3), the purging step comprising contacting the
fluorinated-chlormated spent catalyst with a purging stream consisting essentially of an wnert
2as;

a hydrocarbon treatment step prior to step (3), the hydrocarbon treatroent step
comprising contacting the fluorinated-chlorinated spent catalyst with a hydrocarbon treatment

stream coroprising a hydrocarbon feed comprising Ce-Cg alkanes and/or cycloalkanes; or

both.
34, A rejuvenated catalyst produced by the method of any one of claims 21-33.
35. A method of treating a spent catalyst comprising a transition metal and a catalyst

support, the method comprising:

(1) contacting the spent catalyst with a chlonine-containing stream comprising a
chlorine-containing compound to produce a chlorinated spent catalyst;

{2 contacting the chlorivated spent catalyst with a fluorine-containing stream
comprising a fluorine-containing compound to produce a chiorinated-fluorinated spent
catalyst; and

(3)  countacting the chlorinated-fluorinated spent catalyst with a decoking gas

strearmn Ccormprising oxXygen.

36. The method of claim 35, wherein:

step (1} is conducted at a chlorination temperature in a range from about 150 °C to
about 300 °C;

a concentration of chlorine (C1) 1o the chlorine-containing strearn is less than about
2,500 ppm by volume;

the chlorine-coutaining stream covoprises Clp and nitrogen, and 1s substantially free of
oxygen-containing compounds;

step {(2) is conducted at a fluorination temperature in a range from about 25 °C to

about 250 °C;
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a concentration of fluorine (F) in the fluorine-containing stream is less than about
2,500 ppm by volume; and
the fluorine-containing stream comprises Fo and nitrogen, and is substantially free of

oxygen-containing compounds.

37.  The method of claira 35 or 36, wherein the spent catalyst comprises:

platinum on a KL-zeolite;

a support matrix comprising alumina, silica, a mixed oxide thereof, or a mixture
thereof,

from about 0.025 wt. % to about 5 wt. % chlorine; and

frora about 0.025 wt. % to about 3 wit. % fluorine.

38, A reforming process coruprising:

(A}  countacting a hydrocarbon feed with an aromatization catalyst comprising a
transition metal and a catalyst support under reforming conditions in a reactor system to
produce an aromatic product;

(By  performing step (A) for a time period sufficient to form a spent aromatization
catalyst;

(Cy  contacting the spent aromatization catalyst with a fluorine-containing stream
cotaprising a fluorine~-coutaining compound to produce a fluorinated spent catalyst;

(3} contacting the fluorinated spent catalyst with a chlorine-containing stream
comprising a chlorine-containing compound to produce a fluorinated-chlorinated speot
catalyst; and

(E)}  contacting the fluorinated-chlorinated spent catalyst with a decoking gas

stream comprising oxygen.

39, The process of claim 38, wherein the reforming process is an in sifu process.

40. The process of claira 38, wherein steps {(O)-(E) are perforroed mn a vessel external to

the reactor system.



