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AROMATIZATION CATALYSTS
WITH HIGH SURFACE AREA AND PORE VOLUME

BACKGROUND OF THE INVENTION

The catalytic conversion of non-aromatic hydrocarbons into aromatic compounds,
often referred to as aromatization or reforming, 15 an important industrial process that can be
used to produce benzene, toluene, xylene, and the like. The aromatization or reforming
process often 1s conducted in a reactor system that can contain onc or more rcactors
contatning trausifion metal based catalysts. These catalysts can increase the selectivity to
and/or the yicld of the desired aromatic compounds. These catalysts also slowly lose their
activity over timne, often indicated by a loss of the selectivity to desired aromatic cormpounds
and/or a reduction in conversion rates. However, some commercially available catalysts
which have high catalyst activity and offer good product selectivity and/or yield arc not
regenerable. Other commercially available catalysts are regenerable, but often have lower
catalyst activity and/or sclectivity, as well as higher fouling rates.

Hence, it would be beneficial to have an improved aromatization catalyst which offers
high catalyst activity and/or selectivity, low fouling rates, and is regenerable. Accordingly, it

is to these cuds that the present disclosure is directed.

SUMMARY OF THE INVENTION
This summary is provided to introduce a selection of concepts in a simplified form
that are further described below in the detailed description. This suramary 18 not intended to
identify required or cssential features of the claimed subject matter. Nor is this summary
mtended to be used to limit the scope of the claimed subject matter.
Catalysts that can be used in aromatization processes are disclosed and described

5
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herein. In onc embodiment, such catalysts can have a surface area of at least about 165 m™/g,
and can comprise (i) an alkaline earth metal exchanged zeolitic support, and (i1) a Group VIII
transition metal. In a further embodiment, this catalyst can be substantially free of fluorine.
Methods of producing catalysts alse are disclosed hercin.  One such method of
producing a catalyst can corprise (a) contacting a zeolitic base with an alkaline carth metal-
containing compound to form an alkaline carth metal exchanged zeolitic support; (b)
calcining the alkaline carth metal exchanged zeolitic support at a peak calcining temperature
of less than about 550 °C (1022 “F); {¢) impregnating the calcined alkaline ecarth metal

exchanged zeolitic support with a Group VI transition metal-containing compound; and (d)
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calcining the mmpregnated alkaline earth metal exchanged zeolitic support to produce a
catalyst having a surface area of at least about 165 m’/g.

Also disclosed hercin are various processes for reforming hydrocarbons. One such
reforming process cap comprise contacting a hydrocarbon feed with a supported
aromatization catalyst under reforming conditions in a reactor system to produce an aromatic
product. In this reforming process, the supported aromatization catalyst can have a surface
arca of at least about 165 m%g, and can comprise (i) an alkaline carth metal exchanged
zeolitic support, and (i1} a Group VHI transition metal.

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

description.

BRIEF DESCRIPTION OF THE FIGURE
FiG. 1 presents a plot of the yield adjusted temperature versus reaction time for

Examples 18-19 for a first reaction cycle and a second reaction cycle {after regeneration).

DEFINITIONS

To define more clearly the terms used berein, the following definitions are provided.
Unless otherwise ndicated, the following definitions are applicable fo this disclosure. I a
term is used in this disclosure but is not specifically defined herein, the definition from the
TUPAC Compendium of Chemical Terminology, 2° Ed (1997} can be applicd, as long as that
definttion does not conflict with any other disclosure or defirution applied herein, ot render
indefinite or non-enabled any claim to which that definition is applied. To the extent that any
defirution or usage provided by any document incorporated herein by reference conflicts with
the definition or usage provided herein, the definition or usage provided herein controls.

3

Regarding claim fransitional terms or phrases, the fransitional termn “comprising,”
which is synonymous with “inchuding,” “containing,” “having,” or “characterized by,” is
inelusive or open-ended and does not exclude additional, unrecited elements or method steps.
The transttional phrase “consisting of” excludes any element, step, or ingredient not specified
in the claim. The transitional phrase “consisting essentially of” limits the scope of a claim to

the specified materials or steps and those that do vot materially affect the basic and novel
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characteristic{s) of the claim. A “consisting essentially of” claim occupics a middle ground
between closed claums that are writien 1n a “consisting of” format and fully open claims that
are drafted in a “comprising” format. For example, absent an indication to the contrary,
describing a compound or composition as “counsisting essentially of” is not to be construed as
“comprising,” but is intended to describe the recited component that includes materials which
do not significantly alter the composition or methed to which the term s applied. 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
{for cxample, a method step, feedstock features, 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 featurcs within a claim. For example, a
method can comprise several recited steps (and other non-recited steps), but uttlize a catalyst
system consisting of specific components; alternatively, consisting essentially of specific
components; or alternatively, comprising the specific components and other non-recited
components.

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

EENTN

The terms “a,” “an,” and “the” are intended to mnclude plural alternatives, e.g., at least
one. For instance, the disclosure of “a transition roetal,” “a zeolitic support,” ¢te., is meant to
encompass oneg, or mixtures or combinations of more than one, transition metal, zeolitic
support, cte., unless otherwise specified.

Following long term usage, a catalyst can become deactivated and bave unacceptable
performance in one or more of catalyst activity, hydrocarbon feed conversion, yicld to a
desired product(s), selectivity to a desived product(s), or an operating parameter, such as
output/production rate or reforming temperature, although the determination that a catalyst is
deactivated 1s not limited only to these features. Generally, once the catalyst performance has
become unacceptable, the deactivated catalyst can be replaced with a fresh charge or it can be
regenerated {e.g., in-situ regencration, ex-situ regencration, etc.). As used herein, a catalyst is

%

constdered “regenerable” if one or both of the following two criteria are met. The first
criteria is based on the projected cycle length or useful life of the catalyst, as determined in

accordance with the procedures described in Examples 18-19. If the fresh catalyst has a
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cycie length or uscful life of X" hours, then a catalyst is “regenerable” if the cycle length or
useful life of the regenerated catalyst 1s at least 0.5X (i.¢., at least 50% of the useful life of the
fresh catalyst in its first cycle of use). In certain embodiments disclosed herein, the useful
life of a regenerable catalyst can be least 0.65X, at least 0.75X, at least 0.8X, or more. The
second criteria is based on the “delta” start of run temperature (ATsor), as determined in
accordance with the procedures described in Examples 18-19. A catalyst s “regenerable” if
the difference between the start of run temperature of the catalyst after a regeneration and the
start of run temperature of the fresh catalyst (ATsog) is less than 30 °F.  In certain
erabodiments disclosed herein, the ATsor can be less than 20 °F, less than 15 °F, or less than
10 °F.

For any particular compound or group disclosed herein, any name or structure
{general or specific} presented is intended to encompass all conformational isomers,
regioisomers, stercoisomers, and mixtures thercof 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 somers (if there are any)
whether in enantiomeric or racemic forms, as well as mixtures of stercoisomers, as would be
recognized by a skilled artisan, unless otherwise specified. For example, a general reference
to pentane, for exarople, inclades v-pentane, 2-roethyl-butane, and 2,2~-dimethylpropane; and
a general reference to a buty! group includes a n-butyl group, a scc-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 1s not hiterally synthesized n such & manner. These groups can be utilized as
substituents or coordinated or bonded to metal atoras. By way of exaraple, an “alky] group”
formally can be derived by removing one hydrogen atom from an alkane. The disclosure that
a substituent, ligand, or other chemical moiety can constitute a particular “group” fraplies that
the well-known rules of chemical structure and bonding are followed when that group is

EE Y

employed as described. When describing a group as being “derived by,” “derived from,”
“formed by,” or “formed from,” such terms are used in a formal sense and are not intended to
reflect any specific synthetic methods or procedures, unless specitfied otherwise or the context
requires otherwise.

Various numerical ranges are disclosed hercin. When Applicants disclose or claim a

range of any type, Applicants’ intent is to disclose or claim individoally cach possible
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number that such a range could reasonably encompass, inchuding end points of the range as
well as any sub-ranges and combinations of sub-ranges cucoropassed therein, unless
otherwise specified. As a representative example, Applicants disclose that catalysts provided
herein can have a surface area in a range from about 165 to about 225 m¥g in certain
embodiments. By a disclosure that the surface area can be in a range from about 163 to about
225 m’/g, Applicants intend to recite that the surface arca can be equal to about 163, about
170, about 1735, about 180, about 1X85, about 190, about 1935, about 200, about 2035, about 210,
about 215, about 220, or about 225 m’/g. Additionally, the surface arca can be within any

~ -~ —~ 2 o ~ . .
range from about 165 to about 225 m™/g (for example, the surface area can be 1o a ravge from

-
L

about 170 to about 210 m*/g), and this includes any combination of ranges between about 165
to about 225 m¥g. Likewise, all other ranges disclosed herein should be interpreted in a
manner similar to this example,

Apphicants reserve the right to proviso out or exclude any individual members of any
such group, including any sab-ranges or combinations of sub-ranges within the group, that
can be claimed according to a range or in any similar manmer, 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 can be unaware of at the time 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 thereof, or any members of a claimed
group, if for any reason Applicants choose to claim less than the full weasure of the
disclosure, for example, to account for a reference that Applicants can be unaware of at the
tirac 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, is mtended to describe any non-hydrogen moiety
that formally replaces a hydrogen atom 1o that group, and is intended to be non-limiting. A
group or groups can also be referred to herein as “unsubstituted” or by equivalent terms such
as “non-substituted,” which refers to the original group in which a non-hydrogen ruoicty does
not replace a hydrogen atom within that group. Unless otherwise specified, “substituted” i
mtended to be non-Hmiting and mclude inorganic substituents or organic substitucnts as
understood by one of ordinary skill in the art.

As used heretn, the term “hydrocarbon” refers to a compound containing only carbon
and hydrogen atoms. Other identifiers can be utilized to indicate the presence of particular

groups, if any, in the hydrocarbon (e.g., halogenated hydrocarbon indicates that the presence
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ot onc or more halogen atorns replacing an equivalent number of hydrogen atoms in the
hydrocarbon).

An “‘aromatic” compound 18 a compound containing a cyclically conjugated double
bond systern that follows the Hickel (40-+2) rule and contains (4n+2) pi-clectrous, where n is
an integer from 1 to 5. Aromatic compounds include “arenes” (hydrocarbon aromatic
compounds, c¢.g., benzene, toluene, xvlene, etc) and “heteroarences” (heteroaromatic
compounds formally derived from arenes by replacement of one or more methine (-C=}
carbon atoms of the cyclically conjugated double bond system with a trivalent or divalent
heteroatoms, in sach a4 way as to maintain the continuous pi-electron system characteristic of
an aromatic system and a number of cut-of-plane pi-clectrons corresponding to the Hiickel
rule (4n+2}). As disclosed herein, the term “substituted” can be used to describe an aromatic
group, arene, or heteroarene, wherein a non-hydrogen moiety formally replaces a hydrogen
atorn in the cormpound, and s intended to be non-limiting, unless specified otherwise,

As used herein, the term “alkane” refers to a saturated hydrocarbon compound. Other
wdentifiers can be utilized to indicate the presence of particular groups, if any, in the alkane
{¢.g., halogenated alkane indicates that the presence of one or more halogen atoms replacing
an cquivalent number of hydrogen atoms in the alkane). The term “alkyl group” is used
heretu 1o accordance with the definition specified by TUPAC: a univalent group formed by
removing a hydrogen atom from an alkanc. The alkane or alkyl group can be lincar 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, in
the cycloalkane (c.g., halogenated cycloalkanc indicates that the presence of one or more
halogen atoros replacing an equivalent number of hydrogen atoras in the cycloalkane).

The term “halogen™ has its usual meaning. Examples of halogens include fluorine,
chiorine, bromine, and iodine.

Although any methods and materials similar or equivalent to those described herein
can be used n 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 exarmple, the constructs and methodologies that
are described in the publications, which might be used in connection with the presently

described wvention. The publications discussed throughout the text are provided solely for
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thewr disclosure prior to the filing date of the present application. Nothing herein is to be
counstrued as an admission that the wventors are not entitled to antedate such disclosure by

virtue of prior invention.

DETATLED DESCRIPTION OF THE INVENTION
Disclosed hercin are catalysts having high surface ares and pore volume, methods for

producing such catalysts, and the use of these catalysts in reforming processes.

CATALYSTS

Consistent with embodiments disclosed herein are catalysts comprising (or consisting
essentially of, or consisting of) an alkaline carth metal exchanged zeolitic support, and a
Group VI transition metal. Generally, the features of any of the catalysts disclosed herein
{e.g., the zeolitic support, the alkaline carth ractal, the Group VI transition metal, and other
compositional aspects; the surface area, total pore volume, and the micropore volume of the
catalyst; among others)y are independently described herein, and these features can be
combined in any combination to further describe the disclosed catalysts.

The catalyst contains an alkaline earth metal exchanged zeolitic support, and the
zeolitic support typically can comprise a crystalline wmorgavic oxide, examples of which can
include, but are not limited to, medium and/or large pore zeolites (aluminosilicates), as well
as mixtures thereof. Large pore zeolites often can have average pore diameters tn a range of
from about 7 A to about 12 A, and non-limiting examples of large pore zeolites include L-
zeolite, Y-zoolite, mordenite, omega zoolite, beta zeolite, and the hike. Medium pore zeolites
often can have average pore diameters in a range of from about § A to about 7 A.

The torm “zeolite” generally refers to a particular group of hydrated, crystalline metal
aluminostlicates.  These zeolites exhibit a network of 5104 and AlQy tetrahedra in which
aluminum and silicon atoms are crosslinked in a three-dimnensional framework by sharing
oxygen atoms. In the framework, the ratio of oxygen atoms to the total of aluminum and
stlicon atoms can be equal to 2. The framework exhibits a negative clectrovalence that
typically can be balanced by the inclusion of cations within the crystal, such as metals, alkali
metals, alkaline earth metals, and/or hydrogen.

In some embodiments, the zeolitic support can coraprise an L-type zeolite.  L-type
zeolite supports are a sub-group of zeolitic supports, which can contain mole ratios of oxides
in accordance with the formula: My, OALOxSIOYHLO. In this formmula, “M” designates an

exchangeable cation {(one or more) such as bariur, calcium, ceriom, lthiam, magnesium,
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potassmum, sodrum, strontium, and/or zinc, as well as non-metailic cations like hydronium
and amrionium ons, which roay be replaced by other exchangeable catiouns without causing a
substantial alteration of the basic crystal structure of the L-type zeolite. The “n” in the

4

formula represents the valence of “M”; “x7 is 2 or greater; and “y” 1s the number of water
molecules contained in the channels or interconnected voids of the zeolite. In one
cmbodiment, the zeolitic support can comprise a potassium L-type zeolite, also referred to as
a KlL-zeolite, in which the principal cation M incorporated in the zeolite is potassium.

Consistent with embodiments disclosed herein, the zeolite {c.g., a L-zeolite, a KL~
zeolite, etc.) can be cation-exchanged with an alkaline carth roetal.  The resulting zeolitic
support, therefore, can comprise an alkaline carth metal, such as barium, strontium, calcium,
magnesium, or a combination thereof. In one embodiment, the zeolitic support can cormprise
bariumy; alternatively, strontium; alternatively, calcium; or alternatively, magnesium. In
another embodiment, the zeolitic support can comprise & barium on-exchanged L-zeolite.

While not being limited thereto, the catalyst often can comprise from about 0.1 wt. %
to about 50 wit. % of the alkaline carth metal {e.g., bartum). All weight percentages related to
the catalyst are based on the total weight of the dried and calcined catalyst, unless indicated
otherwise by the context or specified otherwise. For example, the catalyst can comprise from
about 1wt % to about 20 wi. %, from about 2 wi. % to about 10 wi. %, or from about 4 wt.
% to about 8 wt. %, alkaline carth metal {c.g., barium), based on the total weight of the
catalyst.

The zeolitic support can further comprise a binder, for instance, the zeolite can be
bound with a binder {or support matrix), and non-hmiting cxamples of binders can mclude,
but are not limited to, inorganic solids oxides, clays, and the like, as well as combinations
thereof. The zeolite can be bound with the binder or support matrix as described herein
below, or by using any method known n the art.  In some embodiments, the binder can
comprise alumina, silica, magnesia, boria, titania, zirconia, or a mixed oxide thercof {e.g., an
aluminosilicate), or a mixture thereof, while in other embodiments, the binder can comprise a
montmoritlonite, a kaolin, a cement, or a combination thereof. In a particular embodiment
contemplated herein, the binder can comprise silica, alurnina, or a mixed oxide thereof]
alternatively, silica; alternatively, alumina; or alternatively, silica-alumina.

While not being hnmuted thereto, the zeolitic support often can comprise frorn about 3
wt. % to about 35 wt. % binder. For example, the zeolitic support can comprise from about 5
wt. % to about 30 wt. %, or from about 10 wt. % to about 30 wt. % binder. These weight

percentages are based on the total weight of the zeolitic support.
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‘the catalyst can comprise a transition metal, typically a Group VI transition metal,
and non-briting examples of suitable transition wmetals can ivclade ron, cobalt, nickel,
ruthenium, rhodium, palladium, osmium, iridium, platinum, and the like, or a4 combination of
two or more fransition metals. In a particular erobodivoent, the transition metal can comprise
platimum (Pt).

In onc embodiment, the catalyst can comprise from about 0.1 wt. % to about 10 wt. %
transition metal. In another embodiment, the catalyst can comprise from about 6.2 wt. % to
about 5 wt. % transition metal. In yet another embodiment, the catalyst can comprise from
about 0.3 wt. % to about 2 wi. % transition metal, or from about §.5 wt. % to about 2 wt. %
transition metal. These weight percentages are based on the total weight of the catalyst.

In circumstances where the transition metal is platinum or comprises platinum, the
catalyst can contain from about 0.1 wt. % to about 10 wt. % platinum; alternatively, from
about 0.2 wt. % to about 5 wi. % platinum; alternatively, from about 0.3 wt. % to about 2 wt,
% platinum; or alternatively, from about (.5 wt. % to about 2 wt. % platinum. In a particular
cmbodiment conternplated herein, the catalyst can comprise platinam on a zeolitic support
comprising a L-zeolite, such as a bartum ion-exchanged L-zeolite.

In some embodiments, the catalyst can further comprise chlorine. When present,
chlorine can be present in the catalyst 1u an amount of from about 0.025 wit. % to about S wi.
%, from about 0.05 wt. % to about 5 wt. %, from about (.1 wt. % to about 1 wt. %, from
about §.1 wt. % to about 0.8 wi. %, from about {.1 wit. % to about 8.7 wt. %, from about 0.1
wt. % to about 0.6 wt. %, or from about 0.1 wt. % to about 0.5 wt. %. These weight
percentages are based on the total weight of the catalyst,

In other embodiments, however, the catalyst can be substantially free of fluorine. In
this context, “substantially free” means less than 2500 ppraw (ppm by weight) of fluorine
the catalyst. Therefore, it is contemplated that the catalyst can contain fluorine 1o an aroount
fess than 2000 ppmw, less than 1000 ppmw, less than 500 ppmw, less than 100 ppmw, less
than 50 ppmw, or less than 25 ppmw, in various embodiments, While not wishing to be
bound by theory, Applicants believe that it can be beneficial to have substantially no fluorine
present on the catalyst,

Generally, catalysts disclosed herein have a relatively high surface area, often having
a surface arca of at least about 165 m™/g. In onc embodiment, for instance, the catalyst can
have a surface area of at feast about 170 m”/g, while in another embodiment, the catalyst can
have a surface area of at least about 175 m”/g. In yet another embodiment, the catalyst can

have a surface area of at least about 180 m%/g. Contemplated ranges for the catalyst surface
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arca can mclude, but arc not limited to, the following ranges: from about 1635 to about 250
w/g, from about 165 to about 225 m’/g, from about 170 to about 220 m*/g, from about 170
to about 210 m%/g, from about 175 to about 225 m*/g, from about 175 to about 210 m%/g,
from about 180 to about 220 m%/g, or from about 180 to about 200 ra¥/g, and the like.

In addition to relatively high surface areas, the catalysts disclosed and described
herein can have relatively high pore velumes, often characterized by having total pore
volumes of at least about .17 ¢c/g. The total pore volume encompasses pore diameters up to
and including 2000 A. In some embodiments, the catalyst can have a total pore volume of at
least about §.175 co/g; alternatively, at least about 8.18 co/g; alternatively, at least about
0.185 cc/g; alternatively, in a range from about 0.17 to about 0.25 cc/g; alternatively, in a
range from about 0.17 to about 0.24 co/g; alternatively, i a range frora about 0.175 to about
(.24 cc/g; alternatively, in a range from about 0.18 to about .24 cc/g; or alternatively, in a
range from about 0.17 to about .23 co/g. Similarly, the catalyst ofien can have a micropore
volume {encompassing pore diameters of less than 20 A) of at least about 0.045 ce/g, such as,
for instance, at lcast about 0.05, at least about 0.055, or at least about 0.06 cc/g. Typical
ranges for the micropore volumes of catalysts disclosed herein can include, but are not
limited to, the following ranges: from about (.045 to about 0.09 cc/g, from about (.05 to
about 0.09 ¢o/g, from about 8.055 to about 8.085 cc/g; from about 8.06 to about 8.09 cc/g,
from about (.05 to about 0.08 cc/g, or from about 8.055 to about .08 co/g.

In an embodiment, the catalyst can be charactenzed by a Tgor of less than about 499
°C (930 “F), or less than about 496 °C (925 “F). In another embodiment, the catalyst can be
characterized by a Fouling Rate (FR) of less than about $.28 "C/hr (0.5 °F/hr), or less than
about 0.25 °C/hr (0.45 “F/hr). In yet another embodiment, the catalyst can be characterized
by having a Cst+ yicld of greater than about 90 wit. %, or greater than asbout 91 wt. %. The
test procedures for these parameters are discussed in greater detail in refercuce to Examples
1-17 that follow.

In another embodument, and unexpectedly, the catalysts disclosed herein can be
regenerated.  As discussed hercinabove, a catalyst is regenerable (a) if the cycle length or
useful life of the regencrated catalyst 1s at least 0.5X (50% of X)), wherein X 18 the cycle
fength or useful life (in hours) of the fresh catalyst, and/or (b} if ATsogr is less than 30 °F,
wherein ATggr 15 the difference between the start of run temperature of the catalyst after
regeneration and the start of run temperature of the fresh catalyst. Both of these parameters
and procedures for determining these paramcters are discussed in greater detail in reference

to Exaraples 18-19 that follow.
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Consistent with some embodiments disclosed herein, the useful life of the regencrated
catalyst can be least 0.65X, or at least 0.75X, while in accordance with other embodiments,
the useful life of the regencrated catalyst can be at least 0.8X, or at least X, Additionally or
alternatively, the ATsor can be less than 25 °F, or less than 20 °F, or less than 15 °F, or less

than 10 “F.

METHOBS FOR PRODUCING CATALYSTS

Various methods for producing catalysts comprising a Group VHI transition metal
and an alkaline carth metal exchanged zeolitic support are provided herein. One such method
for making a catalyst can comprise (or consist essentially of, or consist of}:

{a) contacting a zeolitic base with an alkaline earth metal-containing compound to
form an alkaline carth metal exchanged zeolitic support;

(b} calcining the alkaline carth metal exchanged zcolitic support at a peak
calcining temperature of less than about 550 °C (1022 °F};

(¢} tmpregnating the caleined alkaline carth metal exchanged zeohitic support with
a Group VHI transition metal-containing compound; and

{d} calcining the impregnated alkaline ecarth metal exchanged zeolitic support to
produce a catalyst having a surface area of at least about 165 m’/g.

Generally, the features of any of the methods disclosed herein {c.g., the zeolitic base,
the alkaline carth roetal-containing corapound, the Group VHI travsition metal-containing
compound, various compositional aspects of the finished catalyst, the surface area, total pore
volume, and micropore volume of the finished catalyst, the conditions under which any of the
steps are conducted, the peak calcining temperature, among others) are mndependently
deseribed herein, and these features can be combined in any corabination 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, catalysts {e.g., supporied aromatization catalysts) produced in accordance with
the disclosed methods/processes are within the scope of this disclosure and are encompassed
herein.

I step {a), the alkaline carth metal-containing compound can contain any alkaline
carth metal, such as barium, strontium, calcium, magnesium, or a combination thercof, In
one embodiment, the alkaline ecarth metal-containing compound can comprise barium;
alternatively, strontium; alternatively, calcium; or alternatively, magnesium. In another

embodiment, the alkaline carth metal-containing compound can comprise a salt of the
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alkaline carth metal, such as an acctate, carbonate, nitrate, or halide {¢.g., chloride) salt. In
yet another embodiment, the alkaline carth metal-containing corapound can comprise a water
soluble barium salt, non-limiting cxamples of which can include bartum nitrate, bartum
chloride, bariurn acetate, barfum carbonate, and the like, as well as mixtures or combinations
thereof. Generally, the alkaline carth metal-containing compound in step {(a) can be in an
aqueous solution, and can be contacted with the zeolitic base in an ion exchange process.

The zeolitic base in step (a) often can comprise a zeolite, such as any zeolite disclosed
herein {c.g., a L-zeolite, a KL-zeolite, cte.). While not being limited thereto, the zeolitic base
in step {a) can be produced by a process coroprising mixing a zeolite, such as a Kl-zeolite,
with a binder, such as stlica, then extruding the mixture, and then drying and calcining.
Methods for producing a zeolitic base are described, for example, i US, Patent No.
6,190,539, the disclosure of which is incorporated hercin by reference in ity entirety.
Optionally, the resultant caleined zeolitic base can be washed, dried, and calcined prior to
step (a). In a particular embodiment, the zeolitic base in step (a} can comprise a stlica-bound
KL-zcolite.

In various embodiments contemplated herein, the methods of making a catalyst can
further include one or more optional steps performed after step (a), but prior to the
calcination of the zeolitic support n step (b). For example, a voethod of making a catalyst
can further comprise an intermediate washing step prior to step (b), and/or can further
comprise an intermoediate doying step prior to step (b). These optioval steps are discussed in
greater detail herein below. In one embodiment, at least one of these optional steps can be
performed i g method of making a catalyst, while in another embodiment, both of these
optional steps can be performed. The optional steps can be performed in any order, however,
in a particular cmbodiment, the mtermediate washing step can be performed first, followed
by the mtermediate deying step.

In an embodiment, a method of making a catalyst (e.g., comprising a Group Vil
transition metal and a zeolitic support) can further comprise an intermediate washing step
prior to the calcination in step (b). This intermediate washing step generally can comprise
contacting {¢.g., mixing} the alkaline carth metal exchanged zeolitic support with a washing
composition comprising {or consisting essentially of, or consisting of) water, for instance,
distilied or deionized water. Catalyst washing procedures are described, for exaraple, in U.S.
Patent No. 6,190,539, the disclosure of which is incorporated herein by reference in its

entirety.
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While not being limited thereto, the washing step generally can be conducted at a
washing temperature in a range from about 20 °C 1o about 95 °C; alternatively, from about 20
°C to about 90 °C; alternatively, from about 25 °C to about 75 °C; alternatively, from about
25 °C to about 65 °C; alternatively, from about 30 °C to about 90 °C; or alternatively, from
about 30 °C to about 60 "C. In these and other embodiments, these temperature ranges also
ar¢ rncant to cncompass circumstances where the washing step is conducted at a series of
different teraperatures, instead of at a single fixed temperature, falling within the respective
Tanges.

The intermediate washing step can include numerous washing cycles, often from 2 to
24, or from 2 to 10. More often, the intermediate washing step can consist of from 2 to 8,
from 3 to 8, or froro 3 to 5 washing cycles.

The duration of cach washing cycle in the intermediate washing step is not limited to
any particular period of time. Typically, each washing cycle can be conducted i a time
period ranging from as little as 10 sec to as long as 2 br (or more}, but more typically, cach
washing cycle can be conducted in a time period that can be i a range from about 30 scc to
about T hr, such as, for example, from about 1 min to about 45 min, from about 1 min to
about 30 min, from about 5 min to about 1 hr, or from about 10 min to about 30 min.

In an embodiment, a method of making a catalyst {e.g., comprising a Group VIH
transition metal and a zeolitic support) can further comprise an intermediate drying step prior
to the calcination wn step (b). This intermediate drying step generally can comprise
contacting the alkaline earth metal exchanged zeolitic support with an intermediate drying
gas strearn comprising (or consisting cssentially, or consisting of}y an nert gas {¢.g., nitrogen},
oxygen, air, of any mixture or combination thercof alternatively, nitrogen: alternatively,
heliumy; alternatively, neon; alternatively, argon; alternatively, oxygen; or alternatively, air.

While not being livaited thereto, the interrocdiate drying step geoerally can be
conducted at an intermediate drying temperature in a range from about 80 °C to about 200 °C;
alternatively, from about 100 °C to about 200 “C; alternatively, from about 100 °C to about
175 °C; alternatively, from about 100 °C to about 150 °C; alternatively, from about 105 °C to
about 165 “C; or alternatively, from about 110 °C to about 140 "C. 1In these and other
embodiments, these temperature ranges also are meant to encompass circumstances where
the drying 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 intermediate drying step is not limited to any particular period of

time. Typically, the drying step can be conducted in a time period ranging from as little as 30
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min to as jong as 8 hr {or more}, but more typically, the drying step can be conducted in a
time period that can be in a range from about 1 hr to about 8 by, such as, for example, fromw
about 1 hr to about 7 hr, from about | hr to about 6 hr, from about 2 hr to about 7 hr, or from
about 2 hr to about 6 hr.

The calcination of the alkaline earth metal exchanged zeolitic support in step {b) can
be conducted at a variety of teraperatures and time periods. However, and unexpectedly,
Applicants determined that it can be beneficial for the performance of the resultant catalyst
for the pesk calcining temperature to be less than about 550 °C (1022 °F). In one
ermbodiment, the peak calcining temperature in step (b) can be in a range from about 315 °C
{600 °F) to about 338 °C (1000 °F). In another embodiment, the peak calcining temperature
can be in a range from about 371 °C (700 “F) to about 5300 "C (932 "F). In vet another
embodiment, the peak calcining temperature can be in a range from about 399 °C (750 "F) 1o
about 493 °C (920 °F). In still another embodiment, the peak calcining temperature can be in
a range from about 427 °C (800 °F) to about 482 °C (900 °F). In these and other
cmbodiments, these temperature ranges also are meant to cncompass circurnstances where
the calcination step is conducted at a series of different temperatures {e.g., an initial
calcination temperature, a peak calcination temperaturc), instead of at a single fixed
temperatare, falling within the respective ranges. For fustance, the caleination in step (b) can
start at an initial temperature which is the same as the drying temperature in the intermediate
drying step. Subscqueuntly, the temperature of the step (b) calcination can be increased to a
peak calcining temperature, for cxample, in a range from about 315 °C (600 F} to about 538
°C {1000 °F), or from about 371 °C (700 °F) to about 500 "C (932 “F).

The duration of the calcining in step (b} is not limited to any particular period of time.
Henee, the calcining can be conducted, for example, in a timae period ranging frora as hittle as
30-45 miv to as long as 10-12 hr, or more. The appropriate calcining tivae can depend upon,
for example, the initial/peak calcining temperature, whether an intermediate drying step is
used, among other variables. Generally, however, the calcining step can be conducted in a
time period that can be in a range from about 45 min to about 12 hr, such as, for example,
from about 1 hr to about 12 hr, from about 1 hr to about 10 hr, from about 1 hr to about 5 hr,
or from about 1 hr to about 3 br.

The caleining 1o step (b} can be conducted in 4 calcining gas stream that coraprises {(or
consists essentially, or conststs of) an inert gas {e.g., nifrogen), oxygen, air, or any mixture or
combination thereof. In some embodiments, the calcining gas stream can comprise air, while

in other embodiments, the calcining gas stream can comprise a mixture of air and nitrogen.
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Yet, in certarn embodiments, the calcining gas stream can be an inert gas, such as nitrogen
and/ot argon.

In step (¢}, the calcined alkaline carth metal exchanged zeolitic support of step (b) can
be impregnated with a Group VI transition metal-containing coropound. The Group VHI
transition metal-containing compound can comprise iron, cobalt, nickel, ruthentum, rhodium,
paliadium, osmium, ridium, platinum, and the like, or a combination of twoe or more
transition metals. In a particular embodiment, the Group VHI transition metal-containing
compound can comprise platinum (Pt). Hlustrative and non-limiting cxamples of Group VII
transition metal-containing compounds {(¢.g., which contain platinam) that are suitable for use
in impregnating the zeolitic support with platinum include, but are not limited to,
tetraamineplatinum(ll} chlonde, tetraamuineplatioun(Il} nifrate, platinam(ll) acetylacetonate,
platimam(ll} chloride, ammonium tetrachloropiatinate(ll}, chloroplatinic acid, and the like, as
well as mixtures of combinations thereof.

In an embodiment, a method of making a catalyst {e.g., comprising a Group VIl
transition metal and a zeolitic support) can further comprise a final drying step prior to the
calcination i step {d}. This final drying step generally can comprise contacting the
tmpregnated zeolitic support with a final drying gas stream comprising {or consisting
esscutially, or consisting of) an inert gas {e.g., nitrogen), oxygen, awr, or any wuxture or
combination thereof, alternatively, nitrogen; alternatively, helium; alternatively, neon;
alternatively, argon; alternatively, oxygen; or alternatively, air.

As with the intermediate drying step, the final drying step is not limited to particular
final drying teraperatures, but most often, the final drying temperature can be in a range from
about 80 °C to about 200 °C; alternatively, from about 100 °C to about 200 °C; alternatively,
from about 100 °C to about 175 °C; alternatively, from about 180 °C to about 150 "C;
alternatively, from about 105 °C to about 165 °C; or alternatively, from about 110 °C to about
140 "C. In thesc and other embodiments, these temperature ranges also are meant to
encorpass circumstances where the final drying step s conducted at a series of different
temperatures, instead of at a single fixed temperature, falling within the respective ranges.

The duration of the final drving step can in the same range of time periods as the
intermediate drying step, ¢.g., from as short as 30 min to as long as & br {or more), but more
typically, the final drying step can be conducted in a time period that can be in a range from
about I br to about 8 hr, such as, for example, from about 1 hr to about 7 hr, from about T hr

to about 6 hr, from about 2 hr to about 7 hr, or from about 2 hr to about 6 hr.
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‘the calcination of the impregnated alkaline earth metal exchanged zeolitic support in
step (d) can be conducted at a vaviety of temperatures and time periods. In one erobodiment,
the peak calcining temperature in step {d) can be in a range from about 200 °C to about 500
°C (1000 °F). In another embodiment, the peak caleining temperature in step {d) canbe in a
range from about 230 °C to about 400 °C. In yet another embodiment, the peak calcining
temperature in step (d) can be in a range from about 230 °C to about 350 °C. In still another
embodiment, the peak calcining teraperature in step (d) can be in a range from about 200 °C
to about 300 °C. In these and other embodiments, these temperature ranges alse arc meant to
encompass circumstances where the step (d) 18 conducted at a series of different temperatures
{c.g., an initial calcination temperature, a peak calcination temperature), instead of at a single
fixed temperature, falling withwn the respective ranges. For instance, the calcination in step
(d} can start at an initial temperature which s the same as the final drying teraperature in the
final drying step. Subsequently, the temperature of the step (d) caleination can be increased
to a peak calcining temperature, for example, in a range from about 230 °C to about 500 °C,
or from about 230 “C to about 350 °C.

The duration of the calcining in step (d) is not limited to any particular period of time,
and generally can be in the same range of time periods as in step {(b). Hence, the calcining of
step {d} can be conducted, for example, in a time period ranging frow as little as 30-45 mun to
as long as 10-12 hr, or more. The appropriate calcining time can depend upon, for example,
the nifial/peak calcining temperature, whether a final drying step is used, among other
variables. Generally, however, the calcining of step (d) can be conducted in a time period
that can be in a range from about 45 min to about 12 hr, such as, for example, from about 1 hr
to about 12 hr, from about 1 hr o about 10 hr, from about 1 hr to about 5 hr, or from about |
br to about 3 hr.

In various emboduments contemiplated herein, the roethods of waking a catalyst can
further include one or more optional final steps performed after the calcination in step (d).
For exaraple, a method of making a catalyst can further comprise a reducing step after the
step {d). This reducing step can comprise contacting the catalyst with a reducing gas stream
comprising molecular hydrogen. In addition to melecular hydrogen, the reducing gas stream
can comprise an inert gas, L.e., the reducing gas stream can comprise {or consist essentially
of, or consist of) molecular hydrogen and an inert gas. Typical inert gasses useful in the
reducing step can encompass belium, neon, argon, nitrogen, and the fike, and this includes

combinations of two or more of these materials. In certain embodiments, the reducing gas
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stream can comprise {or consist essentially of, or consist of) molecular hydrogen and
nitrogen.

The reducing step can be conducted at a varicty of temperatures and time periods.
For iustance, the reducing step can be conducted at a peak reducing teroperature in a range
from about 100 °C to about 600 °C; alternatively, from about 100 °C to about 550 °C;
alternatively, from about 200 °C to about 500 °C; alternatively, from about 300 °C to about
550 °C; alternatively, from about 200 °C to about 400 °C; or alternatively, from about 200 °C
to about 350 °C. In these and other embodiments, these temperature ranges alse arc meant to
encorpass 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.

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 g time period ranging from as
fittle as 30 min to as long as 24 hr, or more. For example, the reducing step can be conducted
in a time period that can be in a range from about 1 hr to about 24 hr, from about 2 hr to
about 18 hr, from about 2 hr ¢ about ¥ hr, from about 1 hr to about 10 by, or from about 1 hr
to about & hr.

The wethod of making a catalyst, as described by steps (a) through (d) hereinabove,
can be further characterized, in some embodiments, as not including a contacting step
between step (b) and step {¢). For exaraple, in this regard, there 1s no additioval contacting of
the calcined alkaline earth metal exchanged zeolitic support with an alkaline ecarth metal-
containing cornpound prior to impregnation of the zeolitic support with a Group VIH
transition metal-containing compound. In a further embodiment, step (a} can be the only step
in the method which utilizes an alkaline carth metal-containing compound, for example, a
barium-~-containing compound.

In another embodiment, the method can be characterized as not including a contacting
step comprising a fluorine-containing compound; additionally or aliernatively, the method
can be characterized as not including a contacting step comprising a chlorine-containing
compound other than the Group VIH transition metal-containing compound {¢.g., a platinura-
containing compound). Chlorine-containing compounds in these embodiments can include,
but arc not hmited to, hydrochloric acid, chlorine gas (Ch), carbon tetrachloride,
tetrachloroethylene, chlorobenzene, methyl chloride, methylene chloride, chloroform, allyt
chloride, trichloroethylene, a chloramine, a chlorine oxide, a chlorine acid, chlorine dioxide,

dichlorine mouvoxide, dichlorine heptoxide, chloric acid, perchloric acid, ammonium chloride,
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tetramcthylammoniuwm  chloride, tetracthylammonium  chloride, tetrapropylammonium
chloride, tetrabutylamrooniure chloride, methyltricthylaromonium chlonde, and the hike, or
any combination thercof. Suitable fluorine-containing compounds in these embodiments can
include, but are not limited to, hydrofluoric acid, fluorine gas (Fy), 2,2.2-trifluorocthanol,
tetrafluoroethylene, carbon tetraflvoride, carbon trifluoride, fluoromethane,
heptafluoropropane,  decafluorobutane,  hexafluorcisopropanol,  tetratluoropropanol,
pentafluoropropano], hexafluorophenyipropanol, perfluorobutyl  alcohel,  hexafluor-2-
propanol, pentafluoro-1-propanol, tetrafluoro-1-propanol, 1,1,1,3,3,3-hexafluore-2-propanol,
2,2,3,3,3-pentattuoro-1-propanol, ammontam  fluoride, tetramethylammonium  fluoride,
tetracthylammonium fluoride, tetrapropylammonium fluoride, tetrabutylammonium fluoride,
wethyliricthylaramonium fluoride, and the like, or any comwbination thereof, Compounds
which can be considered as chlorine-containing compounds and/or fluorine-containing
compounds in these embodiments can include, but are not himated to, CF;CL CF,Ch, CFCl,,

CHFCL, CHECL, GoFCLy, GoFaChy, and the like, or any combination thereof,

REFORMING PROCESSES WITH AROMATIZATION CATALYSTS

Also encompassed herein are various processes for reforming hydrocarbons. One
such reforming process can coraprise {or consist cssentially of, or consist of) contacting a
hydrocarbon feed with a supported aromatization catalyst under reforming conditions in a
reactor system to produce an aromatic product, The supported aromatization catalyst can
have a surface area of at least about 165 m’/g, and can comprise (i) an alkaline earth metal
exchanged zeolitic support; and (i) a Group VI transition metal,

Generally, the features of any of the processes disclosed herein {e.g., the hydrocarbon
feed, the supported aromatization catalyst, the Group VIHI tranmsition metal, the zeolitic
sapport, the reforming counditions, among others) are independently described herein, and
these features can be combined in any combination to further describe the disclosed
reforming processes. Moreover, other process steps can be conducted before, during, and/or
after the step of contacting the hydrocarbon feed with the supported aromatization catalyst
under reforming conditions in the reactor system to produce the aromatic product, unless
stated otherwise.

The reactor systems for reforming and the respective reforming conditions are well
known to those of skill in the art and are described, for example, in U.S. Patent Nos.
4,456,527, 5,389,235, 5,401,386, 5,401,365, 6,207,042, and 7,932,425, the disclosures of

which are incorporated herein by reference 1o their enfivety.
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Likewise, typical hydrocarbon feeds are disclosed in these references. Often, the
hydrocarbon feed can be a naptha stream or light vaptha sirears. In certain embodiments, the
hydrocarbon feed can comprise non-aromatic hydrocarbons, for example, the hydrocarbon
feed can comprise Ce-Co alkanes and/or cycloalkanes, or Ce-Cy alkanes and/or cycloalkanes

{e.g., hexane, cyclohexane, etc.}, and the like.

EXAMPLES

The invention is further illustrated by the following exaraples, which are not to be
construed 1 any way as imposing hmitations to the scope of this invention. Various other
aspects, embodiments, modifications, and cquivalents thercof which, after reading the
description herein, can suggest themselves to one of ordinary skill 1o the art without
departing from the spirit of the present invention or the scope of the appended claims.

In Examples 1-17, the respective catalysts were cvaluated for their start of run
temperature (Tsor, “F), fouling rate (FR, “F/hr), and Cst yield (wt. %) in accordance with the
following procedure. Approximately 0.7 g of cach catalyst were placed m a Yi-inch OD
stainless steel reactor vessel in a temperature controlled furnace. Each catalyst sample was
dried and reduced under flowing molecular hydrogen without recycle at a temperature
increasing from room temperature to about 950 °F for 1 hr. Then, a feed stream of aliphatic
hydrocarbons and molecular hydrogen was added to the reactor vessel at a feed rate of about
12 mL/min, a liquid hourly space velocity (LHSV) of about 12 br'', a Hyhydrocarbon molar
ratio of about 1.3:1, and a pressure of about 100 psig, to obtain catalyst performance data
over time. The aliphatic hydrocarbon feed contained frorn 22 to 26 wt. % n-hexane, 4 to 8
wt. % n-heptane, 33 to 37 wt. % (s iso-paraffins, 17 to 21 wit. % 5 iso-paraffing, 6 to 10 wt.
% Cy i1so-paraffins, with the balance attributable to Cs and C; olefins, naphthenes, and
arornatics. The reactor cffluent coroposition was regularly analyzed by gas chiromatography
to determine the weight percentage of total aromatics in the Cst+ fraction {c¢.g., benzene,
toluene). The reactor temperature was periodically adjusted to achieve a desived total 63 wi.
% aromatics in the Cst product. Each test was conducted for 40 hr.

As would be recognized by those of skill in the art, catalysts decrcase in activity
during operation over time due to several reasons, for example, deposition of coke,
undesirable accumulation of poisons on the catalyst surface, cte.  This deactivation 18
generally referred to as “fouling,” and the fouling rate can be determined by establishing a
temperature needed to achieve a targeted conversion of the hydrocarbon feed to a selected wi.

% of aromatics 1o the Cs+ product. As the catalyst activity decreases due to fouling, the
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temperature may be increased to compensate for the loss of catalyst activity. The extent to
which the temperature is adjusted over a specified fime period to roaintain the targeted
activity is termed the fouling rate. In Examples 1-17, the temperature required to maintain 63
wt. % aromatics {the yield adjusied temperature} was plotied versus reaction time, and a
Hinear regression fit was used to determine FR and Tyor using the formula, y = FR* + Ty,
where v 18 the yield adjusted temperature, FR s the fouling rate (slope), t is the reaction time,
and Tsor 18 the fnitial start of run temperature {y-intercept). Initial low conversion catalyst
break-in conditions or mitial performance, typically within the first 15 hr, were not included
in the determination of Tsor and fouling rate.

The Cs+ yield {(wt. %} was determined by analyzing the reaction product stream using
a gas chroroatograph equipped with a capillary coluran and a flame ionization detector.
Samples were taken every hour and analyzed. All measured Cs to Cip components {in wt. %)
and the amount of hydrogen produced {calculated from the difference between the feed and
the reaction product) were used to calculate total Ust+ vield, based on the total reaction
product. The values reported in Tables 1-IV were the average Cst yield between 30-40
bours on stream in the 40-hr test,

Weight percentages of Pt, Ba, (1, and F were determined using X-ray fluorescence
{(XRF). Surface arcas were determined using the BET method, and pore volume and

micropore velume were determined using the t-plot method.

EXAMPLES 1-4

Example 1 was a comparative, commercially available aromatization catalyst
containing platinum on a Ba-KL zeolite with about 20 wt. % silica binder. Beneficially, this
catalyst 1s regenerable, but often has lower catalyst activity and higher fouling rates than
Example 2. Exarnple 2 was a coroparative, coromercially available aroroatization catalyst
containing platinum and halogens (F and Cl) on a KL zeolite with about 17 wt. % silica
binder. Beuehcially, this catalyst generally bas higher catalyst activity and lower fouling
rates than Example 1, but this catalyst typically is not regenerable.

Examples 3-4 were produced as follows.  An extruded base was prepared by
extruding a mixture of 83 wt. % KL zeolite and 17 wt. % collpidal silica with 5 wt. % methyl
cellulose (based on the zeolite) in a sutficient amount of water to make an extrudable paste,
and then extruding the paste through a die to produce 1/16-inch extrudates. The wet
cxtrudates were dried at about 250 °F for 4 hr, and then calcined at 932 °F for 1 hr in flowing

alr. The calcined base was washed 3 times in deionized water at 100 °F for 20 min, followed
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by drying at about 250 °F for 4 hr, and then calcining at 900-950 °F for 1 hr in flowing air.
Next, the calcimed and washed base was wn-exchanged with a 0.3 M aqueous solution of
barium nitrate at a temperature of about 180 °F for about 3 hr, followed by filtration to
remove excess barium nitrate solution. The barium exchanged support was washed 3 times
in detonized water at about 75 °F for 20 min, filtered, and then dried at about 250 °F for about
4 hr, Calcining was conducted at a peak temperatare of 900-950 °F for 1 hr.

Approximately 20 g of the calcined barium exchanged support were impregnated with
an aqueous solution of PYUNH3uCl, (about 0.4 ¢ of the platinum-containing compound to 9.5
mL of water) to result in the desired platinum loadings. The catalyst was dried in vacuum at
100 °F for 2 hr, then at 200 °F for 30 min, and then calcined at 500 “F for 1 hr in flowing air.

Table I summarizes certain properties of the aromatization catalysts of Examples 1-4.
As compared with the catalyst of Example 1, the catalysts of Examples 3-4, unexpectedly,
had signiticantly higher surface arca, total pore volume, and muicropore volume, as well as
increased catalyst activity as demonstrated by both a lower Teon temperature and a higher
Cs+ yield, Moreover, the catalysts of Examples 3-4 had significantly lower fouling rates than
that of Example 1.

As compared with the catalyst of Example 2, the catalysts of Examples 3-4 had
relatively siatlar surface area, total pore volume, and wicropore volame. Surprisingly, cven
with 20% less platinum that the catalyst of Example 2, the catalysts of Examples 3-4 showed
velatively similar fouling rates and Teor termperatures.  Interestingly, the catalysts of

Examples 3-4 resulted in slightly superior Cs+ yields than the catalyst of Example 2.

Table . Examples 1-4.

Example 1 2 3 4

Pt (wt. %) (.57 .98 0.79 72

Ba {(wt. %) 6.24 0.0 6.53 6.63
Surface Area (m’/g) 114 180 208 182

Total Pore Volume (co/g) | 0.170 $.194 0.200 $.190
Micropore Volume {cc/g) | 0.043 0.063 0.069 $.058

Tsog (F) 333 314 514 516
Fouling Rate (°F/hr) 2.50 g.12 (.28 0.27
Cs+ Yield (wt. %) 83.3 83.5 91.2 O1.1
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EXAMPLES 3-8

The catalysts of Examples 5-6 were the same as the catalysts of Examples 1-2,
respectively, but are given different example mumbers due to slight variations in test results
versus Examples 1-2.

BExamples 7-8 were produced as follows. An extruded base was prepared by
extruding a mixture of 83 wi. % KL zeolite and 17 wt. % colloidal stlica with 5 wt. % methyl
cellulose (based on the zeolite) in a sufficient amount of water to make an extrudable paste.
The wet extrudates were dried at about 250 °F for 4 hr, and then caleined at 932 °F for L hrin
flowing air. The calcined base was washed 3 times in delonized water at 100 °F for 20 min,
followed by drying at about 250 °F for 4 hr, and then calcining at 900 °F for | hr in flowing
air. Approximately 300 g of the calcined and washed base were lon-exchanged with 3 L of a
.3 M aqueous solution of barium nitrate at a temperature of about 180 °F for about 3 hr with
occasional stirring, followed by filtration to remove excess bariurn niirate solution. The
barfum exchanged support was washed 3 times in 750 ml of defonized water at about 75 °F
for 20 min, filtered, and then dried at about 250 °F for about 4 hr. Calcining was conducted
at a peak temperature of 900 °F for 1 hr.

Approximately 120 g of the calcined barmum cxchanged support were impregnated
with an aqueous solution of PU{NH:uCL (e, 2.88 g i 60 mL of water) to result in the
desired platinum loadings. The catalyst was dried in vacuum at 100 °F for 2 hr, then at 200
°F for 30 min, and then calcined at 500 °F for 1 hr in flowing air.

Table I} summarizes certain properties of the aromatization catalysts of Examples 5-
8. As comapared with the catalyst of Example 3, the catalysts of Examples 7-8, unexpeciedly,
had significantly higher surface area, total pore volume, and micropore volume, as well as
mereased catalyst activity as demonstrated by both a lower Tgge temperature and a higher
Cst vield. Moreover, the catalysts of Examples 7-8 had signmificantly lower fouling rates thau
that of Example 5.

As compared with the catalyst of Examiple 6, the catalysts of Examples 7-8 contained
barium, did not contain fluorine, and contained about half of the amount of chlorine. The
catalysts of Exaraples 7-8 had shightly higher surface arcas, and cormnparable total pore
volumes and micropore volumes to the catalyst of Example 6. Additionally, the catalysts of
Examples 7-8 showed relatively siratlar fouling rates, Teor temperatures, and Cs+ yiclds as

compared to the catalyst of Example 2.
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Table . Examples 5-K.
Example 5 6 7 8

Pt {wt. %) (.57 .98 .80 0.94

Ba {wt. %) 6.24 0.0 6.49 6.48

F {wt. %)} 0.9 .80 0.0 0.0

CH{wt. %) 0.27 (.83 .34 .42
Surface Area (m’/g) 114 180 193 194
Total Pore Volume {(co/g) | 0.170 0.194 0.192 0.228
Micropore Volume {(cc/g) | 0.043 0.063 0.065 0.064
Tyor °F) 933 923 926 916

Fouling Rate (°F/hr) 2.50 (.16 .46 .34
Cot Yield (wt. %) 83.3 90.4 90.1 91.2

LA

EXAMPLES 9-12
The catalysts of Examiples 9-12 each contained approximately 1% platinum, and were
prepared 1o substantially the same manner as those of Examples 7-8. The bartum cxchanged
10 support was calcined at a peak temperature of either 800 °F, 900 °F, 1100 °F, or 1200 °F for |
hr, prior to impregnating with platinum.
Table I summarizes the calcivation teroperature used 1 the preparation of cach of
Examples 9-12, as well as certain properties of the aromatization catalysts of Examples 9-12.
The peak calcinations temperatures of 800 °F and 900 °F produced catalysts with the highest
15 surface arcas, total pore volumes, and micropore volumes, as well the lowest Tsor
temperature and fouling rates. The peak calcination temperature of 1200 °F produced a

catalyst which had an unacceptably high fouling rate and low Cs+ vield.
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EXAMPLES 13-17

The catalysts of Examples 13-17 cach contained approximately 1.2% platinum, and
were prepared in substantially the same manner as those of Examples 7-8. The barium
exchanged support was caleined at a peak temperature of either 600 °F, 700 °F, 800 °F, 900
°F, or 1000 °F for 1 hr, prior to impregnating with platinum,

Table IV surnmarizes the calcination temperature used in the preparation of cach of
Examples 13-17, as well as certain properties of the arornatization catalysts of Examples 13-
17. Al of these catalysts, produced with peak calcinations temperatures of 600 °F to 1000 F,
had acceptable surface areas, pore volumes, micropore volumes, Teor temperatures, fouling

rates, and Cs+ yields.
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EXAMPLES 18-19

The catalyst of Example 18 contained approximately 1% platinum, and was prepared in
substantially the saroe manuver as those of Examples 7-8. The barium exchanged support was
calcined at a peak temperature of 900 °F for 1 hr, prior to impregnating with platinum. Example
19 used the catalyst of Examples 2 and 6.

The first step in evalnating the regenerability of a catalyst is to determine the activity of
the fresh catalyst {cycle 1), Since this test 1s designed to mcasure the longer term activity
performance and fouling rates, the catalysts were tested for catalytic performance under test
conditions that were designed to be more severe than described in carlicr Exaroples 1-17. In
Examples 18-19, 10 cc of catalyst ground to 20x40 mesh size were loaded ma 175 m x % in
stainiess steel reactor tube which was housed in a three-zone electrical furnace. The catalyst bed
temperature was measured by a 3-tip therwocouple placed in an axial thermowell.  Reactor
operating conditions were 3 hr' LHSV and 100 psig. The catalysts were exposed to a
hydrocarbon feed (composition the same as in Examples 1-17} at a rate of 30 cc/hr, and at an
initial temperature of about 800 °F. Reactor temperatures were continually adjusted to maintain
76 wt. % aromatics m the hquid Cot product as determined by an on-line gas chromatograph
with flame ionization detection.

For an initial line-out period (~100 hr), the reactor conditions used were 3 hr'' LHSV, a
3:1 Ho/hydrocarbon molar ratio, and 100 psig. Io this hine-out period, after the feed mtroduction,
the temperature was raised unti the catalyst was able to produce 60 wt. % aromatics in the Cst
product as determined by GC analysis, For Example 18, after the initial line-out period of 143
hr, the Hy:hydrocarbon molar ratios were changed to 0.5:1 until 348 hr, then 2:1 until 1174 hr,
and finally to 3:1 until the EOR at 2258 hr.

After the initial line-out period, the furnace temperature reguired 1o maintain 76 wt. %
arornatics was plotted versus timne to determune the fouling rate (see FIG. 1), A line was fit to
the steady state data using a simple regression. The slope of the line gives the fouling rate and
the start of run temperature is the y-intercept of the line. An approximate useful catalyst life was
estimated as the tivae (in hours) before the reactor temperature reached (or would reach) 1000 °F
{(i.e., the yicld adjusted temperature required to maintain 76 wt. % aromatics). The first cycle

was conducted for about 2250 hr
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Following this first cycle, the catalyst was regenerated in-situ as follows. A hydrogen
purge of the catalyst bed was performed for 4 hr at 800 °F at a H, flow rate of 300 cc/min, then
the reactor was cooled to about 500 °F. The flow was switched to a Ny purge gas for 4 hr while
the temperature decreased to about 400 °F. Then, a 1 vol. % Oy (balance Ny} gas mixture was
introduced to the reactor at 300 co/min. The temperature was increased at 100 “F/hr to 425 °F,
and held at that temperature until the COy 1o the efflucut gas was 100 ppmw or less. Next, the
temperature was increased at 50 “F/hr to 600 °F, and held at that temperature for 12 hr. The
temperature was then increased at 25 °F/hr to 700 °F, and held at that teraperatare until the CO;
in the effluent gas was less than 50 ppmw, then cooled to 400 °F. The flow was switched to a N,
purge gas at 300 cc/min for 1 hr. The catalyst was then reduced under flowing Hs at 300 cc/min
for 1 hr at 950 °F.

Following regencration, the catalyst was subjected to a second cycle of the aromatization
reaction, at operating conditions of 3 hr-1 LHSV, a 3.5:1 Hy/hydrocarbon molar ratio, and 100
psig after the initial line-out period. ¥FIG. 1 and Table V summarize the regenerability
performance of the catalysts of Exaruples 18-19. Ag shown in FIG. 1 and Table V, the first
cycle performance of the catalysts of Examples 18-19 was very similar. Unexpectedly, however,
the performance in cycle 2, after regeneration, was significantly different.  The catalyst of
Example 19 was not regenerable, evidenced by virtually no useful life and a2 ATgog of over 60 °F.
In contrast, the ATgop was only 2 °F for the catalyst of Example 18, indicating a regenerable
catalyst. More surprisingly, the useful life of the catalyst of Example 18 in cycle 2 {ar exceeded

that of the catalyst of Example 18 in cycle 1.

Table V. Regeneration Experiments of Examples 18-19.

Examnlc 18 18 19 19

“Xamp Cyele] | Cyele2 | Cyelel | Cyele2

Taor (F) 845 Q47 938 10601
Regeneration ATgor (OF) Alsor =2 ATsop = 63

Useful Life (hr) 1400 | 4300 1400 | N/A




WO 2014/052299 PCT/US2013/061370

o)
&0

The mvention has been described above with reference to mumerous embodiments and
specific examples. Many variations will suggest themselves to those skilled in the art in light of
the above detailed deseription. All such obvious variations are within the full intended scope of
the appended claimos. Other embodiments of the fovention can include, but are not limited to, the
tollowing:

Embodiment 1. A method of producing a catalyst, the method comprising:

{a) contacting a zeolitic base with an alkaline ecarth metal-containing compound to
form an alkaline carth metal exchanged zeolitic support;

{b} calcining the alkaline carth metal exchanged zeolitic support at a peak calcining
temperatare of less than about 550 °C (1022 °F);

{c) fmpregoating the calcined alkaline earth metal exchanged zeolific support with a
Group VIH transition metal-containing compound; and

{(d) calcining the impregnated alkaline earth wetal exchanged zeolitic support to
produce the catalyst having a surface area of at least about 165 m™/g.

Embodiment 2. The method defined in embodiment 1, wherein the contacting in step {(a)
comprises an ion exchange process.

Embodiment 3. The method defined in embodiments 1-2, wherein the alkaline carth
metal-containing compound is in an aqueous solution.

Embodiment 4. The method defined in any of the preceding embodiments, wherein the
alkaline ecarth metal-containing compound comprises bavtum, strontium, calcium, or a
combination thereof.

Embodiment 5. The roethod defined in any of the preceding erobodirnents, wherein the
alkaline carth metal-containing compound comprises barium.

Embodiment 6. The method defined in any of the preceding embodiments, wherein the
alkaline earth metal-containing compound comprises a water sohuble barium salt.

Embodiment 7. The racthod defined i any of the preceding ersbodirnents, wherein the
alkaline carth metal-containing compound comprises bariur nitrate.

Embodiment 8. The method defined in any of the preceding embodiments, wherein the
zeolitic base n siep (a) is produced by a process comprising mixing a KlL-zeolite with silica,

extruding the mixture, drying, and calcining.
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Embodiment 9. The mcthod defined m embodiment 8, further comprising washing the
calcined zeolitic base, drying, and calcining prior to performing step (a).

Embodiment 10. The method defined in any of the preceding embodiments, wherein the
zeolitic base comprises a silica-bound KL-zeolite

Embodiment 11, The method defined in any of the preceding embodiments, wherein the
method further comprises an wmiermediate washing step prior to step (b}, the intermediate
washing step comprising contacting the alkaline carth metal exchanged zeolitic support with any
washing composition disclosed hercin, for exaraple, comprising deionized water.

Embodiment 12, The method defined in embodiment 11, wherein the intecrmediate
washing step 1s conducted at any washing temperature disclosed herein, for example, in 8 range
from about 20 °C to about 95 °C.

Embodiment 13. The method defined in embodiments 11-12, wherein the intermediate
washing step mclodes any nurober of washing cycles {(e.g., from 2 fo R) and any washing cycle
time periods disclosed herein {e.g., in a range of from about | min to about 2 hr}.

Erbodiment 14, The method defined in any of the preceding embodirnents, wherein the
method further comprises an intermediate drying step prior to step (b}, the intermediate drying
step comprising contacting the alkaline carth metal exchanged zeolitic support with any
intermediate drying gas stream disclosed herein, for example, comprising nitrogen, oxygen, air,
or any combination thereof.

Erbodiment 15, The method defined 1o embodiment 14, wherein the intermediate drying
step 18 conducted at any intermediate drying temperature disclosed herein, for example, in a
range from about 80 °C to about 200 °C.

Embodiment 16. The method defined in embodiments 14-13, wherein the intermediate
drying step is conducted for any intermediate drying step time period disclosed herein, for
example, in a range of from about 1 to about & hr.

Embodiment 17. The method defined in any of the preceding embodiments, wherein the
peak calcining temperature 1o step (b} is 1 any range of peak calcining temperatures disclosed
herein, for example, from about 315 °C (600 “F} to about 538 °C (1000 °F), from about 371 °C
(700 °F) to about 500 °C (932 "F), from about 399 °C (750 °F) to about 493 °C (920 °F), or from
about 427 °C (800 °F) to about 482 °C {900 °F).
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Embodiment 18, The method defined in any of the preceding embodirnents, wherein the
calcining in step (b) is conducted for any minimum calcining time or in any range of calcining
time pertods disclosed herein, for example, for at least about 1 hr, for a time period in a range of
from about 1 to about 10 hr, or frorg about 1 o about 3 hr.

Embodiment 19. The method defined in any of the preceding embodiments, wherein the
caleining 1o step (b} in conducted in any calcining gas stream disclosed herein, for exarnple,
comprising nitrogen, oxygen, air, or any combination thereof.

Embodiment 20. The method defined in any of the preceding embodiments, wherein the
Group VI transition metal-containing compound comprises platinum.

Embodiment 21, The method defined in any of the preceding embodirnents, wherein the
Group VHI transition metal-containing compound comprises tetrasmineplatioura{il) chlonde,
tetraamineplatinum(ll) nitrate, platinum{il) acetylacctonate, platinum(ll} chloride, ammonium
tetrachlorvoplatinate(il), chloroplatinic acid, or a corabination thereof.

Embodiment 22. The method defined in any of the preceding embodiments, wherein the
method further comprises a final drying step prior to step (d), the final drying step comprising
contacting the impregnated zeolitic support with any final drying gas stream disclosed heretn, for
exarmple, comprising nitrogen, oxygen, air, or any combination thercof.

Embodiment 23. The method defined in embodiment 22, wherein the final drying step is
conducted at any final drying temperature disclosed herein, for example, in a range from about
80 °C to about 200 °C.

Embodiment 24. The method defined in embodiments 22-23, wherein the final drying
step 1s conducted for any final drving step time period disclosed herein, for example, in a range
of from about 1 to about & hr.

Erbodiment 25, The method defined in any of the preceding embodirnents, wherein the
calcining in step (d) is conducted at any final calcining temperature disclosed herein, for
example, in a range from about 230 °C to about 500 °C.

Embodiment 26. The method defined in any of the preceding embodiments, wherein the
method further comprises a reducing step after step {(d), the reducing step comprising contacting

the catalyst with any reducing gas siream disclosed herein, for example, coroprising bydrogen.
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Embodiment 27. The method defined in embodiment 26, wherein the reducing step 1s
conducted at any reducing temperature disclosed herein, for example, in a range from about 100
°C to about 550 °C.

Embodiment 28, The method defined in any of the preceding embodiments, wherein the
method does not include a contacting step between step (b) and step {¢).

Embodiment 29, The method defined 1 any of the preceding evobodivaents, wherein_step
{a) is the only step in the method which utilizes an alkaline carth metal-containing compound,
for cxample, a bartum-containing compound.

Embodiment 38, The method defined in any of the preceding embodiments, wherein_the
method does not include a contacting step comprising a fluorine-containing compound.

Embodiment 31, The method defined in any of the preceding embodiments, wherein_the
method does not include a contacting step comprising a chlorine-containing compound other
than the Group VI transttion metal-containing compound, for exarople, a platinum-containing
compound.

Erbodiment 32, The method defined in any of the preceding embodirnents, wherein the
method does not inchude a contacting step comprising a fluorine-containing compound or a
chlorine-containing compound other than the Group VI transition metal-containing compound,
for example, a platinum-containing compound.

Embodiment 33. A catalyst obtained by the method defined in any of the preceding
embaodiments, for example, a supported aroroatization catalyst.

Embodiment 34. A catalyst comprising:

{1} an alkaline earth metal exchanged zeolitic support; and

(i1 a Group VIH transition metal;
wherein the catalyst has a surface arca of at least about 165 m’/g.

Embodiment 35. The catalyst or method defined in any of the preceding embodiments,
wherein the catalyst has a surface arca greater than any minurourn surface arca or i any range of
surface area disclosed herein, for exaraple, at least about 180 mz/g, from about 170 to about 210
m?/g, or from about 180 to about 200 m*/g.

Embodiment 36. The catalyst or method defined in any of the preceding embodiments,

wherein the catalyst has a total pore volume greater than any minimum pore volume or in any
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range of pore volume disclosed herein, for example, at least about 0.17 co/g, at least about 0.18
g/ce, or from about 8.17 to about 0.24 co/g.

Embodiment 37. The catalyst or method defined in any of the preceding embodiments,
wherein the catalyst has a voicropore volume greater than any minivouro micropore volume ot in
any range of micropore volume disclosed herein, for example, at least about 0.045 cc/g, at least
about §.055 g/ce, from about 0.05 to about §.09 cc/g, or from about $.035 to about 0.07 cc/g.

Embodiment 38. The catalyst or method defined in any of the preceding embodiments,
wherein the catalyst is substantially free of fluorine, for exaraple, less than 2500 ppmow,

Embodiment 39. The catalyst or method defined in any of the preceding embodiments,
wherein the catalyst comprises less than any maximum amount of fluorine disclosed herein, for
example, less than 2000 pprow, less than 1000 pprow, less than 500 ppmw, less than 100 ppmw,
icss than 50 pprw, or less than 25 ppmow.

Embodiment 40. The catalyst or vacthod defined in any of the preceding embodiments,
wherein the Group VHI transition metal comprises platinum.

Embodiment 41. The catalyst or method defined in any of the preceding embodiments,
wheretn the Group VI transition metal is platioum.

Embodiment 42. The catalyst or racthod defined in any of the preceding embodiments,
wherein the catalyst comprises any weight percentage range of Group VI transition metal
disclosed herein, for example, from about 0.1 wt. % to about 10 wt. %, from about 0.2 wt. % to
about 5 wt. %, or from about 8.3 wt. % to about 2 wt. % Group VI transition metal, based on
the total weight of the catalyst.

Embodiment 43. The catalyst or vacthod defined in any of the preceding embodiments,
wherein the catalyst comprises any weight percentage range of platinum disclosed herein, for
example, from about 0.1 wi. % to about 10 wi. %, from about 0.2 wit. % to about 5 wi. %, or
from about .3 wt. % to about 2 wt. % platinum, based on the total weight of the catalyst.

Embodiment 44. The catalyst or racthod defined in any of the preceding embodiments,
wherein the zeolitic support comprises a mediom pore zeolite, a large pore zeolite, or a
combination thercof.

Embodiment 45. The catalyst or method defined in any of the preceding embodiments,
wherein the zeolitic support comprises an L-zeolite, a Y-zeolite, a mordenite, an omega zeolite,

and/or a beta zeolite,
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Embodiment 46. The catalyst or method defined in any of the preceding embodiments,
wherein the zeolitic support comprises a L-zeolite.

Embodiment 47. The catalyst or method defined in any of the preceding embodiments,
wherein the catalyst comprises platinum and the zeolitic support comprises a L-zeolite.

Embodiment 4%, The catalyst or method defined in any of the preceding embodiments,
wheretn the zeolitic support comprises a potassium L-zeolite

Embodiment 49. The catalyst or method defined in any of the preceding embodiments,
wherein the zeolitic support coruprises an alkaline carth metal comprising barium, strontium,
calcium, or a combination thereof

Embodiment 50. The catalyst or method defined in any of the preceding embodiments,
wheretn the zeolitic support comprises barium.

Embodiment 51. The catalyst or method defined in any of the preceding embodiments,
wherein the zeolitic sapport coruprises a barium on-exchanged L-zeolite.

Embodiment 52. The catalyst or method defined in any of the preceding embodiments,
wherein the catalyst coraprises any weight percentage range of alkaline carth metal disclosed
herein, for example, from about 0.1 wt. % to about 50 wt. %, from about 1 wit. % to about 20 wt.
Y, or from about 2 wt. % to about 10 wt. % alkaline carth metal, based on the total weight of the
catalyst.

Embodiment 53. The catalyst or method defined in any of the preceding embodiments,
wheretn the catalyst comprises any weight percentage range of barium disclosed herein, for
example, from about 0.1 wt. % to about 50 wt. %, from about 1 wt. % to about 20 wt. %, or from
about 2 wt. % to about 10 wi. % barium, based ou the total weight of the catalyst.

Embodiment 54. The catalyst or method defined in any of the preceding embodiments,
wherein the zeolitic support further comprises 4 binder.

Embodiment 55. The catalyst or method defined in embodiment 54, wherein the binder
cornprises an morganic solid oxide, a clay, or a combination thercof,

Embodiment 56. The catalyst or method defined in erabodivaent 54, wherein the binder
compriscs alumina, silica, magnesia, boria, titania, zirconia, a mixed oxide thereof, or a mixture
thereof.

Embodiment 57. The catalyst or methed defined in embodiment 54, wherein the binder

cornprises silica.
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Embodiment 58, The catalyst or racthod defined in embodiment 54, wherein the binder
comprises montmorilionite, kaolin, cement, or a combination thereof,

Embodiment 59. The catalyst or method defined in embodiments 54-58, wherein the
zeolitic support comprises any weight percentage range of binder disclosed herein, for example,
from about 3 wit. % to about 35 wt. %, or from about 5 wt. % to about 30 wt. % binder, based on
the total weight of the zeolitic support.

Embodiment 60. The catalyst or method defined in any of the preceding embodiments,
wherein the catalyst further coraprises chiorine.

Embodiment 61, The catalyst or method defined in embodiment 60, wherein the catalyst
comprises any weight percentage range of chlorine disclosed herein, for example, frorn about
(.05 wt. % to about 5 wit. %, from about 8.1 wt. % to about 1 wt. %, or from about 8.1 wt. % to
about 0.6 wt. % chlorine, based on the total weight of the catalyst.

Embodiment 62. The catalyst or vacthod defined 1o any of the preceding embodiments,
wherein the catalyst is characterized by any maximum Tgor or in any Tsor range disclosed
herein, for exaraple, less than about 499 °C (930 °F), or less than about 496 °C (925 °F).

Embodiment 63. The catalyst or method defined in any of the preceding embodiments,
wherein the catalyst is characterized by any maximum Fouling Rate or in any Fouling Rate range
disclosed herein, for example, less than about 0.28 °C/hr (0.5 "F/hr), or less than about 0.25 *C/hr
(0.45 °F/hr).

Embodiment 64. The catalyst or method defined in any of the preceding embodiments,
wherein the catalyst is characterized by any minimum Cs+ yield or in any range of Cst yield
disclosed herein, for example, greater than about 90 wit. %, or greater than about 91 wi.

Embodiment 635. The catalyst or method defined in any of the preceding embodiments,
wherein the catalyst is regenerable, for example, having a cycle length or usctul hife of the
regenerated catalyst which is at least 0.5X (50% of X)), wherein X is the cycle length or useful
fife (in hours) of the fresh catalyst.

Embodiment 66. The catalyst or method defined 1o embodivoent 65, wherein the cycle
length or useful life of the regencrated catalyst is at least 0.65X, for example, at least §.75X, at
least 08X, or at feast X,

Embodiment 67. The catalyst or method defined in any of the preceding embodiments,

wherein the catalyst is regenerable, for example, having a ATsor less than 30 °F, wherein ATgor
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is the difference between the start of run temperature of the catalyst after regencration and the
start of run temperature of the fresh catalyst.

Embodiment 6¥. The catalyst or method defined in embodiment 67, wherein the ATgop 18
within 235 °F, for example, less than 20 °F, less than 13 °F, or less than 10 °F.

Embodiment 69. A reforming process comprising contacting a hydrocarbon feed with a
supported aromatization catalyst under reforroing conditions in a reactor system to produce an
aromatic product, wherein the supported aromatization catalyst is the catalyst defined in any of
the preceding embodiments.

Embodiment 70. The process defined in embodiment 69, wherein the hydrocarbon feed is
any hydrocarbon feed disclosed herein, for example, comprising non-aromatic hydrocarbons,

compristng Ce-Co alkanes and/or cycloalkanes, or comprising Cs-Cy alkanes and/or eycloalkanes.
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CLAIMS
That which is claimed 1s:
I A catalyst coraprising:
{i} an alkaline carth metal exchanged zeolitic support; and

{11} a Group VI transition metal;
wherein the catalyst has a surface area of at feast about 165 m/g; and the catalyst is substantially

free of fluorine.

The catalyst defined in claim 1, The catalyst of claimn 1, wherein the catalyst has:

b

" . - ) 3,
a surface arca n a range from about 170 to about 210 w'/g; or

a total pore volume of at least about 0.17 cc/g; or

a micropore volurne in a range from about 0.05 to about 0.09 co/g; or

any combination thereof.

3. The catalyst defined in any of the preceding claims, wherein the catalyst comprises less

than 500 ppmw fluorine.

4. The catalyst defined in any of the preceding claims, wherein the Group VIHI transition

metal comprises platinum,

5. The catalyst defined in any of the preceding claims, whercin the zeolitic support

comprises a medium pore zeolite, a large pore zeolite, or a combination thereof.

6. The catalyst defined 1u any of the preceding claims, wherein the zeolitic support
compriscs an alkaline ecarth metal comprising barium, strontrum, calcium, or a2 combination

thereof,
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7. The catalyst defined 1n any of the preceding claims, wherein the catalyst further
comprises chlorine.
8. The catalyst of claim 1, wherein the catalyst s regenerable,
9. A method of producing a catalyst, the method comprising:
{a) contacting a zeolitic base with an alkaline ecarth metal-containing compound to

form an alkaline carth metal exchanged zeolitic support;

{b} calcining the alkaline carth metal exchanged zeolitic support at a peak calcining
temperatare of less than about 550 °C (1022 °F);

{c) fmpregoating the calcined alkaline earth metal exchanged zeolific support with a
Group VIH transition metal-containing compound; and

{(d) calcining the impregnated alkaline earth wetal exchanged zeolitic support to

. -~ : Y
produce the catalyst having a surface arca of at least about 165 m™/g.

10.  The method of claim 9 wherein the alkaline earth metal-containing compound comprises

barium, strontium, calcium, or a combination thereof,

1. The method of claims 9 or 10 wherein the zeolitic base comprises a silica-bound KL-
zeolite
12, The wethod of claims 9 to 11 wherein the method does not include a contacting step

between step (b} and step (¢}

13, The method of claims 9 to 12 wherein step (a) is the only step in the method which
utilizes an alkahine carth metal-containing compound, for examuple, a bartum-containing

cornpound,

14, The method of claims 9 to 13 wherein the method does not include a contacting step

comprising a fluorine-containing compound.
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I5. A reforming process comprising contacting a hydrocarbon feed with a supported
aromatization catalyst under reforming conditions in a reactor system to produce an aromatic
product, wherein the supported aromatization catalyst is the catalyst defined in any of the

preceding claims,
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