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AROMATIZATION CATALYST PREPARATION WITH
ALKALI METAL PRESENT DURING A WASHING STEP

FIELD OF THE INVENTION
The present disclosure concerns methods for producing supported catalysts, and more
particularly relates to the production of supported aromatization catalysts contaning a
transition metal and a bound zeolite base using a washing step in which an alkali metal is

present.

BACKGROUND OF THE INVENTION

The standard manufacturing process for many supporied aromatization catalysts
typically mvolves forming a bound zeolite base from a binder and a zeolite, and the zeolite
may be ion-exchanged prior to formation of the bound zeolite base. The bound zeolite
generally is washed prior to the addition of a transition metal, such as platinmm, and 2
halogen, thereby forming the supported aromatization catalyst.

It may uot be desirable to perform an ion-exchange process after the formation of the
bound zeolite base, due in part to the additional cost and complexity that it would add to the
overall manufacturing process of the catalyst. However, it may be beneficial 1o enrich the
Bound zeolite support with an alkali metal to improve the properties of the resultant supported
aromatization catalvst without the necessity of an 1on-exchange process. Accordingly, 1t1s to

these ends that the present disclosure is generally directed.

SUMMARY OF THE INVENTION

Methods for producing supported catalysts are disclosed and described herein. Oue
such method for producing a supporied catalvst may comprise (a) providing a bound zeolite
base, (b) washing the bound zeolite base with an aqueous solution comprising an alkali metal
to produce an alkali metal enriched zeolite support, and (¢} impregnating the alkali metal
enriched zeolite support with a transition metal and a halogen to produce the supportad
catalyst.  Tvpically, the alkali metal may comprise potassivm, rubidium, cesium, or
combinations thereof, and the transition metal may comprise platinum.

Supported catalvsts produced by the methods provided herein may be used in
aromafization processes to produce aromatic compounds from non-aromatic hydrocarbons.
Such catalysts may have the unexpected combination of increased product selectivity (e.g., to

benzene or toluene), but with lower catalyst surface area and lower catalvst micropore
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volume, as compared to supported catalysts prepared without a washing step that utilizes an
atkal: metal.

Both the foregoing summary and the following detailed description provide examples
and are 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 1n addition to those set forth herein. For example, certain aspects may be directed to

various feature combinations and sub-combinations described in the detailed description.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 presenis a plot of the micropore volume of the alkali metal enriched zeolite
support and the micropore volume of the supported catalyst versus the molar concentration of
the alkali metal in the aqueous solution used to wash the bound zeolite base, for cesium and
potassium alkali metals.

F1G, 2 presents a plot of the platinum dispersion of the supported catalyst versus the
molar concentration of the alkali metal i the aqueous solution used to wash the bound zeolite
base, for cesturn and potassium alkali metals.

FIG. 3 presents a plot of the benzene selectivity, the toluene selectivity, and the end
of run temperature for a cestum-enriched supported catalvst compared 1o a reference catalyst
versus the molar concentration of the cesium in the agueous solution used {o wash the bound
zeolite base.

F1G, 4 presents a plot of the benzene selectivity, the toluene selectivity, and the end
of run temperature for a potassiume-enriched supported catalyst compared to a reference
calalyst versus the molar concentration of the potassium in the agueous solution used to wash

the bound zeolite base.

DEFINITIONS
To define more clearly the terms used herein, the following definitions are provided.
Unless otherwise indicated, the following definitions are applicable to this disclosure. If a
term is used in this disclosure but is not specifically defined herein, the definition from the
JUPAC Compendium of Chemical Terminology, 27 Ed (1997), may be applied, as long as
that definition does not conflict with any other disclosure or definition applied herein, 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
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conflicts with the definition or usage provided herein, the definition or usage provided herein
controls.

Herein, features of the subject matter are described such that, within particular
aspects, a combination of different features may be envisioned. For each and every aspect
and each and every feature disclosed herein, all combinations that do not detrimentally affect
the designs, compositions, processes, or methods described herein are contemplated with or
without explicit description of the particular combination. Additionally, unless explicitly
recited otherwise, any aspect or featwe disclosed hersin may be combined to describe
mventive designs, compositions, processes, or methods consistent with the present disclosure.

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

The terms “a,” “an.” and “the” are intended o mclude plural altematives. e.g., at least
one. For instance. the disclosure of “a fransition metal” or “a halogen,” is meant to
encompass one, or mixfwres or combinations of more than one, transition metal or halogen,
urdess otherwise specified.

Generally, groups of elements are jndicated using the vumbering scheme indicated n
the version of the periodic table of elements published in Chemical and Engineering News,
63(3), 27, 1985, In some mstances, a group of elements may be indicated using a common
name assigned to the group; for example, alkali metals for Group | elements, fransition
metals for Group 3-12 elements, and halogens or halides for Group 17 elements.

For any particular compound or group disclosed herein, any name or structure
{general or specific) presented 15 mifended to encompass all conformational isomers,
regioisomers, sterectsomers, and muxtures thereof that may arise from a particular set of
substituents, unless otherwise specified. The name or structure (general or specific) also
encompasses all enantiomers, diastereomers, and other optical 1somers (if there are any)
whether in enantiomeric or racemic forms, as well as mixtures of sterecisomers, as would be
recognized by a skilled artisan, unless otherwise specified. For example, a general reference
1o hexang inclodes n-hexane, 2-methyl-pentane, 3-methyl-pentane, 2,2-dimethyl-butane, and
2,3-dimethyl-butane; and a general reference to a butvl group includes a n-butyl group, a sec-
butyl group, an ise-butyl group. and a t-butyl group.

In one aspect, a chemical “group” may be defined or described according to how that
group i3 formally derived from a reference or “parent” compound, for example. by the

number of hydrogen atoms removed fror the parent compound to generate the group. even if
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that group is not liferally synthesized in such a manner. These groups may be utilized as
substituents or coordinated or bonded to ruetal atoms. By way of example, an “alkyl group”
formally may be derived by removing one hydrogen atom from an alkane. The disclosure
that a substituent, ligand, or other chemical moiety may constitute a particular “group”™
implies that the weli-known rules of chemical structure and bonding are followed when that
group is emploved 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 specified otherwise
or the conlext requires otherwise.

Various nurnerical ranges are disclosed herein. When a range of anv type 13 disclosed
or claimed herein, the 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 combimations of sub-ranges encompassed therein, unless otherwise specified.
As a represemative example, the present application discloses that the methods provided
herein may employ a2 molar concentration of the alkali metal in the aqueous solution inx a
range from about 0.01 M {0 about 0,45 M 1 certain aspects. By a disclosure that the molar
concentration of the alkali metal in the aqueous solution may be in a range from about 0.01 M
to about 0.45 M, the mtent is to recite that the concentration may be any concentration within
the range and, for example, may be equal to about ©.01 M, about 0.05 M, about 0.1 M, about
0.15 M, about 0.2 M, about 0.25 M, about 0.3 M, about 0.35 M, about 0.4 M. or about 0.45
M. Additionally, the molar concentration may be within any range from about 0.01 M to
about 0.45 M (for example, the molar concentration may be in a range from about 0.01 M to
about 0.2 M), and this also mcludes any combination of ranges between about 0.01 M and
about 0.45 M. Likewise, all other ranges disclosed herein should be interpreted 1n a manner
similar to this example.

The term “abowt” means that amounts, sizes, formulations, parameters, and other
quantities and charactenistics are not and need not be exact, but may be approximate
mcluding being larger or smaller, as desired, reflecting tolerances, conversion factors,
rounding off, measurement errors, and the like, and other factors known to those of skill in
the art. In general, an amount, size, formulation, parameter or other quantity or characleristic
is “about” or “approximate” whether or not expressly stated to be such. The term “about”
also encompasses amounts that differ due to different equilibrium conditions for a

composition resulting from a particular imitial mixture. Whether or not modified by the term
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“about,” the claims include equuvalents to the quantities. The term “about”™ may mean within
10% of the reported numerical value, preferably within 5% of the reported numerical value,

As used herein, the term “hydrocarbon” refers to a compound containing only carbon
and hvdrogen atoms. Other identifiers may be utilized to indicate the presence of particular
groups, if any, in the bvdrocarbon {e.g., halogenated hydrocarbon indicaies 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 system that follows the Hackel (4n+2) rale and contains {(4n+2) pi-elecirons, where 1 i3
an nteger from 1 to 5. Aromatic compounds include “arenes” (hvdrocarbon aromatic
compounds, e.g., benrzenme, toluene, and xylenes} and “hetercarenes” (heteroaromatic
compounds formally derived from arenes by replacersent of one or more methine (=)
carbon atoms of the cvclically conjugated double bond svstem with a frivalent or divalent
heteroatoms, in such a way as to maintamn the continuous pi-electron system characteristic of
an aromatic system and a number of out-of-plane pi-electrons corresponding to the Huckel
rule (do+2)). As disclosed herein, the term “substituted” mav be used 1o deseribe an aromatic
group, arene, ot heteroarene, wherein a non-hydrogen moiety formally replaces a hydrogen
atom i the compound, and is intended to be non-limiting, unless specified stherwise.

As used herein, the term “alkane” refers (o a saturated hydrocarbon compound. Other
identifiers may be utilized to indicate the presence of particular groups, if any, in the alkane
{e.g., halogenated alkane indicates the presence of one or more halogen atoms replacing an
equivalent number of hvdrogen aloms in the alkane). The term “atkyl group™ is used herein
m accordance with the definition specified by TJPAC: a onivalent group formed by
removing a hydrogen atom from an alkase. The alkane or alkyl group may be linear or
branched unless otherwise specified.

A “eycloalkane™ 15 a saturated cyclic hydrocarbon, with or without side chains, for
example, cvclobutane, cvclopentane, cyclohexane, methvl cyclopentane, and methyl
cyciohexane. Other identifiers may be utilized 1o indicate the presence of particular groups.
if any, in the cycloalkane (e.g., halogenated cycloalkane indicates the presence of one or
more halogen atorns replacing an equivalent number of hydrogen atoms in the cveloalkane).

The term “halogen™ has its usual meaning. Examples of halogens include fluorine,
chlorine, bromine, and 1odine.

Molar selectivities are defined as:
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Benzene selectivity: T Fg. ]
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In these equations, # indicates a molar flow rate in a continuous reactor or the number

of moles in a batch reactor.

()

Although any methods and materials similar or equivalent to those described herein
may be used in the practice or testing of the invention, the tvpical methods and materials are
herein deseribed.

All publications and patents mentioned herein are incorporated herein by reference for

10 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.

DETAILED DESCRIPTION OF THE INVENTION
15 Disclosed herein are supported catalysts having an enriched alkali metal content,
methods for producing such catalysts, and the use of these catalysis in aromatization or

reforming processas.

METHODS FOR PRODUCING SUPPORTED CATALYSTS

20 Various methods for producing supported catalysts, such as supported aromatization
catalysts, are disclosed and described. One such method for producing a supported catalyst
may comprise {or consist essentially of, or consist of):

()  providing a bound zeolite base;
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(by  washing the bound zeolite base with an aqueous solution comprising an alkali
metal to produce an alkali metal enriched zeolite support; and

{c)  impregnating the alkali metal enriched zeolite support with a transition metal
and a halogen to produce the supported catalyst.

Generally, the features of any of the methods disclosed herein (e.g., the zeolite and
binder components of the bound zeolite base, the transition metal, the halogen. the agueous
solution, the atkali metal, the conditions urder which the washing step is conducted, and the
conditions under which the impregnation step is conducied, among others) are independently
described herein, and these features may be combined in any combination to further describe
the disclosed methods. Moreover, other process steps may be conducted before, during,
and/or after any of the steps listed in the disclosed methods, unless stated otherwise.
Additionally, supported catalysts (such as supported aromatization catalysts) produced in
accordance with any of the disclosed methods/processes are within the scope of this
disclosure and are encompassed herein.

The step in these methods that utilizes an aqueons solution containing an alkali metal
often may be referred to as a washing step, while the step in these methods that utilizes a
transition metal and a halogen often may be referred 1o as an impregnation step. In the
washing step, anv compositional attributes of the aqueous solution and the alkali metal are
meant io refer to the incoming agueous solution and alkali metal, prior to contacting the
bound zeolite base, unless stated otherwise. As one of skill in the art would readily
recognize, the composition of the agqueous solution after contacting the bound zeolite base
may vary significantly from the composition of the incoming agueous solution containing the
atkali metal.

Referring now to the bound zeolite base in step (a), any suitable bound zeolite base
may be used in the methods of this invention. Typically, the bound zeolite base may
comprise an inorganic oxide, examples of which may include, but are not limited 1o, bound
medium and/or large pore zeolites {alununosilicates), amorphous inorganic oxides, as well as
mixtures thereof. Large pore zeolites often may 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-
zeohite, Y-zeolite, mordenite, omega zeolite, beta zeolite, and the ike. Mediam pore zeolites
often may have average pore diameters in a range of from about 5 A to about 7 A
Amorphous inorganic oxides may include, but are not limited to, aluminum oxide, silicon

oxide, titania, and combinations thereof
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The term “zeclite™ generally refers to a particular group of hydrated, crvstalline metal
alununosilicates.  These zeolites exhibit a network of 510s and AlOs tewahedra in which
aluminum and silicon atoms are crosslinked i a three-dimensional framework by sharing
oxygen atoms. In the framework, the ratio of oxygen atoms to the total of aluminum and
stlicon atoms may be equal to 2. The framework exhibits a negative electrovalence that
typically may be balanced by the inclusion of cations within the crystal, such as metals, alkali
metals, and/or hydrogen.

In some aspects, the bound zeolite base may comprise an L-type zeolite. L-type
zeolite supports are a sub-group of zeolitic supports, which may coniain mole ratios of oxades
m accordance with the formula: MaaOALO:xS810:vH20. In this formula, “M™ designates an
exchangeable cation {one or more} such as barium, calcium, cerium, lithivm, magnesium,
potassium, sodiom, strontium, and/or zine, as well as non-metallic cations like hydronium
and ammonium 1ons, which may be replaced by other exchangeable cations without causing a
substantial alteration of the basic crystal structure of the L-type zeclite. The "n” in the
formula represents the valence of “M”; “x” is 2 or greater; and "y~ is the number of water
molecules contained in the channels or interconnected voids of the zeolite.

In one aspect, the bound zeolite base may comprise a bound potassium L-type zeolite,
also referred to as a K/L-zeolite, while in another aspect, the bound zeolite base may
comprise a bariam ion-exchanged L-zeolite. As used herein, the term “K/L-zeolite” refers to
L-type zeolites in which the principal cation M incorporated m the zeolite is potassium. A
K/L-zeolite may be cation-exchanged (e.g., with barium} or impregnated with a transition
metal and one or more halides to produce a transition metal impregnated, halided zeolite or a
K/L sapported transition metal-halide zeolite catalvst.

In the bound zeolite base, the zeolite may be bound with a support matrix (or binder),
and non-hmiting examples of binders may include, but are not limited to, norganic solid
oxides, clays, and the like, as well as combinations thereof. The zechite may be bound with
the binder or support matrix using any method known in the art.  For instance, the bound
zeolite base in step {a) — comprising a zeolite and a binder — may be produced by a process
comprising mixing & zeolite, such as a K/L-zeolite, with a binder, such as silica, then
extruding the mixture, and then drving and calcining.

In some aspects, the binder may comprise alumina, silica, magnesia, boria, fitania,
zirconia, or a mixed oxide thereof {e.g, an aluminostlicate), or a mixture thereof, while in
other aspects, the binder may comprise a monimorilionite, a kaolin, a cement, or a

combination thereof In a particular aspect contemplated herein, the binder may comprise
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silica, alumina, or a mixed oxide thereof, alternatively, silica; alternatively, alumina; or
alternatively, silica-alumina.  Accordingly, the bound zeolite base may comprise a silica-
hound L-zeolite, such as a silica-bound Ba/L-zeolite, or a silica-bound K/L~zeolite.

While not being limited thereto, bound zeolite bases encompassed herein may
corprise from about 3 wi. % to about 35 wt % binder. For example, the bound zeolite base
may comprise from about 5 wi. % to about 30 wi. %, or from about 10 wt. % to about 30 wt.
% binder. These weight percentages are based on the total weight of the bound zeolite base,
exchuding transition metal and halogen, for example.

Hiustrative examples of bound zeolite bases and their use in supporied catalysts are
described in U.S. Patent Nos. 5,196,631, 6,190,539, 6,406,614, 6,518,470, 6,812,180, and
7,153,801, the disclosures of which are incorporated herein by reference in their entirety.

Referring now 1o step (b), also referred to as the washing step, in which the bound
zeolite base mav be washed with any suitable agueous solution comprising an alkali metal {(or
a mixture of alkali metals}, resulting in an alkali metal enniched zeolite support. The alkali
metal in step (b) may be any Group 1 element. For instance, the alkali metal may comprise
{or consist essentially of, or consist of) potassium, rubtdium, or cesium, as well as
combinations thereof. In some aspects, the alkali metal may comprise (or consist essentially
of, or consist of) potassium; alternatively, rubidiom; or alternatively, cesium.

The aqueous solution used n the washing step may contain the alkali metal {(or
metals) in any suttable form, but often, the aqueous solution contains a salt of the alkali
metal. llustrative salts may include, but are not limited to, chlorides, fluorides, bromideas,
indides, nitrates, and the like, as well as combinations thereof While not wishing o be
bound by the following theory, it 1s believed that mitrates may be detrimental due to the
potential for NOx production during subsequent processing.  Accordingly, m particular
aspects of this invention, the agueous solution in the washing step may comprise an alkali
metal halide salt, such as potassium chlonide, rubtdium chloride, or cesium chloride, as well
as mixtures thereof.

In addition to water and the alkali metal, the agueous solution used i the washing
step may contain other components, as would be recognized by those of skill in the art.
However, in some aspects, the washing step may comprise contacting the bound zeolite base
with an aqueous solution consisting essentially of, or consisting of, the alkali metal salt and
water, or the atkali metal salt and deionized water. In these and other aspects, the aqueous
solution used in the washing step (and optionally, any steps in the methods after step (a)) may

be substantially free of a basic compound {e.g, a hydroxide). and/or substantially free of
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ammonia of any ammonium-containing compounds, and/or substantially free of sulfur or any
sulfur-containing compounds.  In these circumstances, “substantially free” is meant to
contain less than 100 ppmw (ppm by weight), independently, of any of these materials, and
more typically, less than 75 ppmw, less than 50 ppmw, less than 25 ppmw, or less than 10
ppmw. Therefore, it is contemplated that the individual amount of any of these materials in
the agueous solution (or used in anv steps of the methods after step(a)) may be in range from
about 0.1 pprow to 100 ppmw, from about 0.1 ppraw to 75 ppmw, from about 1 ppmw to 100
ppmw, from about 1 ppmw to about 75 pprw, from about 0.1 ppmw to about 50 ppmw, from
about 1 ppmw to about 50 ppmw, or from about 1 ppmw o about 23 pprow. While not
wishing to be bound by theory, it is believed that it may be beneficial to have substantially
none of these materials present during the washing step in the disclosed methods for
preparing a supported catalyst, as these materials may adversely affect one or more of the
catalvst activity, catalyst selectivity, catalyst lifetime and/or catalyst deactivation. Moreover,
although not required, the agueous solution (and any steps in the methods after step (a)) may
be substantially free of sodium or any sodium-containing compound, 1.e, may contain less
than 100 ppmw (ppm by weight) of sodium or sodism-containing compounds. As above, i is
conternplated that the amount may be, for instance, less than 75 ppmw, less than 50 pprow,
less than 25 ppraw, in a range from about 0.1 ppmw to 100 ppmw, in a range from about 0.1
ppmw to about 75 ppmw, or n a range {rom about 1 pprww o about 73 ppiow, and the like.

Thus, in some aspects, the alkali metal used in the washing step 13 not sodium, but 1s
one or more of potassium, rubidium, and/or cesium. Additionallv or altematively. step (b} in
the disclosed methods may be the only siep in the method of making a supported catalyst that
uttlizes an atkali metal, for example, an alkah metal salt.

fo the washing step, the pH of the aqueocus solution is not limited to any particular
range. Generally, however, the pH may be in the 6-8 range, depending upon the alkali metal
salt utilized and its respective conceniration.

While not being lirited thereto, the amount of the alkali metal in the aqueous solution
ofien may be less than about 3 M {mole/L). For instance, the aqueous sohution may have a
concentration of the alkali metal of less than about 1 M, less than about 0.75 M, less than
about 0.5 M, less than about 0.3 M, less than about 0.25 M, or less than about 0.2 M
Therefore, suitable ranges for the concentration of the alkali metal may include. but are not
limited to, the following ranges: from about 0.01 M to about 5 M, from about 0.01 M to
about 1 M, from about 0.01 M 1o about 0.5 M, from about 0.01 M to about 0.45 M. from
about 0.01 M to about 0.3 M. from about 0.01 M to about 0.25 M, from about 0.0 M 1o
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about 0.2 M, from about 0.05 M to aboui I M, from about (.05 M to about 0.5 M, from about
.05 M to about 0.45 M, from about 0.05 M to about 4.3 M, from about 0.05 M to about .25
M, or from about 0.05 M to about 0.2 M, and the like.

Unexpectedly, it was found that lower concentrations of cesium in the washing step
may be beneficial for tmproved catalyst activity and selectivity. In these aspects, the
concentration of the cesium (or the cesium salt) in the aqueous solution may fall within a
range from about 0.01 M to about 0.25 M, from about 0.01 M to about 0.2 M, from about
0.01 M to about 0.15 M, from about 0.025 M to about 0.25 M, from about 0.025 M to about
0.2 M, from about 0.025 M to about 0.15 M, from about 0.05 M 1o about 0,25 M, or from
about 0.05 M to about 0.2 M.

Also unexpectedly, it was found that slightly higher concentrations of potassium in
the washing step may be beneficial for improved catalyst activity and selectivity. In these
aspects, the concentration of the potassium {or the potassium salt) in the aqueous solution
may fall within a range from about 0.1 M to about 0.45 M, from about 0.15 M to about 0.45
M, from about 0.15 M to about .35 M, from about 0.15 M to about 0.3 M, from abouwt 0.2 M
10 about 0.45 M, from about 6.2 M to about .33 M, or from about 0.2 M o about 0.3 M

The washing step containing the alkali metal may be conducted at a variety of
temperatures and time periods. For instance, the washing step may be conducted af a
washing teroperatare in a range from about 15 °C {o about 95 °C; altematively, from about 13
°C to about 80 °C; alternatively, from about 15 °C to about 70 °C; alternatively, from about
15 °C to about 65 °C; alternatively, from about 20 °C to about 95 °C; altematively. from
about 20 °C to about 80 °C; alternatively, from about 20 °C 1o about 70 °C; aliernatively,
from about 206 °C 1o about 50 °C; allernatively, from about 30 °C {o about 30 °C;
atternatively, from about 30 °C to about 70 °C; altemativelv, from about 30 °C to about 50
°C; altematively, from about 25 °C 1o about 55 °C; or alternativelv, from about 30 °C to
about 45 °C. In these and other aspects, these temperature ranges also are meant to
encompass circumstances where the washing step is conducted at a series of different
temperatures, instead of at a single fixed temperature, falling within the respective ranges.

The washing step containing the alkali metal may be conducted by performing more
than one washing cycle containing the alkah melal, such as from 1 1o 4 washing cycles, from
2 to 8 washing cycles, or from 2 to 4 washing cycles.  Thus, for example, the washing step
may comprise from 1 to 4 washing cycles, from 2 to 8 washing cycles, or from 2 to 4

washing cycles, with each washing cycle, independently, ranging from about 1 nunute to
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about 6 hours, from about 5 minutes to about 2 hours, from abowt 10 minutes to about 45
minutes, or from about 10 minutes to about 30 minutes, and so forth.

The duration of a single washing cycle contamning the alkali metal 15 not limited to
any particular period of time. Hence, a washing cvcle may be conducted, for example, in a
time period ranging from as little as 1-5 mimutes 1o a3 long as 2-4 hours, 6-8 hours, or more.
The appropriate washing cycle time may depend upon, for example, the washing temperature,
the amount of alkali metal in the aqueous solution, and the number of washing cycles, among
other variables. Generally, however, the washing cycle step may be conducted in a time
period that may be in 3 range from about 1 minute to about 6 hours, such as, for example,
frora about 1 nanute to about 2 howrs, from about 5 minutes to about 2 hours, from about 5
minutes to about 1 hour, from about 10 munutes to about 1 howr, from about 5 munutes to
about 45 munutes, from about 10 minutes to about 45 minutes, or from about 10 minutes 1o
about 30 nunutes.

Generally, the amount of the aqueous solution ~ containing the atkali metal ~ used in
the washing step (or 1n each washing cycle} relative to the amount of the bound zeolite base
is not particularly Himited. In one aspect, for instance, the ratio of the weight of the agueous
solution to the weight of the bound zeolite base may fall within a range of from about 0.4:1 to
about 50:1, or from about 0.5:1 to about 25:1. In another aspect, the ratio of the weight of the
aqueous solution to the weight of the bound zeolite base may range from about 0.4:1 to about
1001, or from about 0.5:1 to about 10:1. In yet another aspect, the ratio of the weight of the
aqueous solution o the weight of the bound zeolite base may range from about 0.5:1 to about
8:1, or from about $.5:1 1o about 5:1. In siill another aspect, the ratio of the weight of the
aqueonas solution to the weight of the bound zeolite base may range from about 1:1 to about
15:1. or from about 1:1 to about 5:1.

The washing step containing the alkali metal may be conducted using any suitable
technique and equipment. For instance, the bound zeolite base may be placed into a vessel or
tank, and then filled with enough of the aqueous solution containing the alkali metal to
exceed the level of the bound zeolite basa in the vessel or tank. Opticnally, agitation may be
provided in the vessel and tank to inerease the contact between the bound zeolite base and the
alkali metal within the aqueous solution. Alternatively, the bound zeoliie base may be placed
i a fixed or packed bed arrangement, and the aqueous solution containing the alkali metal
may be contacted with the bound zeolite by flowing the agueous solution through the hed of

the bound zeolite base. As would be recognized by those of skill in the art, other suitable
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techniques and equipment may be emploved for the washing step, and such techniques and
equipment are encompassed herein,

Although not required, the washing step may be completed by performing one or
more washing cvcles without an alkali metal, such as from 1 to 4 washing cvcles. The
washing conditions may be the same as those described herein for washing steps with an
atkali metal.

In step (b) of the methods for producing supported catalyst disclosed herein, the
bound zeolite base may be washed with an agueous sclution comprising an alkali metal to
produce an alkali metal “enriched” zeolite support. In effect, the washing siep may enrich the
bound zeolite base with any suitable or desired amount of alkah metal, wherein the amount of
enrichment is the difference in the amount of the alkali metal in the alkali metal ennched
zeolite support versus the amount of the alkali metal in the bound zeolife base. While not
being limited thereto, the washing step may ennich the bound zeolite base with from about
0.03 moles to about 1.5 moles of the alkali metal per kg of the bound zeolite base {or per kg
of the alkali metal enriched zeolite support); alternatively, from about 0.03 moles to about !
mole of the alkali metal per kg of the bound seohite base {or per kg of the alkah metal
enriched zeolite support); alternatively, from about 0.03 moles to about 0.7 moles of the
atkal: metal per kg of the bound zecliie base (or per kg of the alkal metal enriched zeolite
support); alternatively, from about 0.03 moles to about 1 meole of the alkali metal per kg of
the bound zeolite base (or per kg of the alkali metal enriched zeolite support); alternatively,
from about 0.1 moles to about 1.2 moles of the alkali metal per kg of the bound zeolite base
{or per kg of the alkali metal enriched zeolite support); alternatively, from about 0.1 moles {o
about 8.9 moles of the alkali metal per kg of the bound zeolile base {or per kg of the alkali
metal enriched zeolite support); alternatively, from about 0.2 moles to about 0.8 moles of the
alkali metal per kg of the bound zeclite base {or per kg of the alkali metal enriched zeolite
support), or aliernatively, from about .3 moles to about ¢.7 moles of the alkali metal per kg
of the bound zeolite base (or per kg of the alkali metal enriched zeolite support). As an
example, a bound zeolite hase {containing no cesium) may be washed with an aqueous
solution conmtaining a cesium salt {in one or more washing cycles conducted at any
{emperature, washing time, and relative amount of the aqueous solution disclosed herein) to
produce a cesium entiched zeolite support contatning about 0.3 mooles of cesium per kg of the
bhound zeolite base {or about 0.5 moles of cestum per kg of the cesium enriched zeolite
support). As another exarople, a bound zeolite base {such as a bound K/L-zeolite containing

about 3 moles of potassiurs per kg of the bound K/L-zeolite) may be washed with an agueous
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solution containing a potassium sait (in one or more washing cvcles conducted at any
temperature, washing time, and relative amount of the agueous solution disclosed herein) to
produce a potassium enriched zeolite support containing about 3.1 moles of potassium per kg
of the bound K/L-zeolite (or about 3.1 moles per kg of the potassium enriched K/L-zeolite
support).

As those of skill i the art will readily recognize, the alkali metal enrichment due to
the incorporation of an alkali metal during the washing of the bound zeolite base may be
accomplished by various combinations of conditions that may be used in step {b). Once a
desired level of alkali metal enrichment is selected, this result may be achieved by many
different combinations of the number of washing cycles, the washing time, the washing
temperature, the molar concentration of the alkali metal in the aqueous sohution, the relative
amount of agueous solution used based on the weight of the bound zeohite base, and so forth,

In addition to producing an alkali metal entiched zeolite support during the washing
step, the level of sodium may be reduced, assunung that the bound zeolite base contains
sodium and the agueous sofution does not. In these circumstances, the resultant alliali metal
enriched zeolite support may contain Jess than about 0.35 wt % sodium, or less than about
0.3 wt. % sodium, based on the weight of the alkali metal enriched zeolite support. In some
aspects, the amount of sodium in the alkali metal enriched zeolite support may range from
about 0.03 wt. % to about 0.35 wi. %, from about 0.05 wi. % io about 0.3 wi. %, from about
0.01 wt. % to about 0.25 wt. %. or from about €.03 wt. % to about 0.2 wi. % sodium, based
on the total weight of the zeolite support.

Once the alkali metal enriched zeolite support has been produced in step (b),
optionally, the atkali metal enriched zeolite support may be dried and/or calcined prior to step
{c}. If both drying and calcining are performed, typically the alkali metal enriched zeolite
support is dried and then calcined.

If a drving step is performed, the drving step usually involves contacting the alkab
metal enriched zeolite support with a drying gas stream comprising (or consisting essentially,
or consisting of} an inert gas {e g, nifrogen), oxvgen, air, 07 any nuxiure or combination
thereof’ alternatively, nitrogen; alternatively, helium; alternatively, neon; alternatively, argon;
aliernatively, osvgen; or alternatively, air. While not being limited thereto, the drying step
generally may be conducted at a 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 85 °C o
about 175 °C; or alternatively, from about 100 °C to about 150 °C. In these and other

aspects, these temperature ranges also are meant to encompass circumstances where the
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drving step is conducted at a series of different temperatures, insiead of at a single fixed
temperature, falling within the respective ranges.

The duration of the drying step is not limited to any particular period of time.
Typically, the drying step may be conducted in a3 time period ranging from as litile as 30
mimites 10 as Jong as § hours {or more}, but more typically, the drving step may be conducted
in a time period that may be in a range from about 1 hour to about & hours, such as, for
example, from about 1 hour to about 7 hours, from about 1 hour to about 6 hours, from about
2 hours to about 7 hours, or from about 2 hours to about 6 hours.

If a calcining step is performed, the calcining step may be conducted at a variety of
temperatures and time periods. Typical peak calcining temperatures often fall within a range
from about 315 °C to about 600 °C, such as from about 375 °C 1o about 600 °C, from about
400 °C to about 350 °C, or from about 425 °C to about 500 °C. In these and other aspects,
these temperature ranges also are meant to encompass circumstances where the calcination
step 1s conducted at a series of different temperatures (e.g, an initial calcination temperature,
a peak calcination temperature}, instead of at a single fixed temperature, falling within the
respective ranges. For instance, the calcination step may start at an intial temperature which
is the same as the drving temperature in the drving step. Subsequently, the temperature of the
calcination may be increased over tume to a peak calciming temperature, for example, in a
range from about 375 °C to about 600 °C,

The duration of the calcining step 15 not himited to any particular period of time.
Hence, the calcining step may be conducted, for example, in a time period ranging from as
fittle as 30-45 minutes to as long as 10-12 hows, or more. The appropriate calcining time
may depend upon, for example, the imtial/peak calcining teruperature and whether a drving
step 15 used, among other variables. Generally, however, the calcining step may be
conducted in a time period that may be m a range from about 45 munutes to about 12 hours,
such as, for example, from about 1 hour to about 12 hours, from about 1 hour to about 10
hours, from about 1 hour to about 3 hours, or from about | hour to about 3 hours.

The calcining step may be conducted in a calcining gas stream that comprises {or
consists essentially of, or consists of} an inert gas (e.g., nitrogen}, oxygen, air, of any mixture
or combination thereof. Tn some aspecis, the calcining gas strearn may comprise air, while in
other aspects, the calcining gas stream may coraprise a mixture of air and mitrogen. Yet, in
certain aspects, the calcining gas stream may be an inert gas, such as nitrogen and/or argon.

Referring now to step (¢} of the method for producing a supported catalyst, the alkali

metal enriched zeolite support roay be tmpregnated with a transition reetal and a halogen to
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produce the supporied catalyst. Non-limiting examples of suitable transition metals may
mchude iron, cobalt, nickel, rutheniurn, thodium, palladium, osmum, inidium, platinum, gold,
siiver, copper, and the like, or a combination of two or more transition metals. In one aspect,
the transition metal may comprise a Group 8-11 transition metal or a Group 8-10 transition
metal {one or more}, while in another aspect, the iransition metal may comprise platinum
{(P1). Invet another aspect, the alkali metal enriched zeolite support is iropregnated with only
one transition metal, and the transition metal is platinum.

The transition metal may be added to the zeolitic support by any suitable method or
technique known to those of skill in the art that resulis in adequate dispersion of the transition
metal on the support. One such rethod mvolves mixing the alkali metal enriched zeolife
support with a transition metal-containing compound, where the transition-metal containing
compound may be present in a solufion of any suitable solvent, such as water. Blustrative
and non-limiting examples of {ransition metal-containing compounds that are suitable for use
m impregnating the rzeolitic support with platinum include, but are not limited fto,
tetraamineplatinum(il) chlonde, tetraamineplatimmn{ll} nitrate, platinum{il) acetylacetonate,
platinum{IT) chloride, ammonium tetrachioroplatinate(ll), chioroplatinic acid, platinum ()
nitrate, and the like, as well as mixtures or combinations thereof.

In one aspect, the supporied catalyst may comprise from about 0.1 wi. % to about 10
wt. % transifion metal. In another aspect, the supported catalvst may comprise from about
0.2 wt. % to about 5 wit. % transition metal. In vet another aspect, the supported catalyst may
comprise from about 0.3 wit. % to about 3 wt. % transition metal, or from about 0.3 wt. % to
abowt 2 wi. % transition metal. These weight percentages are based on the total weight of the
supported catalyst.

In crcumstances where the transition metal comprises platinum, the supporied
catalyst may comprise from about 0.1 wt. % to about 10 wi. % platinum; alternatively, from
about 0.2 wi. % to about 3 wi. % platimumy; alternatively, from about 0.3 wt. % to about 3 wt,
% platinuny or alternatively, from about 0.3 wt. % to about 2 wt. % platinum. In a particular
aspect contemplated herain, the supported catalyst may comprise platinum on a bound K/L-
zeolite that has been enriched with an alkali metal.

In addition {o tmpregnating the alkali metal enriched zeolite support with a transition
metal, such as platinum, the alkali metal enriched zeolite support may be impregnated with a
halogen to produce the supported catalyst. Typically, the halogen comprises chlorine and/or

fluorine. Thus, chlorme or fluotine may be utilized singly, or both chlorine and fluonne may
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be used. The halogen {one or more} may be added to the zeolitic support before, during
and/or after the addition of the transition roetal.

The halogen(s) may be added to the zeolitic support by any switable method or
technique known to those of skill in the art. One such method involves contacting or mixing
the alkali metal enriched zeolite support with a chlorine-containing compound and/or a
fluorine-containing compound. and in any order or sequence. In one aspect, the alkali metal
enriched zeolite support may be mixed with a solution of the chlorine-containing compoursd
and/or fluorine-containing compound in any suitable solvent. Illustrative and non-limiting
examples of chlorine-containing compounds inchude hydrochloric acid, carbon tetrachioride,
tetrachloroethylene, chiorobenzene, methyl chioride, methviene chloride, chioroform, allyl
chloride, trichloroethvlens, a chloramine, a chlorine oxide, a chiorine acid, chlonine dioxide,
dichlorine monoxide, dichlorine heptoxide, chloric acid, perchloric acid, ammoniom chloride,
tetramethylaromomium  chlonide,  tetraethvlammonium  chloride,  tetrapropylammonium
chioride, tetrabutylarsmonium chloride, methyltriethylanunonium chloride, and the like, as
well as combinations thereof Hlustrative and non-lirmting examples of fluorine-containing
compounds include hydrofluone acd, 2.2 2-trifluorcsthancl, tetraftuorcethylene, carbon
etrafluoride, carbon trifluoride, fluoromethane, heptafluoropropane, decafluorobutane,
hexafluoroisopropancl, tetrafluoropropancl, pentafluoropropanol, hexafluorophenvipropanol,
perfluorobuly! aleohol, hexafluor-Z-propanol, pentafluoro-1-propanol, tetrafluoro-1-propanol,
i,1,1,3.3,3-hexafluoro-2-propanol,  2,2.3.3,3-pentafluoro-1-propanol, armmonium fluoride,
tetramethylammonium  fluoride,  tetracthylammonium  fluoride,  tetrapropylammonium
fluonide, tetrabutylammonium fluoride, methyliriethylammoniom fluoride, and the like, as
well as combinations thereof.

In another aspect, the alkali metal enriched zeolite support may be impregnated with
the halogen(s) in the vapor phase. For instance, the zeolitic support may be contacted with a
chlorine-containing stream comprising a chlorine~containing compound and/or a fluorine-
conttaining siream corprising a fluorine-containing compound, and in aoy order or sequence.
Suitable chlorine-containing compounds and fluorine-containing compounds include those
listed hereinabove, as well as chlorine gas (Clz) and fluorine gas (F2).

When present, the amount of chlorine (C1), based on the total weight of the supported
catalyst, often falls within a range from about 0.05 wi. % fo about § wt. %, from about 0.1 wt.
9% to about 1.5 wt. %, from about 0.2 wt. % to about I wt. %, or from about 0.5 wt. % to
about 1.5 wi. % chlorine. Likewise, when present, the amount of fluorine (F), based on the

total weight of the supported catalyst, often {alls within a range from about 0.05 wt. % to
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about 5 wt. %, from about 0.1 wi. % to about 1.5 wi. %, from about 0.2 wi. % to about 1 wi.
%, or from about 9.5 wt. % to about 1.5 wi. % fluorine.

Once the supported catalyst has been produced in step (¢}, optionally, the supported
catalvst may be dried and/or calcined. If both drying and calcining are performed, typically
the supported catalyst is dried and then calcined. Any swtable ternperatures, pressures,
durations, and atmospheres may be used in the drving and calcining steps. In some aspects,
the step of drving the supported catalyst may be performed similarly to the step of drving the
atkali metal enriched zeolite support described hereinabove (e.g., temperature ranges, ranges
of times, inert or oxidizing atmospheres, and so forth), In some aspects, the drving step may
be performed at anv suitable sub-atmospheric pressure, such as less than 125 torr, less than
100 torr, or less than 30 torr.

The supported catalyst in step {¢} may be calcimed. 1f a calcining step 1s performed,
the calciming step may be conducied at a variety of temperatures and time periods. Typical
peak calcining temperatures often fall within a range from about 175 °C to about 430 °C,
such as from about 200 °C to about 400 °C, from about 225 °C to abouwt 350 °C, or from
about 250 °C to about 300 °C. In these and other aspects, these temperature ranges also are
meant to encompass circumstances where the calcination step is conducted at a series of
different temperatures {e.g, an imtial calcination temperature, a peak calcination
ternperature), instead of at a single fixed temperature, {alling within the respective ranges.
For instance, the calcination step may start at an initial temperature which is the same as the
drving temperature in the drving step. Subsequently, the temperature of the calcination may
be increased over time to a peak calcining temperature, for example, in a range from about
375 °C to about 600 °C.

The duration of the calciuing step is not limited fo any particular period of time.
Hence, the calcining step may be conducted, for example, in a time period ranging from as
little as 30-45 minutes to as long as 10-12 hours, or more. The appropriate calcining time
may depend upon, for exarople, the imtial/peak calcining temperature and whether a diving
step 15 used, among other variables. Generally, however, the calcining step may be
conducted in a time period that may be in a range from about 45 minuies to aboul 12 hours,
such as, for example, from about 1 bour o about 12 hours, from about 1 hour to about 10
hours, from about 1 hour to about 3 hours, or from about 1 hour to about 3 hours.

The calcining step may be conducted in a calcining gas stream that comprises {(or
consists essentially of, or consists of) an inert gas {e.g., nifrogen}, oxygen, air, or any mixture

or combination thereof. In some aspects, the calcining gas stream may comprise air, while in
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other aspects, the calcining gas stream may comprise a mixture of air and nitrogen. Yet, in
certain aspects, the calcining gas stream may be an inert gas, such as nitrogen and/or argon.

The methods for preparing a supported catalyst disclosed herein may further comprise
a reducing step after step (c). This reducing step may comprise contacting the supported
catalyst with a reducing gas stream comprising hydrogen. Often, the reducing gas stream
comprises molecular hydrogen, either alone or with an inert gas, such as helium, neon, argon,
nitrogen, and the like, and this includes combinations of two or more of these inert gasses. In
certain aspects, the reducing gas stream may comprise (or consist essentially of, or consist of)
molecular hydrogen and nitrogen.  Moreover, molecular hydrogen may be the major
component of the reducing gas stream {greater than 30 mel %), while in other aspects,
molecular hydrogen may be a minor component (between 5-35 mol %).

The reducing step may be conducted at a vanely of temperatwres and time periods.
For instance, the reducing step may be conducted at a reducing temperature in a range from
abowt 100 °C to about 700 °C; altersatively, from abowt 200 °C to about 600 °C;
afternatively, from about 200 “C to about 375 °C; alternatively, from about 350 °C to about
575 °C; alternatively, from about 400 °C to about 530 °C; or alternatively, from about 450 °C
to about 550 °C. In these and other aspecis, these teraperature ranges also are meant (o
encompass circumstances where the reducing step is conducted at a series of different
ternperatures, instead of at a single fixed temperature, falling within the respeciive ranges.

The duration of the reducing step 15 not limited to anv particular period of time.
Hence, the reducing step may be conducted, for example, in a time period ranging from as
fittle as 1 howr to as long as 48-72 hours, or more. For example, the reducing step may be
conducted in a fime period that may be in a range from about 2 hours to about 48 hours, from
about 3 hours to about 36 hours, from about 5 hours to about 36 hours. from about 2 hours to
about 30 hours, or from about 10 hours to about 30 hours.

In some aspects, the supported catalyst may contain from about 0.05 moles to about
1.5 moles of the alkali metal per kg of the supported catalyst, while in other aspects, the
supported catalvst may contain from about 0.05 moles to about 1 mole of the alkali metal par
kg of the supported catalyst. For instance, the supported catalyst may contain from about
.05 moles to about 0.7 moles of the alkali metal, from about 0.1 moles to abowt 0.9 moles of
the alkali metal, from about 0.2 moles to about 0.8 moles of the alkali metal, or from about
0.3 moles to about 0.7 moles of the alkali metal, per kg of the supported catalyst. In these
and other aspects, the supported catalyst may contain from about 10,000 ppm to about

25,000 ppro (by weight: from about 1 wi. % to about 12.5 wt. %) of the alkali metal, such as
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from about 20,000 ppm to about 100,000 ppm of the atkali metal, from about 25,000 ppm to
about 110,000 ppm of the alkali metal, from about 30,000 ppm to about 90,000 ppm of the
alkali metal, or from about 40,000 ppm to about 85,000 ppm of the alkali metal, based on the
total weight of the supported catalyst.

The supported catalvsts produced in accordance with this invention may have a
surface area less than that of a catalyst obtained by washing the bound zeolite base with an
aqueous solution that does ot contain an alkali metal, under the same catalyst preparation
conditions. Hlustrative and non-limiting examples of suitable ranges for the surface area of
the supported catalyst include frors about 100 m%g to sbout 170 m%g, from about 100 mY/g
to about 150 m%/g, from about 105 m¥g to about 170 m¥/g, or from about 105 m%/g to about
160 m?/g. Likewise, illustrative and non-limiting examples of suitable ranges for the surface
area of the alkali metal enriched zeolite support include from about 120 m%/g to about 250
m*/g, from about 130 m%/g to about 230 m*/g. from about 150 m%/g to about 240 m%/g, or
from about 160 m/g to about 220 m’/g,

In similar fashion, the supported catalysts produced in accordance with this invention
may have a micropore volume less than that of a catalyst obtained by washing the bound

eolite base with an agueous solution that does not contain an alkali metal, under the same
catalyst preparation conditions. Iustrative and non-limiting examples of suttable ranges for
the micropore volume of the supported calalyst ray include from about 0.015 co/g o about
0.05 co/g, from about 0.02 cc/g to about 0.0435 cc/g, from about 0.025 co/g to about 0.045
cc/g, or from about 0.0265 cc/g to about 0.045 cc/g. Likewise, illustrative and non-limiting
examples of suitable ranges for the micropore volume of the alkali metal enriched zeolite
support include from about 0.025 ¢ce/g to about 0.08 ec/g, from about 0.03 co/g to about 0.07
cclg, from about 0.04 cc/g to about 0.08 co/g, or from about 0.045 ¢¢/g to about 0.075 co/g.

Beneficially. the alkali metal enriched supported catalysts disclosed herein may have
excellent platnum dispersion, despite the reduced surface area and mucropore volume.
Gften, the platinurn dispersion falls withio a range fror about 50% to about 70%, from about
52% to about 62%, from about 55% to about 70%, from about 55% to about 65%, or from

about 55% to about 60%,

REFORMING PROCESSES WITH AROMATIZATION CATALYSTS
Also encompassed herein are various processes for reforming hvdrocarbons. One
such reforming process may comprise {or consist essentially of, or consist of) contacting a

hydrocarbon feed with a supported aromatization catalyst under reforroing conditions in a
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reactor system to produce an aromatic product. The supported aromatization catalyst used in
the reforming process may be any supported catalyst disclosed herein and/or may be
produced by any method for producing a supported catalyst disclosed herein.

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 in their entirety.

Likewise, typical hvdrocarbon feeds are disclosed in these references. Often, the
hydrocarbon feed roay be a naptha streams or light naptha stream. In certain aspects, the
hydrocarbon feed may comprise non-arornatic hvdrocarbons, for example, the hydrocarbon
feed may comprise Ce-Cs alkanes and/or cycloalkanes, or Cs-Cs alkanes and/or cycloalkanes
{e.g., hexane, heptane, cyclohexane), and the like.

The supported catalyst disclosed herein may be characterized by a Tror {end of run
temperature} as described herein, which often may fall within a range from abowt 499 °C
(930 °F) to about 330 °C (986 °F), from about 499 °C (930 °F) o about 524 °C (975 °F),
from about 499 °C (930 °F) to about 315 °C (959 °F), or from about 501 °C (934 °F) to about
521 °C (970 °F).

Despite the reduced swrface area and pore volume of the alkali metal enniched
supported calalysts, these catalysts — in addition 1o an aromatics vield, quantified by the Troxg,
that 1s comparable to supported catalysts without the alkali metal enrichment — also may have
unexpected improvements in selectivity. For instance, the supported catalysts disclosed
herein may have a benzene selectivity {or a toluene selectivity) greater than that of a catalyst
obtamed by washing the bound zeolite base with an aqueous solution that does not contain an
atkali metal, under the same catalyst preparation and aromatization reaction conditions. Such
catalyst selectivity comparisons are meant to have the same amount of platinum and halogen
on the catalyst, use the same bound zeolite base, tested on the same equipment and under the
same test method and conditions, and so forth, such that the only difference is the use of the
alkal: metal {or not) during the washing step.

While not being limited thereto, tvpical benzene selectivities {(and toluene
selectivities) often may fall within a range from about G.91 to about 0.97, from about 0.92 (o
about 0.98, from about 0.92 1o about 0.97, from about 0.94 to about 0.98. from about 0.95 to
about 0.98, from about 0.95 to about 0.975, or from about .95 to about 0.97, as determined

using the testing procedure and conditions described herein,
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EXAMPLES

The mvention is further illustrated by the following examples, which are not to be
construed in any way as imposing limitations fo the scope of this invention.  Various other
aspects, modifications, and equivalents thereof which, after reading the description hergin,
may 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.

Supported catalysts were tested for their performance in aromatization reactions using
the following general procedure. The supported aromatization catalysis were ground and
sieved to about 25-43 mesh, and 1 cc of the sieved catalyst was placed wn a 3/8-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 mtroduced to the reacior vessel at a pressure of 100 psig, a Hzhydrocarbon
molar ratio of 1.3, and a liquid hourly space velocity (LHSV) of 12 hr! to obtain catalyst
performance data over time. The aliphatic hydrocarbon feed contained approximately .61
mole fraction of convertible Cs species and .21 mole fraction of convertible Cr species. The
balance was aromatics, Cet, and highly branched isomers, which are classified as
nonconvertibles. The reactor effluent composition was analyzed by gas chromatography to
determine the amounts of the numerous feedstock components and product components,
including benzene and toluene present {(for selectivity calculations).

Catalyst performance was gquantified by the temperature needed to obfain an
aromatics vield of 63 wt. %. The Tuaor {end of run temperature) is the temperature giving the
desired yield at the end of the run, which was approximaiely 40 hours.

Alkal metal content (moles of alkah metals) of the alkali metal enriched zeolite
support was determined bv XRF or ICP.  Weight percentages of Pt, Cl. and F were
determined using X-ray fluorescence (XRF}. Surface areas were determined using the BET
method, and mucropore volumes were determined using the t-plot method.  Platinum

dispersion was determined by CO Chemisorption.

EXAMPLES 1-3
A standard bound KL-zeolite consisting of approximately 17 wi. % silica binder was
used as the starting material for Examples 1-3. The bound zeolite base was washed either
with water (Example 1} or with water containing 0.1 M of an alkali metal salt (NaCl, KCl,
Rb{, or CsCl — Examples 2-5). The washing conditions consisted of 3 wash cycles, each

conducted at 100 °F for 20 runutes with the weight of the wash water (with ot without alkali
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metal} being 2.5 times the weight of the bound reolite base. The washing was performed
hatchwise with N2 bubbling 1o agitate the mixiure.

Table I summarizes the metals analysis of the alkali metal enriched zeolite supports
after drving and calcining in air at 250 °F and 900 °F, respectively. The alkali metal washing
steps with rabidium or cesium (Examples 4-5) significantly reduced the armount of sodium in
the support, and resulted in about 0.5 moles of the respective alkali metal (per kg) in the
atkali metal enriched zeolite support. Alkali washing with potassium also reduced the
amount of sodium in the support. As shown by Examples 4-5, alkali washing with rubidium
or cesium also reduced the potassium content of the support.

The alkali metal enriched zeolite supports were subsequently impregnated with
platinum and halogen, dried {at 95 °C}), and calcined (at 900 °F} to form the supported
aromatization calalysts. P, Cl, and F were added in one step via incipient wetness
techniques. Final Pt Cl, and F loadings were all approximately 1 wt. %. Table H
summarizes the micropore volumes and surface areas of the alkali metal enriched zeclite
supports and the supported catalysts after diving/calcinimg, as well as the platinum dispersion
of the supported catalysts. In Table ¥, “support”™ is the alkali metal enriched zeolite support
prior to platinum and halogen addition, and “catalvst” is the final supported catalyst
contarning platinum and halogen. Generally, the alkali metal washing steps with KCl, RbCl,
or CsCl (Examples 3-5) reduced the surface area and the micropore volume of the alkals
metal enriched zeolite support and the supported catalyst, with the cestum-enriched support
and cesium-enriched catalyst having the lowest micropore volumes and swrface areas.
However, despite the impact of the alkali metal washing step on the micropore volume and
surface area, the dispersion of the platinum on the supported catalyst was simular for each of
Examples 1-5.

Additional experiments were conducted with potassium and cesium, similar to
Example 3 and Example 3, respectively, i which the molar concentration of the alkali metal
in the wash water was varied from 0.05 M to 0.3 M. FIG. 1 ilustrates the irapact of the
molar concentration of potassium and cesium in the aqueous solution used to wash the bound
zeolite base on the micropore volumes of the alkali metal enriched zeolite supports and the
supported catalysts.  Generally, as alkali mwetal concentration increased, the micropore
volume decreased, although the decrease was not as significant for the supported catalyst as
compared to that of the alkah metal enriched zeolite support.

For the same 0.05 M to 0.3 M range of alkah metal concentration in the wash water,

FIG. 2 illustrates the impact of the alkali metal concentration on the platinum dispersion on
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the supported catalyst. Unexpeciedly, the platinum dispersion when using potassiom was
relatively unaffected throughout the concentration tange, while when using cesium, the
platinum dispersion dropped significantly at higher 0.2-0.3 M concentrations.

The supported catalysts of Examples 1-3, as characterized in Table I and Fable i1,
were evaluated in aromatization reactions for their relative performance.  Unexpectedly,
given the reduction in surface area and pore volume for the alkali metal enriched supported
catalysts of Examples 3-3 (see Table 1), the aromatics vields as measured by the Teor in
Table 1 were similar for each of Examples 1-5. Howaver, Table HI demonstraies that the
atkali metal enriched supported catalysts of Exanples 3-5 had an unexpected improvement in
henzene selectivity, with cesium enrichroent increasing benzene selectivity of the supported
catalyst to over 96%.

Additional aromatizalion experiments were conducted with potassium and cesium
enriched supportted catalysts, similar to Example 3 and Example 5, respectively, in which the
molar concentration of the alkali metal in the wash water was varied from 0.05 M to 0.3 M.
FiG. 3 iilustrates the tmpact of the molar concentration of cesium in the aqueous solution
used to wash the bound zeolite base on the benzene selectivity, toluene selectivily, and the
Tror of the resultant supported catalysts. As compared to a reference (using no alkali metal
in the washing step), it was surprisingly found that cestum concentrations of less than 0.2 M
provided the bepeficial combination of increased benzene selectivity, increased toluene
selectivity, and a similar temperature needed (Teor) to obtain the desired aromatics yield.

Likewise, FIG. 4 illustrates the impact of the molar concentration of potassium in the
agqueouns solution used to wash the bound zeolite base on the benzene selectivity, toluene
selectivity, and the Teor of the resultant supported catalysts. As compared to a reference
(using no alkali metal in the washing step), it was surprisingly found that potassium
concentrations of 0.1 M and above provided the beneficial combination of increased benzene
selectivity, increased toluene selectivity, and a sinular temperature needed (Teor) o obtain

the desired aromatics yield (no impact on temperature was evident).
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The mvention is described above with reference to numerous aspects and specific
examples. Many variations will suggest themselves to those skilled in the art in light of the
above detailed description. All such obvious variations are within the full intended scope of
the appended claims. Other aspects of the invention may inchude, bui are not limited to, the
following {aspects are described as “comprising” but, alternatively, may “consist essentially
of " or “consist of”):;

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

(&)  providing a bound zeohie base:

{b)  washing the bound zeolite base with an aqueous solution comprising an alkali
metal to produce an alkali metal enriched zeolite support; and

{c)  impregnating the alkah metal ennched zeolite support with a transition metal
and a halogen to produce the supported catalvst.

Aspect 2. The method defined in aspect 1, wherein the azlkali metal comprises
potasstuim, rubidinm, cesium, or combinations thereof,

Aspect 3. The method defined i aspect 1 or 2, wherein the agueous solution
comprises an alkali roetal salt.

Aspect 4. The method defined in any ope of the preceding aspects, wherein the
aqueous solution comprises an atkali metal chloride salt.

Aspect 5. The method defined in any one of aspects 1-4, wherein the alkalhi metal
comprises potassitm,

Aspect 6. The method defined in any one of aspects 1-4, wherein the alkali metal
comprises rubidium.

Aspect 7. The method defined mn any one of aspects 1-4, wherein the alkali metal
comprises cesium.

Aspect 8. The method defined i any of the preceding aspects, wherein the bound
zeolite base comprises a zeolite and a binder,

Aspect 9. The method defined in aspect 8, wherein the bound zeclite base comprises
any weight percentage of binder disclosed herein, e.g., from about 3 wt. % to about 35 wit. %,
or from about 5 wt. % to about 30 wt. % binder, based on the total weight of the bound
zeohite base,

Aspect 10. The method defined in aspect 8 or 9, wherein the binder comprises an

morganic solid oxide, a clay, or a combination thereof.
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Aspect 1. The method defined 1n aspect 8 or 9, wherein the binder comprises
alununa, silica, magnesia. boria, fitarua, zircona, a nixed oxide thereof, or a mixture thereof.

Aspect 12. The method defined in aspect 8 or 9, wherein the binder comprises silica

Aspect 13. The method defined in aspect & or 9, wherein the binder comprises
montmorillonite, kaokin, cement, or a combination thereof

Aspect 14. The method defined in any one of the preceding aspects, wherein the
bound zeolite base comprises a bound L-zeolite.

Aspect 15. The method defined in any one of aspects 1-13, wherein the bound zeolite
base comprises a bound Ba/L-zeolite.

Aspect 16. The method delined 10 any one of aspects 1-13, wherein the bound zeolite
base comprises a bound K/L-zeolite.

Aspect 17. The method defined in any one of aspects 1-12, wherein the bound zeohie
base comprises a silica-bound K/L-zeolite

Aspect 18, The method defined in any one of the preceding aspects, wherein the
bound zeolite base in step {a} is produced by a process comprising nuxing a zeolite with a
binder, extruding the mixture, drving, and calcining.

Aspect 19 The method defined in anv one of aspects 1-12, wherein the bound zeolite
base in step (&) is produced by a process comprising mixing a K/L-zeolite with silica,
extruding the mixture, drving, and calcining,

Aspect 20. The method defined in any one of the preceding aspects, wherein the
washing step comprises contacting the bound zeolite base with any aqueous solution
disclosed herein, e.g., consisting essentially of, or consisting of, an alkali metal salt and
water, or an alkah metal salt and detonized water.

Aspect 21, The method defined in any one of the preceding aspects, wherein the
washing step 1s conducted at any washing temperature disclosed herein, e g, in a range from
about 20 °C to about 95 °C, from about 15 °C o about 63 °C, or from about 30 *C to about
50°C.

Aspect 22. The method defined in any one of the preceding aspects, wherein the
washing step inchudes any number of washing cveles {e.g., from 1 to 4, or from 2 to 8) and
any washing cycle ime periods disclosed herein {e.g., in a range of from about | minute to
about 6 hours, or from about 3 nunutes 1o about 2 hours),

Aspect 23. The method defined i any one of the preceding aspects, wherein the

concentration of the alkali metal i the aqueous solulion is in any concentration range
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disclosed herein, e.g., from about 0.01 M to about S M, from about .01 M to about 1 M,
from about 0.01 M 10 about 0.45 M, or from about 0.05 M to abowt 0.3 M.

Aspect 24. The method defined in any one of the preceding aspects, wherein the ratic
of the weight of the aqueous solution 1o the weight of the bound zeclite base is in any range
of weight ratios disclosed herein, e.g., from about 0.4:1 to about 10:1, from about 0.5:1 1o
about 8:1. or from about 1:1 to about 5:1.

Aspect 25. The method defined in any one of the preceding aspects, wherein the
washing step enriches the bound zeolite base with any molar amount of alkali metal disclosed
herein, e.g., from about 0.03 moles to about 1 mole, from about 0.1 moles to about 0.9 moles,
or from about 0.03 moles to about 0.7 moles, of alkali metal per kg of the bound zeolite base
{or per kg of the alkali metal enriched zeolite support).

Agpect 26. The method defined in any one of the preceding aspects, wherein the atkali
metal enriched zeolite support comprises anv weight percentage of sodium disclosed herein,
e.g., from 0 wi % to about 0.35 wt. %, from 0 wt. % o about 0.3 wi. %, from about 0.03 wt.
% to about 0.35 wt. %, or from about 0.05 wt. % to about 0.3 wt. % sodium, based on the
total weight of the alkah metal enriched zeolite support.

Aspect 27 The method defined in any one of the preceding aspects, wherein step (b)
is the only step in the method that utilizes an alkali metal, for example, an alkali metal salt.

Agspect 28. The method defined in any one of the preceding aspects, wherein the
method further comprises drving and/or calcining the alkali metal enniched zeolite support
prior to step {¢).

Aspect 29. The method defined in any one of the preceding aspecis, wherein the
supported catalyst comprises any weight percentage of transition metal disclosed herein, e.g.,
from about 0.1 wt. % o about 10 wi. %, from about 0.2 wi. % to about 5 wt %, or from
about 0.3 wt. % to about 2 wit. % fransition metal, based on the total weight of the supported
catalyst.

Aspect 30. The method defined in any one of the preceding aspects, wherein the
transition metal comprises platinum.

Aspect 31, The supported catalvst defined in anv one of the preceding aspects,
wherein the transition metal is platinum,

Aspect 32. The method defined in any one of the preceding aspects, wherein the
supported catalyst comprises any weight percentage range of platinum disclosed herein, e.g.,

from about 0.1 wit. % o about 10 wi. %, from about 0.2 wt. % {o about 5 wt. %, or from
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about 0.3 wt. % to about 2 wt. % platinum, based on the total weight of the supported
caialyst.

Aspect 33. The method defined in any one of the preceding aspects, wherein step (¢)
comprises mixing the alkali metal enriched zeolite support with a transition metal-containing
compound comprising  tetraamineplatinum(il) chlonde, tetraammeplatimum(ll} nitrate,
platnum(ll) acetvlacetonate, platinum(Il} chlonde, ammonium tetrachloroplatinate(il},
chloroplatinic acid, platinum (II) nitrate, or a combination thereof.

Aspect 34. The method defined in any one of the preceding aspects, wherein the
halogen comprises chloring and/or fluorine,

Aspect 35 The method defined in any one of the preceding aspects, wherein step (c)
comprises mixing the atkali metal enriched zeolite support with a chlorine-containing
compound and/or a fluorine~-contamning compound.

Aspect 36. The method defined in any one of aspects 1-35, wherein the halogen
comprises chiorine.

Aspect 37 The method defined in aspect 36, wherein the supported catalyst
comprises any weight percentage of chlorine disclosed heremn, e.g., from about 0.05 wi. % to
about 3 wt. %, from about 0.1 wi. % to about 1.5 wi. %, from about 8.2 wt. % to about 1 wi.
%% chiorine, based on the total weight of the supported catalyst.

Aspect 38. The method defived in any one of aspects 1-37, wherein the halogen
comprises fluorine.

Aspect 39, The method defined in aspect 38, wherein the supported catalvst
comprises any weight percentage of fluorine disclosed herein, e.g., from about 0.05 wt. % to
about 5 wt. %, from about 0.1 wt. % to about 1.5 wi. %, from about 0.2 wt % to about I wt.
% fluorine, based on the total weight of the supporied catalyst.

Aspect 40. The method defined in any one of the preceding aspects, wherein the
method further comprises diying and/or calcining the supported catalyst after step (¢).

Aspect 41. The method defined in any one of the preceding aspects, wherein the
method further comprises a reducing step after step (c). the reducing step comprising
contacting the supporied catalyst with anv reducing gas stream disclosed herein, eg,
comprising hydrogen.

Aspect 42, The method defined in aspect 41, wherein the reducing step is conducted
at anv reducing temperature disclosed herein, e g, in a range from about 100 °C 1o about 700

°C, or from about 200 °C to about 600 °C.

SUBSTITUTE SHEET (RULE 26)



10

Jo—
W

30

WO 2018/118604 31 PCT/US2017/066254

Aspect 43. A supported catalyst obtatned by the method defined in any one of the
preceding aspects. e.g., a supporied aromatization catalyst,

Aspect 44, The supported catalvst or method defined 1n any one of the preceding
aspects, wherein the supported catalvst comprises anv ppim amount {by weight} of the alkali
metal disclosed herein, e.g., from about 10,000 ppm to about 125,000 ppm (from about | wi.
% to about [2.5 wt. %), from about 20,000 ppm to about 100,000 ppm {from about 2 wt. % to
about 10 wt. %), or from about 30,000 ppm to about 90,000 ppm (from about 3 wt. % to
about 9 wt. %), based on the total weight of the supported catalyst.

Aspect 45, The supported catalyst or method defined in any one of the preceding
aspects, wherein the supported catalyst has a surface area less than that of a catalyst obtained
by washing the bound zeolite base with an aqueous solution that does not contain an alkali
metal, under the same catalyst preparation conditions.

Aspect 46. The supported catalyst or method defined in any one of the preceding
aspects, wherein the supported catalyst has a swrface area in anv range of swrface area
disclosed herein, e.g., from about 100 m¥/g to about 17¢ m%/g, or from about 100 m’/g to
about 150 m¥/g.

Aspect 47, The supported catalyst or method defined in anv one of the preceding
aspects, wherein the alkalt metal enriched zeolite support has a swface area in any range of
surface area disclosed herein, e.g., from about 120 m?/g to about 250 m¥/g, or from about 130
m%/g 1o about 230 m¥g.

Aspect 48. The supported catalyst or method defined in anyv one of the preceding
aspects, wherein the supported catalyst has a micropore volume area less than thai of a
calalyst obtained by washing the bound zeolite base with an aqueous solution that does not
contain an alkali metal, under the same catalyst preparation conditions.

Aspect 49. The supported catalvst or method defined in any one of the preceding
aspects, wherein the supported catalyst has a micropore volume in any range of micropore
volume disclosed herein, e.g.. from about 0.013 cc/g to about 0.05 cc/g, or from about 0.02
cc/g to about 0.045 cc/e.

Aspect 50. The supported catalvst or method defined in any one of the preceding
aspects, wherein the alkali metal enriched zeolite support has a micropore volume in any
range of micropore volume disclosed herein, e.g., from about 0.025 co/g to about 0.08 cc/g,

or from about 0.03 ¢¢/g o about 0.07 ¢cc/g.
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Aspect 51. The supported catalyst or method defined in any one of the preceding
aspects, wherein the supported catalyst is characterized by a Teor in any range disclosed
herein, e.g., from about 499 °C (930 °F} to about 530 °C {986 °F).

Aspect 52. The supported catalyst or method defined in any one of the preceding
aspects, wherein the supported catalyst is characterized by a benzene selectivity {(or a toluene
selectivity) in anv selectivity range disclosed herein, e.g., frorn about 0.91 to about 0.97, from
about 0.92 1o about 0.98, from about 0.92 to about 0.97, or from about 0.95 to about 0.98.

Aspect 53. The supported catalyst or method defined in any one of the preceding
aspects, wherein the supported catalyst has a benzene selectivity {or a toluene selectivity)
greater than that of a catalyst obtained by washing the bound zeolite base with an aqueous
solution that does not contain an alkali metal, under the same catalvst preparation and
aromatization reaction conditions,

Aspect 54. The supported catalyst or method defined m any one of the preceding
aspects, wherein the supported catalyst has a platinum dispersion in any range disclosed
herein, e.g., from abowt 50% to about 70%, from about 50% to about 65%, or from about
55% to about 70%.

Aspect 33. 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 aroroatization catalyst is the supporied catalyst
defined in any one of the preceding aspects.

Aspect 36, The process defined in aspect 55, wherein the hvdrocarbon feed is any
hydrocarbon feed disclosed herein, for example, comprising non-aromatic hydrocarbons,
comprising Ce-Cs alkanes and/or cycloalkanes, or comprising Ce-Cs alkanes and/or

cychoalkanes.
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