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CATALYST SYSTEMS AND PROCESSES
FOR MAKING AND USING SAME

CROSS-REFERENCE TORELATED APPLICATION

(&1

[6003] This application claims prionty to and the benefit of U.S. Provisional
Application No. 63/485.956 having a filing date of February 20, 2023, the disclosure of
which 1s incorporated herein by reference in ifs entirety.
KIELD
[G002] This disclosure relales to catalyst sysiems and processes for making and using
10 same. More particularly, this disclosure relates 1o catalyst systems that include a plurality
of catalvtic particles and a phwality of catalvtically inert particles and processes for
making and using same.
BACKGROUND
[6003] Catalytic reforming or  dehydrogenation, dehvdroaromatization, and/or
153 dehydrocyclization of alkane and/or alkyl aromatic hydrocarbons are indusimally
important chemical conversion processes that are endothermic and equilibrivm-limited.
The reforming or dehydrogenation, dehydroaromatization, and/or dehydrocyclization of
alkanes, e.g., Ci-Cyp alkanes, and/or alkvl aromatics, e.g.. ethvibenzene, can be done
through a variety of different catalyst compositions such as the Pt-based, Ni-based, Pd-
20 based. Ru-based, Re-based, {r-based, Ga-based, V-based, Zr-based, In-based, W-based,
Mo-based, Zo-based, and Fe-based svstems.
[6004] Preparation of the catalvst requires synthesis and processing steps, e.g.. forming
a catalvst support, e.g., via spray drving, calcination of the support, and application of the
precious metal{s) at some point during the making of the catalyst. The amount of catalyst
25 used in a comumercial scale process 1s guile large and the cost of applying the precious
metal{s} to the catalyst can be a significant aspect in the overall cost in making the catalyst.
There is a need, therefore, for imnproved catalvst systems and processes for making and
using same. This disclosure satisfies this and other needs.
SUMMARY
30 [0065] Catalyset systems and processes for making and using same are provided. Tn
some embodiments, the catalvst svstem can inchude a plurality of catalviic particles and a
plurality of catalvtically inert particles configured to be mixed with one another or mixed

with one another. The catalviic particles can include a Group 8-10 element and a first
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promoter that can include Sn, Cu, Au, Ag, Ga, a combination thereof, or a mixture thereof
disposed on a support. The catalytic particles can include 0.001 wt% to 6 wi% of the
Group 8~10 element, up 1o 10 wi% of the first promoter, and the support can include Al

and at least 0.5 wit% of a Group 2 element, based on the weight of the support. The

Lo

catalytically inert particles can be free of a Group 8-10 slement. A composition of the
cafalytically imert particles and a composition of the support can be the same or different.
[6066] In some embodimerds, a process for upgrading a hyvdrocarbon can include
contacting a hvdrocarbon-containing feed with a catalvst system that can include a
mixture of catalytic particles and catalvtically inert pacticles to effect ong or more of
10 dehydrogenation, dehydroaromatization, and dehydrocyclization of at least a portion of
the hydrocarbon-containing feed to produce a coked catalyst system and an effloent that
can include one or more upgraded hyvdrocarbons and molecular hvdrogen.  The
hydrocarbon-containing feed can include one or more of Co-Cis linear or branched alkanes,
or one or more of C4-Cie cyelic alkanes, or one or more Ce-Cie alkyl aromatics. or a
15 mixture thereof The one or more upgraded hydrocarbons can include at least one of a
dehydrogenated hvdrocarbon, a dehydroaromatized hydrocarbon, and a dehyvdroeyclized
hyvdrocarbon. The catalviic particles can mclude a Group 8-10 element and a first
promoter that can include §n, Cu, Au, Ag, Ga, a combination thereof, or a mixture thereof
disposed on a support. The catalvtic particles can include 0.001 wit% to 6 wi% of the
20 Group 8-10 element, up to 10 wi% of the {ist promoter, and the support can include Al
and at feast 0.5 wi% of a Group 2 element, based on the weight of the support. The
catalvtically inert particles can be free of a Group 8-10 element. A composition of the
catalvtically mert particles and a composition of the support can be the same or different.

DETAILED DESCRIPTION

25 [8607]  Various specific embodiments, versions and examples of the jnvention will
now be described, nchuding preferred embodiments and definitions that are adopted
heretn for purposes of understanding the claimed invention. While the following detailed
description gives specific preferred embodiments, those skilled in the art will appreciate
that these ernbodirends are exemplary only. and that the invention ragy be praciiced in

30 other ways. For purposes of determining infringement, the scope of the mvention will

refer to any one or more of the appended claims, including their equivalents, and elements
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or limitations that are equivalent to those that are recited. Any reference to the “invention”
may refer to one or more, but not necessarily all, of the inventions dafined by the claims.
[B008]  In this disclosure, a process is described as comprising at least one “step.” Tt
should be understood that each step is an action or operation that mav be carried out once
or multiple times in the process, in a continuous or discontinuous fashion. Unless
specified to the contrasy or the context clearly indicates otherwise, multiple steps in a
process may be conducted sequentially in the order as thev are listed. with or without
overlapping with one or more other steps. or in any other order, as the case may be. In
addition, one of more or even all steps may be conducted simubtansously with regard to
the same or different batch of material. For example, in a continuous process, while a first
step in a process is being conducted with respect to a raw material just fed into the
beginning of the process, a second step may be carried oul suvuiltanecusly with respect o
an indermediate material resulting from treating the raw materials fed into the process at
an earlier time m the first step. Preferably, the steps are conducted in the order described.
[3069]  Unless otherwise indicated, all numbers indicating quantittes in this disclosure
are 10 be understood as being modified by the term “about” in all instances. Tt should also
be understood that the precise numerical values used in the specification and claims
constitute specific embodiments. Efforts have been made to ensure the accuracy of the
data in the examples. However, it should be understood that any measured data inherently
contains a certain level of error due to the lutation of the technique and/or equipient
used for acquiring the measurement.

[6018]  Certain embodiments and features are described herein using a set of mumerical
upper hinmits and a set of numerical lower hmits. It should be appreciated that ranges
mehuding the combination of anv two values, e.g., the combination of any lower value
with anyv upper value, the combination of any two lower values, and/or the corabination
of any two upper values are contemplated unless otherwise indicated.

160611]  The indefinite article “a” or “an”, as used herein, means “at least one” unless
specified to the contrary or the context clearly indicaies otherwise. Thus, embodiments
using “‘a reactor” or “a conversion zone include ernbodivuents where one, two or more
reaciors ot conversion zones are used, undess specified to the contrary or the context
clearly indicates that only one reactor or conversion zone is used.

[6032]  The term “hydrocarbon™ means (i} any compound consisting of hydrogen and
carbon atoms or (1) any yoixture of two or more such compounds in (i), The terre “Cn

hydrocarbon,” where n 1S a positive integer, means (i) anv hvdrocarbon compound
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comprising carbon atom(s) in ifs molecule at the total nurber of n, or (i1} any mixture of
two or more such hydrocarbon compounds in (1). Thus, a €2 hydrocarbon can be ethane,
cthylene, acetviene, or maxtures of at least two of these compounds at any proporiion. A
“Cm 1o Cn hyvdrocarbon™ or “Cmi-Cn hydrocarbon,” where m and 1 are posiitve integers
and m <n, means any of Cm, Cnrtl, Cm+2, ., Cn-1, Cn hydrocarbons, or any mixtures
of two or more thereof. Thus, a “C2 to C3 hydrocarbon™ or “C2-C3 hydrocarbon” can be
any of ethane. ethylene, acetyiene, propane, propene, propyne, propadiene, cyclopropane,
and any mixtures of two or more thereof at any proportion between and among the
components. A “saturated C2-C3 hvdrocarbon”™ can be ethane, propane, cvclopropane, of
any mixture thereof of two or more thereof at anv proporiion. A “Cn+ hvdrocarbon™
means (1) any hvdrocarbon compound comprising carbon atom(s) in its molecule at the
total number of at teast v, or {1} any mixture of two or more such bvdrocarbon compounds
v (i), A “Co-~ hvdrocarbon”™ means (1) any bvdrocarbon compound corprising carbon
atoms in its molecule at the total number of at most n, or (11) any mixture of two or more
such hydrocarbon compounds in (i), A “Cm hydrocarbon stream”™ means a hydrocarbon
siream consisting essentially of Cm hydrocarbonds). A “Um-Cn hydrocarbon siream”™
means 3 hvdrocarbon stream consisting essentially of Cm-Cn hvdrocarbon(s}.

[6613] For the purposes of this disclosure, the nomenclature of elements is pursuant 1o
the version of the Periodic Table of Elements {under the new notation) as provided in
Hawley's Condensed Chemical Dictionary, 16™ Ed., Jobn Wiley & Sons, Inc,, (2016),
Appendix V. For example. a Group 2 element includes Mg, a Group 8 element includes
Fe, a Group 9 element includes (o, a Group 10 element includes Ni, and a Group 13
clement includes Al The term “metalloid”, as used hersin, refers to the {ollowing
clements: B, 8i, Ge, As, Sb, Te. and At. In this disclosure, when a given element is
mdicated as present, it can be present in the elemental state or as any chemical compound
thereof, unless it is specified otherwise or clearly indicated otherwise by the context.
16014]  The term “alkane” means a saturated hydrocarbon. The term “cvclic alkane”
means a saturated hydrocarbon comprising a eyclic carbon ring in the molecular structure
thereof. An alkane can be linear, branched, or cyclic.

[B615]  The term “aromatic” 15 1o be understood i accordance with its art-recognized
scope, which includes alkyl substituted and unsubstituted mono- and polynuclear
compounds.

[6616]  The terro “nich” when used in phrases such as “X-nich™ or “rich in X7 means,

with respact to an outgoing stream obtained from a device, e g., a conversion zone, that
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the stream comprises material X at a concentration higher than in the feed matenal fed to
the same device from which the stream is derived. The term “lean” when used in phrases
such as “X-lean” or “lean in X7 means, with respect to an ouigoing stream obtained from

a device, e.g.. a conversion zone, that the stream comprises material X at a concentration

Lo

lower than in the feed material fed to the same device from which the stream is derived.

[6017]  The teom “mixed metal oxide” refers 1o a compostiion that includes oxygen
atoms and at least two different metal atoms that are mixed on an atomic scale. For
example, a “mixed Mg/Al metal oxide™ has O, Mg, and Al atoms mixed on an atomic
scale and is substantially the same as or identical 1o a composition obtained by calcining

10 an Mg/Al hydrotalcite that has the general chemical formula {Mgo_n AL{OH ), J(ALT) -

mH, 01, where A 1s a counter anion of a negative charge n. A material consisting of nm
sized MgO particles and nm sized AlOs particles mived together 1s not a mixed metal
oxide because the Mg and Al atoms are not mixed on an atomic scale but are instead mixed
on a nm scale,

15 [0618]  The terms “calcination” and “calcining” refer to heating a matenial, eg., a
synthesized catalyst or a support, to a temperature of 330°C or more under any
atmospbere, e.g., an oxidizing atmosphere, an inert atmosphere, or a reducing atmosphere.
The term “calcined” refers to a material, e.g.. a synthesized catalvst or a support, that has
been subjected o calcination/calcining.

20 [8019]  The term “selectivity” refers {o the production (on a carbon mole basis) of a
specified compound in a catalvtic reaction.  As an example, the phrase “an alkane
hvdrocarbon conversion reaction has a 100% selectivity for an olefin hvdrocarbon”™ means
that 100% of the alkane hvdrocarbon {carbon mole basis) that is converted in the reaction
1s converted to the olefin hydrocarbon. When used in conmection with a specified reactant,

the termo “conversion” means the amount of the reactant consumed in the reaction. For

N2
n

example. when the specified reactant is propane, 100% conversion means 100% of the
propane 1s conswned in the reaction. In another example, when the specified reactant is
propane, if one mole of propane converts fo one mole of methane and one mole of
ethylene, the selectivity to methane is 33.3% and the selectivity to ethylene is 66.7%.

30 Yield {carbon mole basis) is conversion times selectivity.
[B020]  As used herein, “scom” means standard cubic centimeters per muinute, which is a
flow measurement used to indicate the cubic centimeters {cm’) of a gas at standard temperature

and pressure passing a given point within one minute. Standard temperature and pressure
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{STP) refers to a temperature of 27315 K (0°C, 32°F) and an absolute pressure of 10° Pa (100
kPa, 1 bar).
[0021]  In this disclosure, “A, B, ... or a combination thereof means “A, B, ... or any

combination of any two or more of A, B, .7 "A. B. .., or a mixiure thereol” means “A,
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B, ..., or anv muxture of any two or more of A, B, .7

Catalyst Sysiem

[6022] In some embodiments, the catalyst system can include a plurality of catalvtic
particles and a plurality of catalytically inert particles configured to be nuxed with one
another or mixed with one another. The catalytic particles can include a Group &-10
10 clement disposed on a support. In some embodiments, the catalytic particles can jnclude
0.001 wi%%, 0.002 wt%, 0.003 wi%, 0.004 wi%, 0.005 wi%, 0.006 wt%, .007 wi%, .008
wi%, .009 wiYe, 0.07 wi%, 0.013 wid%, 0.02 wite, $.025 wi%, 0.03 wit%, 0.05 wi%, 0.07
wi%, 0.09 wide, 0.1 wi%, 0.2 wi%, 0.3 wi%, 0.4 wi%, 0.5 wi%, 0.6 wt%, 0.7 wt%, 0.8

} wi%, 2.5 witlo, 2.7

b2
(a

wi%e, 0.9 wi%e, or 1T wi% to 1.3 wi%. 1.5 wi%, 1.7 wi%e, 2 wi%,
15 wi%, 3 wi%, 3.3 wi%, 3.5 wit%, 3.7 wt%., 4 wilo, 4.3 wi%, 4.5 wit%, 4.7 wit%, § wi%, 53

wi%, 3.5 wit, 5.7 wi%, or 6 wi%e of the Group 8-10 element.

[6023] Insome embodiments, the Group 8-10 element can be Fe, Ru, Us. Co, Rh, Ir, Ni,

Pd, Pt, any combination thereof, or any mixture thereof. In some embodiments, the Group

8-10 element can be Pt. In some embodiments, the Group 8-10 element can be present in

20 its elemental form, in the form of a compound that includes one or more of the Group 8-

10 elements, or a combination or mixture thereof.

[6024] In some embodiments, the Group 8-10 element in the catalvtic particles can

mclude two or more Group 8-10 glements. 1o such embodiments, the catalytic particles

can include 0.001 wt%, 0.002 wt%, 0.003 wt%, 0.004 wt%, 0.0035 wt%, 0.006 wi%, 0.007

wi%, 0.008 wi%, 0.009 wi%, 0.01 wi%, 0.0135 wit%, 0.02 wi%, 0.023 wi%, 0.03 wi%,

0,035 wit%, 0.04 wit%, 0.045 wi%, 0.05 wi%, 0.055 wi%, 0.06 wi%, 0.065 wi%. 0.07 wit%,

.08 wit%, 0,085 wi%, 0.09 wit%, $.095 wi%, 0.1 wi%, 0.2 wt¥%, 0.3 wil%, 0.4 wtY, 0.5

wi%, 0.6 wi%, 0.7 wi%, 0.8 wi%, (.9 wit%, or I wt% 10 2 wi%, 3 wi%, 4 wi%, 3 wi%, or

6 wi% of a combined amouni of the two or more Group 8-10 elements,

0 [G025] The catalvtic particles can also include a promoter or “first promoter” that can
mechude Sn, o, Au, Ag. Ga, a combination thereof, or 8 mixture thereof disposed on the
support. In some embodiments, the catalvtic particles can include 0.01 wt%, 0.05 wt%,
0.1 wi%, 0.2 witbe, 0.25 wi%, 0.3 wi%, 0.4 wi%. 0.5 wi%, 0.6 wi%, 0.7 wi%, 0.8 wt%,

(0.9 wi%, or } wi% to 2 wt%. 3 wtY, 4 wi%. 5 wi%, 6 wt%, 7 wit%, & wit%, 9 wi%, or 10

G-
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wi% of the promoter or first promoter disposad on the support, based on the weight of the
support. In some embodiments, the promoter or first promoter can be associated with the
Group 8-10 element. For exarple. the promoter and Pt disposed on the support can form
Pt-promoter clusters that can be dispersed on the support. The promoter or first promaoter
can tmprove the selectivitv/activity/longevity of the catalvst system for a given upgraded
hydrocarbon.  In some embodiments, the promoter or first promoter can improve the
propylene selectivity of the catalyst composition when the hydrocarbon-containing feed
includes propane.

[3026] Tosome embodiments, the catalytic particles can optionally include ong or more
alkali metal elements or first atkali metal elemernt(s) m an amount of up to 5 wt% disposed
on the support, based on the weight of the support. In some embodiments the catalyvtic
particles can include 0.01 wi%. 0.1 wit%, 0.2 wi%, (0.3 wi%, 0.4 wi%, 0.5 wi%, 0.6 wit%,
0.7 wi%, 0.8 wt%, 0.9 wi%, or | wit% to 2 wi%. 3 wi%, 4 wit%, or 5 wi% of the alkali
metal element disposed on the support, based on the weight of the support. The alkali
metal element, if present, can be or can include, but 1s not limited to, Li, Na, K, Rb, Cs,
or a combination thereof, or a mixiure thereof. In at least some embodiments, the alkali
metal element ca be or can include K and/or Cs. In some embodiments. the alkali metal
element, if present, can improve the selectivity of the catalyst composition for a given
upgraded hvdrocarbon.

[6027]  In some embodiments, the support can be or can include, but is not hmited to,
one or more Group 2 elements and aluminum (Al). The Group 2 element can be or can
include, Be, Mg, Ca, Sr, Ba, a combination thereof, of a mixture thereof. In some
embodiments, the Group 2 element and/or the Al can be present in ifs elemental form. In
other embodiments. the Group 2 element and/or the Al can be present in the form of a
compound. For example, the Group 2 element and/or the Al can be present as an oxide,
a phosphate, a halide, a bhalate, a sulfate. a sulfide, a borate, a nitnide, a carbide, an
alununate, a carbonate, metaphosphate. a selenide, a tungstate, a molvhdate, a chromite,
a chromate, or a dichromate. In some embodiments, a mixture of any two or more
compounds that include the Group 2 element and/or the Al can be present in different
forms.

[6628] Insome embodiments, the support can include > 0.5 wt%, > 1 wt%, > 2 wi%, >
3wts, > 4 wio, > 5 wi%, > 10 wi%, or > 20 wi%, > 40 wi%, > 80 wil%, or > 90 wiSs of

the Group 2 clement. based on the weight of the support. In soroe ernbodiments, the
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support can include the Group 2 element in a range of from 0.5 wi%. 3 wtb, 5 wi%, or
10wt to 30 wi%, 50 wi%, 70 wi%e, or 90 wi%, based on the weight of the support.
[B329] 1o some embodiments, the support can be or can include, but s not Hmited 10,

one or more of the following compounds: MgwALOs+«, where w is a positive number;

Lo

Ca.AbOz., where x is a positive number; SryALGs.,, where v is a positive number;
Ba, A3z, where 2 is a positive number. BeQ, Mg0O, Ca(, Bad, 8rQ, BeCGs, MgU0;,
CaC0s, SrCGz, BaCQO:, CaZr(s, CaZrAlGis, CaTils, CarAlsOre, CaHAlLOsa,
BaCe(:, one or more magnesium chromates, one or more magnesiwm {ungstates, one or
more magnesium molvbdates, combinations thereof, and/or mixtures thereof
10 [0038] The Mg, Al:Os.., where w is a positive number, if present as the support oras a
component of the support can have a molar ratio of Mg to Al in arange from 0.5, 1, 2, 3,
4,0r5106,7.8,9, or 10, Tn some embodiments, the MgwAlzOs+w can include MgAL Oy,
Mg ALOs, or a nuxtare thereof. The Ca.AlGs.., where x 18 a positive nuber, if present
as the support or as a component of the support can have a molar ratioc of Cato Al in a
15 range from 1:12, 1:4, 1.2, 2.3, 56, 11, 12:14, or 1.5:1. In some embodiments, the
CaxAlOsx can  include  tricalcium  alumninale, dodecacalcium  hepia-aluminate,
monocalcium  alununate, monocalcium  dialumunate, monocalcium  hexa-aluminate,
dicalcium aluminate, pentacalcium trialuminate, tetracalcium trialuminate, or any mixture
thereof. The SryAlLOs+y, where v is a positive number, if present as the support or as a
20 component of the support can have a roolar ratio of 81 to Al in a range from 0.05, 0.3, or
$.6100.9, 1.5, 0r 3. The Ba,AlbOs+,, where 7 15 a positive number, if present as the support
or as a component of the support can have a molar ratio of Ba to A1 0.05, 0.3, or 0.6 to
0.9, 1.5 ori

[0631] Insome embodiments, the Group 2 element can include Mg and at least a portion

[ovl
W

of the Group 2 element can be in the form of MgO or a mixed metal oxide that includes
Mg, Tn soroe embodiments, the support can be or can include, but is not himited fo, a
mixed Mg/Al metal oxide. In some embodiments, the support can be or can include a
mixed Mg/Al metal oxide produced or obtained by calcining hydrotalcite. In some
embodiments. the support can be or can include a mived Mg/Al metal oxide having the
30 same or sinular siructure of the compound produced or obtained by calcining hydrotalcite
but made via an alternative process.

[6032] In some embodiments, a weight ratio of the Group 2 element {o the Al in the
support can be in a range from 0.001, 0,005, 0.01,0.05, 0.1, 0,15, 0.2, 03,05, 07, or 1

10 3.6, 12.5, 25, 50, 75, 100. 200. 300. 400. 500, 600. 700, 800, 900, or 1600, In some

~8-
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embodiments, when the support is a nuxed Mg/Al metal oxide, the support can have a
weight ratio of Mg to Al in a range of from 0.001, 0.005,0.01, 0.05,0.1,0.5,1. 1.5, 2, 2.5,
3,35,4,45, 0r 5106, 10, 12.5, 23, 530, 75, 100, 150, 200, 250, 300, 350, 400, 450, 500,
550, 600, 630, 700, 750, 800, 850, 900, 950, or 1,000, in some embodiments, the support
can include > 0.5 wi%, > 1 wi%, > 2 wtbo, > 2.1 wi%, > 2.5 wi%, > 3 wi%, > 3.5 wt%, >
4 wit%, > 4.5 wi%, = 3 wits, = 5.5 wi%, = 6 wi%, > 6.5 wit%, > 7 wi%, > 8 wi%, > & wt%,
> 10 wi%e, = 11 wi%, > 12 wi%, > 13 wi¥%. = 14 wit%, > 15 wit%, 2 16 wi%, > 17 wi¥h, =

18 wi%., = 19 wi%, > 20 wit%o, = 21 wi%, > 22 wib, = 23 wi%, = 24 wi%e, > 25 wi%, =

26 wi%, > 27 wi%, = 28 wit%, = 29 wi%s, = 30 wilo, = 35 wi%s, = 40 wile, > 45 wibh, =
50 wi%, > 55 wt%, = 60 wi%, > 65 wi%, = 70 wi%, = 75 wi%, > 80 wit%, 2> 85 wi%, or >
90 wi% of the Group 2 element, based on the weight of the support. In some embodiments,
the support can include the Group 2 elernent in a range {rom 0.5 wi%, 1 wi%, 1.5 wi%, 2
wi%, 2.1 wit%. 2.3 wit%, 2.5 wit%, 2.7 wi%, 3 wit%, 4 w96, 3 wi%s, 6 wi%s, 7 wit%, & wit%

G wit%, 10 wi%, 11 wile, 13 wit%, 13 wi%, 17 wi%, 19 wi%, 21 wi%, 23 wi%. or 25 wi%
to 30 wt%e, 35 wi%s, 40 wids, 45 wit%, 58 wi%, 55 wi%, 64 wi%, 65 wi%, 70 wi%, 75
wi%, B0 wi%, 85 wi%, 90 wi%. or 92.34 wi% based on the weight of the support. In
sorne embodiments, the support can include Al in arange from 0.5 wi, 1 wi%, 1.5 wi%,
2 wile, 2.1 wit%, 2.3 wi%, 2.5 wit%, 2.7 wi%. 3 wi%, 4 wit%. 5 wit%, 6 wil, 7 wi%, 8
wi%, O wi%, 10 wi%, or 11 wi% to 15 wi%, 20 wi, 25 wi%, 30 wit%, 40 wit¥%, 45 wt%,
or 30 wi%, based on the weight of the support.

[3633] In some embodimenis, the support can be or can include a first quantity of the
Group 2 element and the Al in the form of a mixed Group 2 element/Al metal oxide and
a second quandity of the Group 2 element in the form of an oxide of the Group 2 element.
In such embodiment, the mixed Group 2 element/Al metal oxide and the oxide of the
Group 2 elerent can be mixed on the nm scale and the Group 2 element and Al in the
nmuxed Group 2 element/Al metal oxide can be mixed on the atomie scale.

16034] In other embodiments, the support can be or can include Group 2 element and a
first quantity of the Al in the form of a mixed Group 2 element/Al metal oxide and a
second quaniity of Al in the form of AlxOs. In such embodiment, the mixed Group 2
clement/Al wetal oxide and the AlbO: can be mixed on the wm scale and the Group 2
element and Al in the nuxed Group 2 element/Al metal oxide can be mixed on the atomic
scale.

[6035]  In still other embodiments, the support can be or can include a first quantity of

the Group 2 element and a first quantity of the Al in the form of a mixed Group 2

-G
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element/Al metal oxide, a second quantity of the Group 2 element in the form of an oxide
of the Group 2 element, and a second quantity of the Al in the form of A0z In such
embodiment, the mixed Group Z elerment/ Al metal oxide, the oxide of the Group 2 element,
and the Al:O: can be mixed on a nm scale and the Group 2 element and Al in the mixed
Group 2 element/Al metal oxide can be mixed on the atomic scale.

[6036] Insome ernbodiments, a molar ratio of the Group 2 element {0 a total amount of
any Group 8-10 element present in the catalytic particles can be in a range from 0.24, 0.5,
L, 10, 50, 100, 300, 450, 600, 300, 1,000, 1,200, 1,500, 1,700, or 2,000 o 3.000, 3,500,
4,000, 4,500, 5,000, 5,500, 6,000, 6,500, 7,600, 7,500, 8,800, 8,580, 9,000, 9,560, 16,000,
15,000, 20,0600, 25,000, 30,000, 35,000, 40,000, 45,600, 50,000, 55,000, 60,000, 65,000,
70,000, 75,000, 80.000, 85.000, 90,000, 95.000, 100,000, 200,000, 300,000, 400,000,
500,000, 600,000, 700,000, 866000, or 900,000,

[6637] In some embodiments, the catalyvtic particles can be free of anv 8i. In other

o<

embodiments, the catalviic particles can inchude < 0.5 wt %, < 0.45 wit%, < 0.4 wi%, <
.35 wi%, <0.3 wiY, <0.25 wi%, < 0.2 wit%, <{.15 wi%, <0.1 wi%o, <0.09 wi%, <0.08
Wi%, < 0.07 wit¥s, < 0.06 wi%, < 0.05 wi%, < 0.04 wi%, < 0.03 wi%, 0.02 wi%, < 0.01
wit%, < 0.007 wi%. < 0.005 wit%, < 0.003 wt¥o. < 0.001 wiSs, < 0.0007 wi, < 0.0005
wi%, < {.0003 wi%, or < 0.0001 wi% of Si, based on the weight of the sepport.

[6638] In some embodiments, the catalytic particles can have a median particle size in
arange of from b um, S pm, 10 pum, 20 wm, 40 pwm, or 60 wnto 80 wm, 100 o, 115 pwm,
130 pm, 150 ym, 200 g, 300 wm or 400, or 500 um. In some embodiments, the catalyiic
particles can have an apparent loose bulk density in a range from 0.3 g/em®, 0.4 glem® 0.5
glem®, 0.6 glom?, 0.7 g/om’, 0.8 g/end®, 0.9 glend, or | glem® to 11 glom®, 1.2 glom®, 1.3
glom®. 1.4 glem?®, 1.5 g/em®, 1.6 glom®) 1.7 g/lemy’, 1.8 gfem?, 1.9 g/em®, or 2 g/ent’, as
measured according 1o ASTM D7481-18 modified with a 10, 25, or 50 mL graduated
cylinder nstead of a 100 or 250 mwl graduated cvlinder.  In some embodiments, the
catalytic particles can have an atirition oss after one hour of <5 wi%, <4 wi%, <3 wi%,
<2 wi%, <1 wibo, < 0.7 wi%, £0.5 wt%, <0.4 wt¥%, <0.3 wibo, < .2 wit%, £ 0.1 wt%,
<007 wi%, or < 0.05 wit%, as roeasured according to ASTM DS737-1142017). The
morphology of the catalytic particles can be largely spherical so that they are suitable to
run in a fluid bed reactor. In some embodiments, the catalytic particles can have a size
and density that is consistent with a Geldart A or Geldart B defimition of a fluidizable solid.
[603%]  In some embodiments, the catalviic particles can have a surface ares i a range

from .1 m%g, 1 m¥g, 10 m¥g. or 100 m¥g to 500 m¥g. 800 m¥g, 1,000 m%/g, or 1.500
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n/g.  The surface area of the catalvtic particles can be measured according to the
Brunager-Emmett-Teller (BET} method using adsorption-desorption of nitrogen
(ternperature of liqued nitrogen, 77 K) with a Micromeritics 3flex instrument after
degassing of the powders for 4 hrs at 350°C. More information regarding the method can
be found, for example, in “Characterization of Porous Solids and Powders: Swrface Area,
Pore Size and Density,” 8. Lowell et al., Springer, 2004

Catalvtically Inert Particles

[(3648] In some embodiments, the catalytically mert particles can be or can inchude. but
are not Himited to, aluminum oxide, magnesiom oxide, a sscond mixed Mg/Al metal oxide,
quartz, silicon carbide, or a nuxiure thereof. In some embodiments, a coraposition of the
catalytically inert particles and a composition of the support in the catalvtic particles can
be the same or different with respect to one another. In some embodimenis, the
catalytically inert particles can be the same as the catalvtic particles except the
catalytically inert particles can be free of any Group 8-10 element.

[60641] In some embodiments, the catalvtically inert particles can also include a
promoter or “second promoter” that can include Sn, Cu, Au, Ag, Ga, a combination
thereof, or a mixture thereof disposed on the catalvtically inert particles. In some
embodiments, the catalvtically inert particles can include 0.01 wt%, 0.05 wi%, 0.1 wi%,
0.2 wt%, 0.25 wi%e, 0.3 wiSs, 0.4 wi%, 0.5 wt%, 0.6 wile, 0.7 wi%, 0.8 w1%s, 0.9 wi%, or
b wiSs to 2 wi%s, 3 wi%, 4 wi%, 5 wi%, 6 wi%, 7 wi%, 8 wi%s, 2 wi%, or 10 wi% of the
second promoter disposed thereon, based on the weight of the catalytically inert particles.
[6042] o some embodiments, the catalviically inert particles can optionally include ong
or more alkal metal elements or “second” alkali metal element(s) in an amourt of up to 5
wi% disposed on the catalytically inert particles, based on the weight of the catalvtically
inert particles. In some embodiments the catalvtically inert particles can include 0.01 wie,
0.1 wi%, 0.2 wi%, (0.3 wit%. 0.4 wi%, 0.5 wi%, 0.6 wi%, (.7 wi%, 0.8 wt%, 0.9 wi%, or
1 wi% to 2 wi%, 3 wi%, 4 wit%, or 5 wi% of the alkali metal element disposed on the
catalvtically mert pasticles, based on the weight of the catalvtically inert particles. The
alkali meial element, 1F present, can be or can include, but is not limited to, Li. Na, K, Rb,
Cs. or a combinaton thereof, or a muxture thereof. In at least some embodiments. the
alkali metal element ca be or can inchade K and/or Cs.

[6043] In some embodiments, the catalytically mert particles can be free of any Si. Tn
other embodiments. the catalytically inert particles can 1nclude < 0.5 wt %, < 0.45 wt%,

< 0.4 wi¥%, <<0.35 wi%, < 0.3 wi%, <0.25 wi%. < 0.2 wt%, <315 wi%, < 0.1 wt%, <
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0.09 wi%, < 0.08 wi%, < 0.07 wt%, < 0.06 wi%. < 0.05 wi%. < 0.04 wt¥%, < 0.03 wts,
.02 wi%, < 0.01 wt%, < 0.007 wilo, <0.005 wi%, < $.003 wie, <0.001 wt%, <0.0007
wi%, < 0.6005 wids, < 0.0003 wi%, or < 8.0001 wi% of Si, based on the weight of the
catalytically mert particles.

[6644] In some embodiments, the catalvtically inert particles can have a median particle
size i arange of from 1 pun, S pmy, 10 um, 20 pm, 40 wm, or 60 pm to 80 pm, 100 wm,
115 um, 130 um, 150 um, 200 wm, 300 wm or 400, or 500 um. In some embodiments, the
catalvtically mert particles can have an apparent loose bulk densia‘y in a range from 0.3
gleny®, 0.4 glem®, 0.5 glom?, 0.6 glem?, 0.7 glem’, 0.8 g/em’, 0.9 glomt, or 1 glem® to 1.1
glem®, 1.2 glom®, 1.3 glemd’, 1.4 glom?, 1.5 glom’, L6 glomd, L7 glomd®, 18 g/, 1.9
glomy®, or 2 g/em’, as measured according to ASTM D7481-18 modified with a 10, 25, or
50 mL graduated cvlinder instead of a 100 or 250 mL graduoated cylinder. In some
embodiments, the ca‘i’aiytic particles can have an atinition loss after one howr of <5 wit%
<4 wi%, <3 witle, <2 v <1 witbo, 0.7 witb, < 0.5 wit%, < 0.4 wi%, <03 wi%, <02

wi%, < 0.1 wi%, < 0.07 witbo, or < (.05 wi%, as measured according to ASTM D3757-
112017, The morphology of the catalytically inert particles can be largely spherical so
that the catalviically inert particles can be suitable to run 10 a fhud bed reactor. In some
embodiments, the catalytically inert particles can have a size and density that is consistent
with a Geldart A or Geldari B definition of a fluidizable solid.

[6043] Insome embodiments, the catalytically inert particles can have a surface area in
a range from 0.1 m¥g, | m¥g, 10 m¥g, or 100 m%g to 500 m%g, 800 m*/g. 1,000 m¥g.
or 1,500 m?%o. The surface area of the calalytically inert pariicles can be measured
according to the Brunaver-Envuoett-Teller (BET) method using adsorption-desorption of
nitrogen {temperature of liquid nitrogen, 77 K with a Micromeritics 3flex instrument after
degassing of the powders for 4 hrs ai 350°C.

[6646] In some embodiments, the catalyst svsten can nclude the catalytic particles and
the catalyviically inert particles at any suitable weight ratio. In some embodiments, the
weight ratio of the catalytic particles to the catalytically inert particles can be in a range
from 0.01:1, 0.03:1, 0.05:1, 6.07:1, 011, 031,081, 0.7:1, or 1:1 to 1:0.7:1, 1:0.5:1,
O3 BOE 007, LOS, 103, or LOL, 1007, 1005, 1:0.03, or 1601

First Process for Making the Catalvtic Particles

[6047] The process for making the catalytic particles can include preparing a shurry or
cel that can include. milling, nuxing, blending, combining, or otherwise contacting, but 1s

not linited 1o, a compound containing a Group 2 element and a liquid medium. In some
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embodiments, preparation of the shurry or gel can also include contacting, but s not
fimited to, the compound containing a Group 2 element, the liguid medium, and one or
more additives.

[6¢48] The compound containing a Group 2 element can be in the form of an oxide, a
hydroxide, a hyvdrated carbonate, a salt, a clay containing a Group 2 element, a lavered
double hydroxide, a phosphate, a halide, a halate, a sulfate, a sulfide, a borate, amitride, a
carbide. an aluminate, an aluminosilicate, a silicate, a carbonate, metaphosphate, a
selenide. a tungstate, a molybdate, a chromile, a chromate, a dichromate, a sificide, or a
mixture thereof In some embodiments, the Group 2 slement can be or can mnchude Mg
and the compound containing the Group 2 element can be w the form of a magnesium
oxide, a magnesium hydroxide, hydromagnesite {a hydrated magnesium carbonate
mineral, Mes{CO:l{OHR«4H2(), a magnesium salt, a magnesium-containing ¢lay,
hydrotalcite (a lavered double hydroxide), an organo~-magnesium compound or a mixture
thereof.

[3049] The liguid medium can be or can include, but i1s not limited o, water, alcohols,
acetone, chloroform, methyvlene chloride, dimethyl formamide, dimethyvt solfoxide,
elveerin, ethyl acetate, or any mixture thereof Hlustrative alcohols can be or can include,
but are not limited to methanol, ethancl, isopropanol, or any mixture thereof. The one or
more additives, if present, can be or can include, but is not himited to, acids such as formic
acid, lactic acid, citric acid, acetic acid, HNG:, HCL, oxalic acid, stearic acid, carbonic
acid, etc.. bases such as amunonia solution, NaGQH, KOH, etc.; morganic salis such as
nitrates, carbonates, bicarbonates, chlorides, ete.; organic salts such as acetates, oxalates,
formates, cilrates, etc.; polymers such as a polvvinyl alcohol, a polysacchande, eic, a
binder and/or binder precursory, or anv mixture thereof The additives can help to
mmprove the chemical/physical property of the spray dried material and/or to improve the
rheological property of the sturry/gel to facilitate spray doving,

16050  In some embodiments, the binder, if prasent, can be or can nclude one or more
of the following: BoOs, AIBOs, ALOs, Zr(3;, TiQ,, zinc aluminate, Zn(, VO, Vo035, Vs,
V203, GasOr, InaOv. MOz, M0y, MnO, one or more molybdenur oxides, one or more
tungsten oxides. one or more zeolties, where s, t. u, and v are positive numbers and
mixtures and combinations thereof. If the Group 2 element is in the form of a mixed metal
oxide, e.g., a mixed Mg/ Al metal oxide, the additional metal{s) in the mixed metal oxide
1s/are not considered to be part of a binder. For example, the support may include 8 mixed

Mg/ Al metal oxide, such as those obtamned by calcining an Mg/Al hvdrotalcite and such
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Al would not be considerad as part of the binder, but the support could also include ALG;
that is mixed on a ni scale with the mixed Mg/Al metal oxide and the ALG; would be
considered as a binder. The binder precursor, if present, can be or can include, but is not
limited to, AbLSLO«(OHY; (Kaolin clav), aluminum chlorohvdrol.  boehnute,
pseudoboshmite, gibbsite, baverite, aluminum ntirate, aluminum chioride, sodium
alusunate, alumina sol, silica sol, or any mixture thereof. 1t is known that in lierature,
some of the compounds herein referred to as “hinders™ may also be referred to as a filler,
a maix, ete.

[3051] The slurry or gel can be spray dried to produce spray dried particles that include
the Group 2 element. Spray dryving refers to the process of producing a dry particulate
solid product from the slurry or the gel. The process can include spraying or atomizing
the shurry or gel, e.g., forming small droplets, inio a temperature-controlled gas siream 10
evaporate the liquid medium from the atonuzed droplets and produce the particulate solid
product. For example, inn the spray drving process, the slurry or gel can be atomized to
small droplets and mixed with hot air or a hot inert gas, e.g., nitrogen, to evaporate the
hguid from the dropleis. The temperature of the slurry or gel during the spray drving
process can usually be close to or greater than the boiling temperature of the liquid. An
outlet air temperature of about 66°C to about 120°C can be common.

[6052] The shury or gel can be atomized with one or more pressure nozzies (e.g., a fluid
nozzle atornizer), one or more pulse atoroizers, one or more high speed spinning discs
{e.g., centrifugal or rotary atomizer). or anv other known process. The median particle
size, hiquid (e.g., water) concentration, apparent loose bulk density, or any combination
thereof, of the particulate solid product prepared via spray drving can be controlled,
adjusted, or otherwise influenced by one or more operating conditions and/or parameters
of the spray drver. Hlustrative operaiing conditions can include, but are not himited io, the
feed rate and teroperature of the gas strearn, the atomizer velocity, the feed rate of the
shurry or gel via the atomizer, the teraperature of the slurry or gel, the size and/or solids
concentration of the droplets, the spray dryer dimensions, or any combination thereof It
15 well-known i the art that the various operating conditions will vary depending on the
particular sprav drving apparatus that is used and can be readily determuined by persons
having ordinary skill in the art.

[6033] The spray dried particles can, optionally, be calcined under an oxidative
atmosphere, e.g., alr, 1o produce calcined support particles that include the Group 2

element. In some embodiments, the spray dnied particles can be calcinad at a temperature
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in a range of from 450°C, 500°C, 525°C, 550°C, 575°C, 600°C, 625°C, 650°C, or 675°C
1o 700°C, 725°C, 750°C, 775°C, 800°C, 850°C, 900°C, or 950°C. In some embodiments,
the spray dried parucles can be calcined at a temperature of <930°C, < 900°C, < 830°C,
< ROOYC, < T730°C, < TOGCC, < 650°C. <A00°C, or <550°C, <525°C, < 500°C, < 475°C,
or <460°C. In some embodiments, the spray dried particles can be calcined for a time
period of £ 240 minutes < 130 mimutes < 120 minutes < 90 minaotes, < 60 minuies, < 45
minutes, < 30 minutes, < 25 nunutes, < 20 minutes, or < 15 mimwes. In some
embodimenis, the spray dried particles can be calcined at a temperature 1n a range of from
$50°C to 900°C or SSG°C 1o 850°C for a time period of < 240 mingtes < 180 mimutes <
120 moinutes < 90 minuies, < 60 minutes, <45 mivutes, < 30 nunuies, < 25 minutes, <20
minutes, or < 15 minutes. In other embodiments, the spray dried particles can be calcined
at a temperature of <330°C, < 340°C, < 530°C, < 520°C, <510°C, or <300°C for a time
pertod of < 240 minutes < 180 minutes < 120 muinutes < 90 minutes, < 60 munutes, <48
nvnutes, < 30 minutes, <25 minutes, < 20 mimites, or < 15 minutes.

[60354] The Group 8-10 element present in the catalvtic particles can be introduced via
one or more ways. For simplicity and ease of descriplion, preparation of the catalviic
particles will be further described as mcluding Pt as the Group &-10 element. but any
Group 8-10 element, combination thereof, or mixture thereof can be used In some
embodiments, the process for making the catalytic particles can include (i) contacting at
least the compound containing the Group 2 element and the hquid mediure with a Pt-
containing compound such that the Pt can be present in the shurry or the gel and the catalyst
system can inchude catalvtic particles that include the calcined support particles having Pt
disposed thereon. In other embodiments, the process for making the catalyiic particles
can include (11} depositing Pt on the spray dried particles by contacting the spray dried
patticles with a Pi-containing compound to produce Pi-containing sprav dried pasticles
and the catalyst system can include catalvtic particles that include the calcined support
particles having Pt disposed thereon. In other embodiments, the process for making the
catalvtic particles can include (it} depositing Pt on the calcined support particles if the
spray dried particies are optionally calcined by comtacting the calcined support particles
with a Pt~contaimng compound to produce Pi-contaming calcined support particles and
the process can, optionally, further include calcining the Pt-containing calcined support
particles to produce re-calcined support particles having Pt disposed thereon, where the
catalyst system can include the re-calcined support partictes. In some embodiments, the

catalviic particles can include the Pt-containing calcined support particles without the
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optional additional calcination step. In other embodiments, the process for making the
catalvtic particles can include option (1}, (i), (i), (1) and (1), (1} and (i1}, (11} and (i1}, or
[B05S]  In some embodiments, the Pi-contaiing compound can be or can include, butis
not limited to, chloroplatinic acid hexahvdrate, tetraammineplatinum(ll} nitrate,
platinum{Il}y acetvlacetonate, platinum{Il} bromide, platinum{il} iodide, plabinum{D
chloride, platinum(IV) chlonde, platinum{lf)diammine dichlonide, ammonium
tetrachioroplatinate(ii}. tetraammineplatimum{il) chigride hydrate,
tetraammineplatinum{T) hydroxide hydrate, platinam (81} oxalate, or any mixture thereof.
Other suitable compounds that mclude other Group 8-10 clements that can be used to
malke the catalviic particles can be or can include, but arg not imited to, nickel (11} chloride,
palladiom(il} acetate, palladiom(ll) nitrate, ron (II} chloride, iron (I} chloride,
rutherium{ll) chlornide hvdrate, rhodium{3T) nitrate. cobalt(I1) nitrate, cobali(Tl) acetats,
or any nuxture thereof.

[3056] The promoter or first promoter present in the catalytic particles can be introduced
via one or more wavs. In some embodiments, the process for making the catalytic
particles can include {iv) contacting at least the compound containing the Group 2 element
and the liquid medium with a compound that includes a promoter element such that the
promoter element is present 1 the slurry or the gel and the catalvst system can include
catalvtic particles that include the calcived support particles having the prorooter elernent
disposed thereon. In other embodiments, the process for making the catalylic particles
can include (v} depositing a compound that includes a promoter element on the spray dried
particles 1o produce promoter-containung spray dried particles and the catalyst svstem can
melude catalyst particles that include the calcined support particles having the promoter
elernent disposed thereon. In other embodiments, the process for making the catalviic
particles can include {vi) depostting a compound that includes a prorooter elerent on the
calcined support particles if the spray dried particles are optionally calcined to produce
promoter-containing calcined support particles and the process can further include,
optionally, calcining the promoter-containing calcined support particles to produce re-
calcined support particles having the promoter element disposed thereon. where the
catalyst svstem includes the re-calcined support particles. In some embodiments, the
catalytic particles can include the promoter-containing calcined support particles without
the optional additional calcination step. In other embodiments, the process for making the

catalvtic particles can include option (ivy, {v), {vi). iv) and (v}, (iv) and (vi}. (v} and {vi},
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or {iv}, {v), and (vi). In other embodiments, the process can include any one or more of
options (i3, (i1}, and (i) and any one or more of options (iv). (v}, and {iv). In some
embodiments. the compound that includes the promoter element can be or can include,

but is not limited to. tin{lV) chloride pentahvdrate, tn(il} chionde dihvdrate, tin(il}

Lo

bromide, tin(}V} bromide, tin{Il} acetvlacetonate, tin{Il} acetate, tin{IV} acetate. tin{I{)
osalate, in(IV) oxalate, sitver(l) nitrate, gold{IiD) nitrate, copper(Il) nitrate, gallium(Iil)
nitrate, or any nuxture thereof.
{36571  In some embodiments, platinum (I} oxalate and un(ll} oxalate and/or tin{lV)
oxalate can be used as the Pt-containing compound and the Sn-containing compound,
10 respectively.  Tin{ll} oxalate and/or tm{1V) oxalaie can be dissolved in an aqueous
solution containing ammonium oxalate or an aqueous solution containing ammonium
osalate and platinun oxalate.  The aqueous solution containing Win(il) oxalate and/or
{1V oxalate and amooniuwm oxalate or amomonium oxalate and platinum oxalate can be
added to the support, followed by equilibration, drying, and/or calcination. The Sn
15 distribution across the support can be improved by using oxalates of Sn icluding tin(Il)
oxalate and tin{IV) oxalate as the Sn-containing compounds.
[6058] The alkah metal element. if present in the catalytic particles, can be introduced
via one or more ways. In some embodiments, the process for making the catalytic
particles can include (vii} contacting af least the compound containing the Group 2
20 element and the hquid medium with a coropound that mcludes an alkall metal element
such that the alkali metal element is present in the sturry or the gel and the catalvst svstem
can include catalyst particles that inchude the calcined sapport particles having the alkali
metal element disposed thereon. In other embodiments, the process for making the

catalytic particles can mnclude (vii1) depositing a compound that includes an alkalt metal

[ovl
W

elernent on the spray dnied particles {o produce alkali metal elemeni-containing spray
dried particles and the catalvst system can include catalyviic particles that nclude the
calcined support particles having the alkali metal element disposed thereon. In other
embodiments, the process for making the catalytic particles can include (ix} depositing a
compound that includes an alkali metal elerveni on the calcined support particles if the
30 sprav dried particles are optionally calcined to produce alkali metal element-containing
calcined support particles and the process can further include, optionallv, calcining the
alkali metal element-containing calcined support particles to produce re-calcined support
particles having the alkalt metal element disposed thereon, where the catalyst system

inchudes the re-calcined support particles. In other embodiments, the process for making
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and (ix}, or {vii}, {viii}, and (iv). In other embodiments, the process for making the
catalytic particles can include any one or more of options (i), (i), and (i1}, any one or

more of options (iv), (v}, and {iv}, and anv one or more of options {vii}, (viil}, and {ix}.

Lo

The compound that includes the alkali metal element can be or can include, but are not
himited to, lithium nitrate, sodiwm nitrate, potassiom nitrate, rubidiom nitrate, cestum
nitrate, or any nuxture thereof.
{36591 In some embodiments, the process for making the catalvtic particies can
optionally include hydrating the calcined support particles to produce hydrated support
10 partcles. For examyple, the calaned support particles can be contacted with water to
produce the hyvdrated support particles. In such embodiment, the process can also include
calcining the hydrated support particles 1o produce the catalyvtic particles that include re-
calcined support particles.  Hvdrating the calaved support can be carded out at a
emperature in a range of from 20°C, 40°C, o1 60°C 10 80°C, 120°C, 140°C, 160°C, 180°C,
15 or 200°C. The calcined support particies can be contacted with the water for a time period
in a range of from 1 minutes, 5 munutes, or 10 minutes to 20 minuies, 40 minuies, 80
minutes, 160 minutes, 6 hours, 12 hours. 24 hours, or 48 hours. In some embodiments,
an anion such as chloride, nitrate, carbonate, bicarbonate, acetate, oxalate, formate, and/or
ciirate can be present during hydration.
20 [0060] In some embodiments, the process for making the catalytic particles can
optionally include hydrating the spray dried particles io produce hydrated spray dried
particles. For example, the spray dried particles can be contacted with water to produce
the hydrated spray dried particles. In such embodiment, the process can also 1nclude

caicining the hydrated spray dried particles to produce the catalyst composition that

[ovl
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mehudes calcined support particles. Hydrating the spray dried pariicles can be carried out
at a temperature 10 a range of from 20°C, 40°C, or 60°C to §80°C, 120°C, 140°C, 160°C,
180°C, or 200°C. The spray dried particles can be contacted with the water for a ime
period in a range of from 1 nunutes, 5 minutes, or 10 minutes to 20 minutes, 40 minutes,
80 minutes, 160 nunudes, 6 hours, 12 hours, 24 hours, or 48 hours. In some embodiments,
30 anandon such as chloride. mirate. carbonate, bicarbonate. acetate, oxalate. formate, and/or
citrate can be present during hydration.

[6061] In some embodiments, the process for making the catalvtic particles can
optionatly include hydrating the spray dried particles to produce hydrated spray dried

particles, calcining the hydrated spray dried particles to produce calcined support particles,
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hydrating the calcined support particles o produce hydrated calcined support particles,
and calcining the hydrated calcined support particles to produce re-calcined support
particles. As such, the catalyst svstem can include the spray dried particles, the calcined
support particles. the hvdrated spray dried particles, the hydrated spray dried particles that
can be calcined, the hydrated calcined support particles, the hvdrated calcined support
particles that can be re-calcined, or any mixture thereof

[6062] In some embodiments, catalytic particles produced by hydrating the calcined
support particles or the spray dited particles and then calcining the hvdrated calcined
support particles or the hydrated spray dried pasticles can produce catalvitic particies that
have an attrition loss after one hour that 15 less than an atirition loss after one hour of the
inttially calcined particles or the spray dried particles produced before the hvdration step,
as measured according to ASTM DS7S7-11Q2017).  In some embodiments, catalviic
particles produced by hvdrating the calcined support particles or the spray dried particles
and then calcining the hydrated support particles or the hydrated support particles can
produce catalyst particles that have an attrition loss after one hour that 1s 10% less, 30%
tess, 509 less, 70% less, 90% less, or 100% less, than an attnition loss after one hour of
the irutially calcined particles produced before the hvdration step, as measured according
o ASTM DS757-11(2017).

Second Process for Making the Catalviic Particles

[8063]  Insome embodiments, the catalvtic particles can be catalytic particles produced
through oniy the sprav drving step such that the shury is prepared and spray dried particles
are produced therefrom with the Pt and promoter added to the slurry, the spray dried
particles, or a combination thereof. Accordingly, 1 some emboduments the process for
making the catalytic particles, can include preparing the slurry or gel that can include the
compound containing a Group 2 element and a Hiquid medium and optionally one or more
additves as described above and spray drving the sturry or the gel to produce spray dried
support particles that include the Group 2 element. At least one of (1) and (i1} can be met:
{i} Pt can be present in the shury or the gel in the form of the Pt-containing compound and
the catalyst svstem can include catalvst particles that mclude the spray dried support
particles baving Pt disposed thereon, and (11} Pt can be deposited on the spray dried support
particles by contacting the spray dried support particles with the Pt-containing compound
1o produce Pt-containing spray dried support particles and the catalyst system can include
catalytic particles that can inchude the spray dried support particles having Pt disposed

thereon. At least one of (it} and (iv) can also be met: (it} the compound that includes the
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promoter elernent can be present in the slurry or the gel and the catalyst system can include
catalyst particles that include the spray dried support particles having the promoter
clement disposed thereon, and (iv) the compound that can include the promoter element
can be deposited on the spray dried support particles to produce promeoter-containing spray
dried support particles and the catalyst system can include catalyst particles that include
the spray dried support particles having the promoter element disposed thereon, where the
promoter element includes Sn, Cu. Au, Ag. Ga, or a combination thereof, or a mixture
thereof. In some embodiments, the optional alkali metal element(s} and/or binders can
alse be added during the synthesis of the catalytic particles as described above.

[0864] To some embodiments, the catalyiic particles can be further processed or
activated in-situ by adding the catalvtic particles into a hydrocarbon upgrading process
that subjects the catalytic particles to higher severity conditions to produce catalytic
particles having a greater level of activation than just the sprav drised particles have upon
preparation thereof. In some embodiments, when the catalvtic particles include catalyst
particles only subjected to the spray drying step such that the sturry is prepared and spray
dried support particles are produced therefrom with the Pt and promoter added to the shurry,
the spray dried support particles, or a combination thereof, the catalytic particlas can be
mtroduced into a reaction zone, a combustion zone, a reduction zone, or any other location
within a fluidized hydrocarbon upgrading process some of which are further described
below,

[3665] The preparation of the catalytic particles and processes for adding the Group &-
10 efement such as Pt the promoter(s) such as Sn, the optional alkali metal elemeni(s},
and the optional rare earth metal element{s) to the catalyst composition has been described
above. In some embodiments, the preparation of the slurry or gel, spray drving the shurry,
calcination of the spray dried particles and/or the hydrated calcined particles, and/or
hydration of the Group 2 metal contaiming calcined support particles or the spray-dried
particles can also be performed using one of the known methods reported in literature,
such as 1.8 Patent Nos. 4,866,019, 6,028,023, 6,589,902, 6,593,265, 6,800,578
7,361,264; and 7.417,005; U.S. Patent Application Publication Nos. 2004/0029729;
2003/000396; and 2016/0082424; WO Publication No. WOZ008083563A1; and joumnal
publications Wang et al., fnd. Eng. Chem. Res. 2008, 47, 3746-3750; Chubar et al., Chem.
FEng J 2013, 234, 284-299, Valente et al |, Erergy Environ. Sci., 2011, 4, 4096-4107; and

Julkiang et al, Marer. Letr. 2017, 209, 429-432.
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Processes for Making the Catalvticallv Inert Particles

[3066] In some embodiments, the catalytically inert particles can be or can include
particles produced via any of the processes suitable for producing the catalvtic particles
except that the addition of a Group 8-10 element can be onitied from the process. In other
embodiments. the catalvtically inert particles can be or can include one or more oxide
compounds, e.g., Mg and/or Al>Os, as obtained from a commercial supplier. Optionally,
if the catalytically inert particles includes an oxide or other compound obtained from a
commercial supplier, such compound can be subjected to calcination and/or hiydration if
s0 desired.

A First Progess for Upgrading a Hvdrocarbon

[6067] The first process for upgrading a hydrocarbon can include contacting a {irst
hydrocarbon-containing feed with the catalyst system that can include a mixture of the
catalyne particles and the catalvticallv inert particles 1o effect one or more of
dehydrogenation, dehydroaromatization, and dehvdrocyclization of at least a portion of
the first hydrocarbon-containing feed to produce a coked catalyst system and an effluent
that can nclude one or more upgraded hydrocarbons and molecudar hydrogen. The
catalyst systermn and the first hyvdrocarbon-contaiming feed can be contacted with one
another within any suitable environment such as one or more reaction of CONVErsion 7ones
disposed within one or more reactors to produce the effluent and the coked catalyst system.
The reaction or conversion zone can be disposed or otherwise located within one or more
fixed bed reactors, one or more fluidized or moving bed reactors, one or more reverse flow
reactors, or any combination thereof,

[0068] The frst hydrocarbon-containing feed and the catalvst sysiem can be contacied
at a temperature in a range from 300°C, 3530°C, 400°C, 450°C, 500°C, 550°C, 600°C,
620°C, 6507C, 660°C, 670°C, 680°C, 690°C, or T0U°C 10 725°C, 750°C, 760°C, 780°C,
ROOCC, 825°C, RS0, §75°C, or 900°C. In some embodiments, the first hydrocarbon-
containing feed and the catalyst system can be contacted at a ternperature of at least 620°C,
at least 630°C, at least 660°C, at least 670°C, at least 680°C, at least 690°C, or at least
T00°C 10 723°C, 730°C, 760°C. 780°C, 800°C, 825°C, 850°C, 875°C, or 900°C. The first
hvdrocarbon-~-contaiming feed can be miroduced nto the reaction or conversion zone and
contacted with the catalyst system therein for a time period of <3 hours, <2.5 hours, <2
hours, < 1.5 hours, < 1 hour, <45 minutes, < 30 minutes, < 20 minutes, < 10 nunutes, <5
munutes, < 1 munute, < 30 seconds, < 10 seconds, < 5 seconds, or <1 second or <0.3

second. In some embodiments, the first hvdrocarbon-containing feed can be contacted
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with the catalyst system for a time period in a range from 0.1 seconds, 0.3 seconds, 0.7
seconds, 1 second, 30 second, 1 minuie, 5 nunutes, or 10 minutes to 30 minutes, 50
minutes. 70 minutes, 1.5 hours, 2 hours, or 3 hours.

[6069] The first hvdrocarbon-containing feed and the catalvst svstem can be contacted
under a hydrocarbon partial pressure of at least 20 kPa-absolute, where the hyvdrocarbon
partial pressure is the total partial pressure of any C2-Cis alkanes and any Cs-Che alkyl
aromatics in the first hydrocarbon-contaiming feed. In some embodiments, the
hydrocarbon partial pressure during contact of the first hvdrocarbon-contaming feed and
the catalyst system can be in a range from 20 kPa-absolute, 50 kPa-absolute, 100 kPa-
absolute, at least 150 kPa, at least 200 kPa 3060 kPa-absolute, 500 kPa-absoluts, 750 kPa-
absolute, or 1,000 kPa-absolute io 1,500 kPa-absolute, 2,500 kPa-absolute, 4,000 kPa-
absolute, 5,000 kPa-absclute, 7,000 kPa-absoluie, 8,500 kPa-absolute, or 10,000 kPa-
absolute, where the hvdrocarbon partial pressure is the total partial pressure of any Co-Cis
alkanes and any Cs-Cs alkyl aromatics in the first hydrocarbon-containing feed. In other
embodiments, the hvdrocarbon partial pressure during contact of the first hydrocarbon-
containing feed and the catalyst svstem can be in a range from 20 kPa-absolute, 50 kPa-
absolute, 100 kPa-absolute, 150 kPa-absolute, 200 kPa-absolute, 250 kPa-absolute, or 300
kPa-absolute to 500 kPa-absolute, 600 kPa-absolute, 700 kPa-absolute, 800 kPa-absolute,
900 kPa-absolute, or 1,000 kPa-absolute, where the hydrocarbon partial pressure is the
total partial pressure of any Cr-Cis alkanes and any Cs-Cie alkyl aromatics in the first
hydrocarbon-containing feed.

[6078] o some embodiments, the first hydrocarbon-containing feed can include at least
60 vol%, at 1sast 65 vol%, at teast 70 vol%, at least 75 vol%, at least 80 vol%. at least 83
vol%, at least 90 vol%, at least 95 vol%, or at feast 99 vol% of a single C2-C s alkane, e.g.,
propane, based oun a total volume of the first hydrocarbon-containing feed. The first
hydrocarbon-containing feed and the catalyst svstem can be contacted under a single Cx-
Cis alkane, e.g., propane, pressure of at least 20 kPa-absolute, at least 50 kPa-absolute, at
least 100 kPa-absolute, at least 150 kPa-absolute, at least 250 kPa-absolute, at least 300
kPa-ghsolute, at least 400 kPa-absolute, at least 300 kPa-absolute, or at least 1.000 kPa-
absolute.

[8071] The first hydrocarbon-containing feed can be contactaed with the catalyst svstem
within the reaction or conversion zone at any weight howly space velocity (WHSY)
effective for carrying out the upgrading process. In some embodiments, the WHSV can

be 00T r L Ot hr thr! 2hr L, Shr! 10hrY, 20 . 30 hrt, or 50 hr ! 10 100 hr ',
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250hr ! 500 hr ! or 1,600 hr!. In some embodiments, when the hydrocarbon upgrading
process inchudes a fluidized or otherwise moving catalyst system, a ratio of the catalyst
system circulation mass flow rate {0 a combined amount of any C2-Cis alkanes and any
Cg-Cig alkyl aromatics mass flow rate can be in arange from 1, 3, 3, 10, 15, 20, 25, 30, or
40 to 50, 60, 70. 80, 90, 100, 110, 125, or 150 on a weight to weight basis.

[6072] When the aciivity of the coked catalvst svstem decreases below a desired
minimum amount, the coked catalyst system or at least a portion thereof can be subjectad
0 a regeneration process 1o produce a regenerated catalyst svstem. More particularly, the
coked catalyst system can be contacted with one or more oxidants to effect combustion of
at least a portion of the coke to produce a regenerated catalyst systers lean in coke and a
combustion gas. Regeneration of the coled catalyst system can occur within the reaction
or conversion zone or within a combustion zone that is separate and apart from the reaction
or conversion zone, depending on the particular reactor configuration, to produce the
regenerated catalvst system. For example, regeneration of the coked catalyst system can
gecur within the reaction or conversion zone when a fixed bed or reverse flow reactor s
used, or within a separate combustion zone that can be separale and apart {rom the reaction
or conversion zone when a fluidized bed reactor or other circulating or fluidized tyvpe
reactor is used.

[6073] In some embodiments the process can optionally include contacting at least a
portion of the regenerated catalyst sysiem with a reducing gas to produce a regenerated
and reduced catalyst system. An additional quantity of the first hvdrocarbon-containing
feed can be contacted with at feast a portion of the regenerated catalvst svstem and/or at
least a portion of anv regenerated and reduced catalvst system to produce a re-coked
catalyst system and additional effluent. Reduction of the regenerated catalyst system can
occur within the reaction or conversion zone, within the regeneration zone, or within a
reduction zone that 15 separate and apart from the reaction or conversion zone and the
regeneration zone, depending on the particular reactor configuration. to produce the
regenerated and reduced catalyst svstem. For example, reduction of the regenerated
catalyst sysiem can oceur within the reaction or conversion zone when a fixed bed or
reverse flow reactor is used, or within a separate reduction xone that can be separate and
apart from the reaction or conversion zone and the regeneration zone when a fluidized bed
reactor or other circulating or fluidized type reactor s used.

[6074] In somse embodiments, a cvele time from contacting the first hydrocarbou-

containing feed with the catalyst svstem to contacting the additional quantity of the first
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hydrocarbon-containing feed with the regenerated catalyst svstem can be <8 hours. The
first cycle begins upon contact of the catalyvst system with the first hydrocarbon-containing
feed, followed by contact with at least the oxidative gas to produce the regenerated catalyst
system or at least the oxidative gas and the optional reducing gas to produce the
regenerated catalyst svstem, and the first cycle ends upon contact of the regenerated
cafalyst sysiem with the additional quantity of the first hydrocarbon-containing feed. If
one or more additional feeds {described in more detail below) are unilized between flows
of the first hydrocarbon-containing feed and the oxidative gas, between the oxidative gas
and the reducing gas (f used), betwesn the oxidative gas and the additional quantity of
the first hvdrocarbon-containing feed, and/or between the reducing gas (if used) and the
additional quantity of the first hydrocarbon-containing feed, the period of time such
siripping gas{es) is/are utilized would be included in the period included i the cvele time.
As such. the cycle time from contacting the first hvdrocarbon-containing feed with the
catalyst systerm to the contacting the additional quantity of the first hydrocarbon-
containing feed with the regenerated catalvst system, in some embodiments, can be <5
howrs, <4 hours, <3 hours, <2 hours, < 1 howur, < 50 minutes, <48 manutes, < 30 minutes,
<15 minutes. < 10 munutes, < 5 mimies, <1 minute, < 30 seconds, or < 10 seconds.
[0075] The oxidant can be or can include, but is not limited to, Os, Oz, CO, HoO, ora
mixture thereof. In some embodiments, an amount of oxidant in excess of that nesded o
combust 100% of the coke on the catalyst system can be used to inerease the rate of coke
removal from the catalyst system, so that the time needed for coke removal can be reduced
and lead 1o an increased vield in the apgraded product produced within a given period of
tirne. The use of pure (O, as an oxidant can facilitaie the captuning and sequestration of
COo made during combustion in one or more downstream CO; recovery systems.

[6076] The coked catalyst system and oxidant can be contacted with one another at a
temperature in a rangs from S00°C, 550°C, 600°C, 650°C, 700°C, 750°C, or 800°C 1o
00°C, 950°C, 1,000°C, 1,050°C, or 1,100°C to produce the regenerated catalyst svstem.
In some embodiments, the coked catalyst system and oxidant can be contacted with one
another al a temperature n a range from S00°C o 1,100°C, 600°C 10 1.000°C, 650°C to
L3Q°C, T00°C to 900°C, or 750°C 10 &50°C 1o produce the regenerated catalyst system.
[8677] The coked catalvst system and oxidant can be contacted with one another for a
< 30 minudes, < 10 minutes, < 5 minutes, < 1 min, <

time period of < 2 hours, < 1 hour,
30 seconds, < 10 seconds, < 3 seconds, or < 1 second. For exarnple, the coked catalyst

system and oxidant can be contacted with one another for a time period in a range from 2
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seconds to 2 hours. In some embodiments. the coked catalyst system and oxidant can be
contacted for a time pertod sufficient to remove > 50 wi%, > 75 wi%, or > 90 wi% or >
99 % of any coke disposed on the catalvst system.

[G078] In some embodimenis, the time period the coked catalvst system and oxidant
contact one another can be less than the time period the catalyst system contacts the first
hydrocarbon-containing feed to produce the effluent and the coked catalyst system. For
example, the time period the coked catalyst system and oxidant contact one another can
be at least 20%, at least 60%, at least 30%, or at least 10% less than the time period the
catalyst system contacts the first hydrocarbon-containing feed to produce the efffuent. In
other embodiments, the time period the coked catalyst systern and oxadant contact one
another can be greater than the time period the catalvst system contacts the first
hydrocarbon-containing feed to produce the effluent and the coked catalyst svstem. For
example, in some embodiments, the coked catalyst svstern and oxidant can contact one
another for a time period that can be at least 50%, at least 100%, at least 300%, at least
500%, at least 1,000%, at least 16,000%, at least 30,000%, at least 50,000%, at least
75,000%, at least 100,000%, at Teast 250,000%, at least 300,000%, al least 750,000%, at
least 1.000,000%, at least 1,250,000%. at least 1.500,000%, or at feast 1,800.000% greater
than the time period the catalvst system contacts the first hydrocarbon-containing feed to
produce the effluent.

[607%]  The coked catalyst system and oxidant can be coutacted with one another under
an oxidant partial pressure in a range from 20 kPa-absolute, 50 kPa-absolute, 100 kPa-
absolute, 300 kPa-absoluie, 300 kPa-absohute, 750 kPa-absoluts, or 1,000 kPa-absolute to
1,500 kPa-absoluts. 2,500 kPa-absolute, 4,000 kPa-absolute, 5,000 kPa-absolute, 7,000
kPa-absolute, 8,500 kPa-absolute, or 10,000 kPa-absoluie. In other embodiments, the
oxidant partial pressure during contaci with the coked catalyst svstem can be in a range
from 20 kPa-absolute, 350 kPa-absolute, 100 kPa-absolute, 150 kPa-absolute. 200 kPa-
absolute, 250 kPa-absolute, or 300 kPa-absolute to 500 kPa-absolute, 600 kPa-absolute,
700 kPa-absolute, 800 kPa-absolute, 900 kPa-absolute, or 1,000 kPa-absoluie to produce
the regenerated catalyst system.

[B088]  Without wishung 1o be bound by theory, it is believed that at least a portion of
the Group 8-10 element present in/on the coked catalvtic particles can be agglomerated as
compared to the catalyst svstem prior to contact with the first hydrocarbon-containing
feed. Itis believed that during combustion of at least a portion of the coke on the coked

catalyst system that at least a portion of the Group 8-10 element can be re-dispersed about
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the support of the catalytic particles. Re-dispersing at least a portion of any agglomerated
Group 8-10 element can improve the stability of the catalyst system over many cycles.
[B081] 1o some emboditoents, at least a portion of the Group 8-10 element 1o the

regenerated catalyst system can be at a hugher oxidized state as compared to the Group 8-

Lo

10 element in the catalyst system contacted with the first hydrocarbon-containing feed and
as compared to the Group 8-10 clement in the coked catalyst system.  As such, as noted
above, in some embodiments the process can optionally include contacting at least a
portion of the regenerated catalyst system with a reducing gas to produce a regenerated
and reduced catalyst system. Suitable reducing gases {reducing agent) can be or can
10 melude, but are not linuted to, Hp, €O, CH., CoHs, CiHa, CoHa, CsHe, steam, or a mixiurs
thereof. In some embodiments, the reducing agent can be mixed with an inert gas such as
Ar, Ne, He, Nz, COz, Ho0 or a mixture thereof. In such embodiments, at least a portion
of the Group 8-10 element  the regenerated and reduced catalyst sysiem can be reduced
to a lower oxidation state, .g.. the elemental state, as compared to the Group 8-10 element
15 inthe regenerated catalyst system. In this embodiment, the additional quantity of the first
hydrocarbon-containing feed can be contacted with at least a portion of the regenerated
catalyst svstemn and/or at least a portion of the regenerated and reduced catalyst system.
[6682] Insome embodiments, the regenerated catalvst system and the reducing gas can
be contacied al a temperature in a range from 400°C, 450°C, 300°C, SS0°C, 600°C, 620°C,
20 650°C, or 670°C 10 720°C, 750°C, 800°C, or 900°C. The regeverated catalyst system and
the reducing gas can be contacted for a time period in a range from | second, 5 seconds,
10 seconds, 20 seconds, 30 seconds, or | minute 1o 10 minutes, 30 minutes, or 60 minutes.
The regeuerated catalyst system and reducing gas can be contacied at a reducing agent

partial pressure of 20 kPa-absolute. 50 kPa-absolute, or 100 kPa-absolute, 300 kPa-

[ovl
W

absolute, 500 kPa-absolute, 750 kPa-absolute, or 1,000 kPa-absolute to 1,500 kPa-
sbsolute, 2,500 kPa-absolute, 4,000 kPa-absolute, 5.000 kPa-absolute, 7,000 kPa-absolute,
8,500 kPa-absolute, or 10,000 kPa-absolute. In other embodiments, the reducing agent
partial pressure during contact with the regenerated catalvst system can be in a range from
20 kPa-absolute, 50 kPa-absolute, 100 kPa-absolute, 150 kPa-absolute, 200 kPa-absolute,
30 250 kPa-absolute. or 300 kPa-absolute to 500 kPa-absolute. 600 kPa-absolute. 700 kPa-
absolute, 800 kPa-absolute, 200 kPa-absolute, or 1,000 kPa-absolute to produce the
regenerated catalyst system.

[6083]  Atleasta portion of the regenerated catalyst svstem, the regenerated and reduced

catalyst svsiem, new or fresh catalvst system, or a mixture thereof can be contacted with
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an additional quantity of the first hydrocarbon-containing feed within the reaction or
conversion zone to produce additional effluent and additional coked catalyst system. As
noted above, ju some embodiments. the cvele time from the contacting the first
hvdrocarbon-containing feed with the catalyst system to the confacting the additional
quantity of the first hydrocarbon-containing feed with at least a portion of the regenerated
cafalyst sysiem, and/or the regenerated and reduced catalyst system, and optionally with
new or fresh catalyst system can be < 5 hours, <4 hours, < 3 hours, < 2 hours, <1 hour,
< 50 nunutes, <45 minutes, < 30 minudes. < 15 minules, < 10 nunutes, <5 nmunutes, < 1
nrimte, < 30 seconds, or < 10 seconds.

[0084] Tn some emboduments, as noted above, oue or more additional feeds, e.g., one or
more sweep fluids, can be utilized between flows of the first hvdrocarbon-containing feed
and the oxidant, between the oxidant and the optional reducing gas if used, between the
oxidant and the additional first hvdrocarbon-containing feed, and/or between the reducing
gas and the additional first hydrocarbon-containing feed. The sweep fluid can, among
gther things, purge or otherwise wege undesired material from the reactors, such as non-
combustible particulates including soot. In some embodiments, the additional {eed(s) can
be wnert under the dehvdrogenation. dehvdroaromatization, and dehvdrocvelization,
combustion, and/or reducing conditions. Suitable sweep fluids can be or can include, but
are not limited to, No, He, Ar, COy, Ha0O, €02, CHy, or a mixture thereof In some
embodimerts, 1f the process utilizes g sweep fluid the duration or time period the sweep
fluid 1s used can be in a range from 1 second, 3 seconds, 10 seconds, 20 seconds, 30
seconds, or | minuts to 10 minutes, 30 minuies, or 60 minutes.

[B085] o some emvbodiments, the catalysi systerm can remamn sufficiently active and
stable after many cvcles, e.g., at least 15, at least 20, at least 30, at least 40, at least 50, at
least 60, at least 70, at least 100 cveles, at least 123 cycles, at least 150 cvcles, at least 175
cycles, or at least 200 cycles with each cycle time lasting for < 5 hours, < 4 hours, <3
hours, <2 hours, < 1 hour, < 30 nunutes, <45 minutes, <30 minuies, < 15 minutes, < 10
minutes, < 5 minutes, < 1 minute, < 30 seconds, or < 10 seconds. In some embodiments,
the cycle tirne can be from S seconds, 30 secounds, 1 minute or 3 minuies io [0 minutes,
20 nunutes. 30 munuies, 45 nunutes, 5O nunutes, 70 minutes, 2 hours, 3 ours. 4 hours. or
5 hows. In some embodiments, after the catalyst performance stabilizes (sometimes the
first few cvcles can have a relatively poor or a relatively good performance, but the
performance can eventually stabilize). the process can produce a firsi upgraded

hydrocarbon product vield, e.g, propvlene when the first hydrocarbon-containing feed
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mcludes propane, at an upgraded hydrocarbon selectivity, e.g., propvlene, of > 75%, >
80%, = 85%, = 90%, = 93%, or > 95% when mitially contacted with the first hydrocarbon-
containing feed, and can have a second upgraded hydrocarbon product vield upon
completion of the last cvele (at least 15 cycles total} that can be at least 90%, at least 93%,
at least 93%, at least 97%, at least 98%, at least 99%, at least 99.5%, or at least 100% of
the first upgraded hydrocarbon product vield at an upgraded hydrocarbon selectivity, e.g.,
propylene, of 22 75%. = 80%, > 83%, or = 90%, 2 93%. or > 93%

[(3086] In some embodiments, when the first hvdrocarbon-containing feed includes
propane and the upgraded hvdrocarbon includes propvlene, contacting the first
hydrocarbon-containing feed with the catalyst system can produce a propylene vield of >
52%, > 53%, = 55%, > 57%, > 60%. > 62%, > 63%, > 64%, > 65%, or > 66% ai a
propviene selectivity of = 75%, > 80%, = 85%, > 90%, = 93%, or > 95% for at least 13,
at teast 20, at least 30, at least 40, at least 50, at leasi 60, at least 70, at least 100 cveles, at
east 125 cycles, at least 150 cycles, at least 175 cycles, or at least 200 cycles. In other
embodiments, when the first hydrocarbon-containing feed includes at least 70 vol% of
propane, based on a toital volume of the furst hydrocarbon-containing feed. is contacted
under a propane partial pressure of at least 20 kPa-absolute, a propvlene vield of > 52%,
> 53%p, > 55%, > 57%, > 60%, > 62%, > 63%, > 64%, > 65%, or > 66% at a propyiene
selectivity of > 75%, > 80%, = 85%, > 90%, > 939%, or > 95% can be obianed for at least
15, atleast 20, at least 30, at least 40, at least 50, at least 60, at least 70, at least 100 cycles,
at teast 125 cvcles. at least 150 cveles, at least 175 cveles, or at least 200 cvcles. s
believed that the propviene vield can be further increased to > 67%, > 68%, > 70%, > 72%,
> 75%, = T7%, = 80%, or > 82% at a propylene selectivity of 2 75%, 2> 80%, = 85%, >
90%. > 93%, or = 95% for > 15 cycles, > 20 cycles, > 30 cycles, > 40 cyeles, > 30 evcles,
> 60 cyeles, 2 70 cycles, = 100 eycles, > 125 ¢yveles, > 150 cyeles, > 175 cyeles, or > 200
cycles by further optimizing the composition of the support and/or adjusting one or more
process conditions. In some embodiments, the propylene vield can be obtained when the
catalyst system is contacted with the first hy drocarbonwemmning feed at a temperature
of 2 620°C, > 630°C, > 640°C, 2 630°C, = 635°C, > 660°C, > 670°C, = 686°C, = 690°C,
> T00°C, or > 750°C for > 18 cycles > 20 ¢cyeles, 2> 30 cveles, > 40 evcles, = 50 oycles, >
60 cycles, > 70 cveles, > 100 eycles, > 125 cvcles, = 150 cveles, = 175 cycles, or = 200
cveles.

[6087] In sorse embodiments, when a flwdized bed reactor or other cuculating or

fluidized type reactor is used. the catalyst svstem that includes the mixture of the catalytic
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particles and the catalytically inert particles can be introduced mto any location or
combination of locations of the reactor system. Insome embodiments, the catalyst system
can be introduced into the reaction or conversion zone, the regeneration zone, if present,

the reduction zone, any location located between any two of the zones or any combination

Lo

thereof. In some embodiments, when a fluidized bed reactor or other circulating or
fhadized tvpe reacior is used, the catalvtic particles and the catalytically inert particles
can be introduced separately into the reactor svstem such that the catalyst system can be
formed within the reactor system. In such embodiments, the catalvtic particles and the
catalytically inert particles can both be introduced inte the same zone or into different
10 zones or a first portion of the catalytic particles and/or the catalytically inert particles can
be introduced into the reactor system at a first location and a second portion of the catalytic
particles and/or the catalvucally mnert particles can be introduced into the reacior svstem
at a second location.
[6688] Durning the process for upgrading the hydrocarbon, the weight ratio of the
15 catalvtic particles fo the catalytically inert particles can be adjusted, which can be used to
adjust or control a composition of the efffuent recovered trom the reacior svstem. Insome
embodiments. the amount of the catalvtic particles. the amount of the catalytically inert
particles, or both the amount of the catalvtic particles and the amount of the catalytically
inert particles can be adjusied during the contacting of the first hydrocarbon-containing
20 feed with the catalyst system.  In some embodiments, the weight ratio of the catalytic
particles to the catalytically inert particies can be increased or decreased by adjusting the
amount of the catalvtic particles and/or the catalytically inert particles during the
contacting of the first hvdrocarbon-containing feed with the catalyst systern

[G089] Systems suitable for carrving out the processes disclosed herein can include

[ovl
W

systerns that are well-known in the art such as the fixed bed reactors disciosed in WO
Publication No. WOZO17078894; the fluidized riser reactors and/or downer seactors
disclosed in U.S. Patent Nos. 3,888.762; 7.102,050: 7,195,741: 7.122.160; and 8.653,317;
and U.S. Patent Apphication Publication Nos. 2004/0082824; 2008/0194891; and the
reverse flow reactors disclosed 1 U.S. Paitent No, 8.754,276; U.S. Patent Application
30 Publication No. 2015/0065767; and WO Publication No. WO2013169461.

First hvdrocarbon-containing Feed

[6690] The first hydrocarbon-containing feed can be or can include, but is not limited
10. oue or more alkane hvdrocarbons, e.g., C2-Cis linear or branched alkanes and/or Cy-

Ci6 cvchic alkanes, and/or one or more alkvl aromatic hydrocarbons, e.g., Cs-Cie atkvl
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aromatics. {n some embodiments, the first hydrocarbon-containing feed can opticnally
include 0.1 voi% to 50 vol% of steam, based on a total volhume of any U2-C s alkanes and
any Cg-Cis alkyl aromatics in the fust hydrocarbon-containing feed.  In other

embodiments, the first hydrocarbon-containing feed can include < 0.1 vol% of steam or

Lo

can be free of steam, based on the total volume of anv C2-Cis alkanss and any (e-Crs alkvl
arpmatics in the first hydrocarbon-containing feed.
[6091] The C2-Cis alkanes can be or can include, but are not {imited to. ethane. propane,
n-butane, isobutane, n-pentane, isopeniane, n-hexane, 2-methyvlpentane, 3-methvipentane,
2 2-camethylbutane, n-heptane, 2-methyvihexane, 2.2 3-trimethyvibutane, cvclopentane,
10 cyclohexane, methylcyclopentane, ethyleyclopentane, n-propyleyclopentane, 13-
dimethyicvclohexane, or a mixture thereof. For example, the first hydrocarbon-containing
feed can wnchide propane, which can be dehydrogenated to produce propylene, and/or
isobutane, which can be dehvdrogenated to produce isobutviene. In another exarnople, the
first hvdrocarbon-contaming feed can include higud petroleum gas (LP gas), which can
15 bein the gaseous phase when contacted with the catalyst system. In some embodiments,
the hvdrocarbon in the first hydrocarbon-containing feed can be composed of substantially
a single alkane such as propane. In some embodiments, the first hydrocarbon-containing

<,

fead can include > 50 mol%. > 75 mol%, > 95 mol%, > 98 mol%, or > 99 mol®% of a single
C3-Cis alkane, e.g., propane, based on total moles of all hydrocarbons in the first
20 hydrocarbou-coniaiing feed. In some embodiments, the st hydrocarbon-containing
feed can inchude at least 30 vol%, at least 55 vol9, at least 60 vol%, at least 65 vol%, at
lfeast 70 vol%, at feast 75 vol%, at least 80 vol%, at least 835 vol%, at feast 90 vol%, at
least 95 vol%, at least 97 vol%, or at least 99 vol% of a single C2-Cis alkane, ¢.g., propane,

based on a total volume of the first hvdrocarbon-containing feed.

[ovl
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[6692] The Cs-Cis alkyl aromatics can be or can include, but are not hmited to,
ethvlbenzene, propvibenzene, butylbenzene, one or more ethyl toluenes. or a mixture

ereof. In some embodiments, the first hydrocarbon-containing feed can include > 50
mol%. = 75 mol%, = 95 mol%o, > 9% mol%e, or > 99 molf% of a single C's-Uis alkyl aromatic,
¢.g., ethylbenzene, based on a total weight of all hydrocarbons in the first hvdrocarbon-
30 containing feed.  Tn some embodiments, the ethylbenzene can be dehvdrogenated to
produce stvrene. As such, in some embodiments, the first process for upgrading a
hydrocarbon  disclosed  herein  can  include propane dehydrogenation, butane

debvdrogenation, isobutane dehydrogenation. peotane  dehydrogenation, pendane
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dehydrocyclization  to cyclopentadiene, naphtha  reforming,  ethylbenzene
dehydrogenation, ethyltoluene dehydrogenation, and the like.

[B093] 1o some emboduments, the first hydrocarbon-contairung feed can be dituted, e.g.,
with one or more difuents such as one or more inert gases. Suitable inert gases can be or
can include, but are not limited to, Ar, Ne, He, Ny, CO», CHy, or a mixture thereof. If the
hydrocarbon containing-feed includes a dituent, the first hydrocarbon-containing feed can
include 0.1 vol%, 0.5 vol%, 1 vol%, or 2 vol% to 3 vol%. & vol%, 16 vol%, or 32 vol%
of the diluent, based on a total volume of any C>-{is alkanes and anv Cs-Cis atkyl
aromatics in the first hydrocarbon-containing feed.

[6094] ¥n sorse emnbodirnents, the firsthydrocarbon-contatning feed can also include Ha.
In some embodiments, when the first hvdrocarbon-containing feed includes Hoa, a molar
ratio of the Ha 1o a combived amount of any C2-Cis alkane and any Cs-Cis alkyl aromatic
can be in arange from 6.1, 03,05, 07, or L 10 2.3, 4,5, 6,7, 8 9 or 10, In other
embodiments, Hz can be introduced into the reactor svstem as a feed separate and apart
from the first hydrocarbon-containing feed.

[G095]  In some embodiments, first hydrocarbon-containing feed and the environment
within the reactor svstem can be substantiallv free of any steam, e.g.. <0.1 vol% of steam,
based on a total volume of any C2-C alkanes and any Us-Ci6 alkyl aromatics in the first
hydrocarbon-containing feed. In other embodiments, the first hydrocarbon-containing
feed can wnclude steam and/or steam can be introduced nto the reactor svstem as a feed
separate and apart from the first hydrocarbon-containing feed. For example, the first
hydrocarbon-containing feed or. if introduced separate from the first hydrocarbon-
containing feed, the envircoment within the reactor svstem can include 0.1 vol%, 0.3 vol%,
0.5 vol%, 0.7 vol%. 1 vol%e, 3 vol%, or 5 vol% to 10 vol%, 15 voi%, 20 voi%, 23 vol%,
30 vol%, 335 volSs, 40 voi%, 43 vol9%, or 50 vol9% of steam, based on a total volume of
any Tr-Cis alkanes and anv Ce-Cis alkyl aromatics o the first hvdrocarbon-containing
feed. In other embodiments, the first hvdrocarbon-containing feed or, if introduced
separate from the first hydrocarbon-containing feed, the environment within the reactor
system can include < 30 vol%s, <45 vol%, <40 vol%, <35 vol%, <30 vol%, <25 vol%,
<20 vol%, or < 15 vol% of steam, based on a total volurse of any C3-C16 alkaunes and any
Cg-Crs alkvl aromatics in the first hydrocarbon-containing feed. In other embodiments,
the first hydrocarbon-containing feed or, if introduced separate from the first
hydrocarbou-containing feed, the environment within the reacior system can include at

east 1 vol%. at least 3 vol%, at least 5 vol%, at least 10 vol%, at least 15 vol%, at least
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20 vol%, at least 25 vol%, or at least 30 vol% of steam, based on a total volume of any
-6 alkanes and any Cs-Cis alkyl aromatics in the first hydrocarbon-containing feed.
[B096] 1o some embodiments, the first hydrocarbon-containing feed can inchude sulfur

or sulfur can be introduced as a feed separate and apart from the first hvdrocarbon-

Lo

containing feed. For example, the first hydrocarbon-containing feed can include sulfur in
arange from 0.5 ppms, § ppm, 5 ppm, 10 ppim, 20 ppm 36 ppm, 40 ppm, SO ppim, 60 ppim,
70 ppmy, or 80 ppm o 100 ppm, 150 ppm, 200 ppm, 300 ppm, 400 ppm, or 300 ppm. in
other embodiments, the first hvdrocarbon-containing feed can include sulfur in 3 range
from | ppm to 10 ppm, 10 ppm to 20 ppm, 20 ppm to 50 ppm, SO ppm to 160 ppm, or 100
10 ppm to 500 ppm. The sulfur, if present in the first hydrocarbon-containing feed, can be
or can include, but is not limited to, HoS, dimethyl disulfide. as one or more mercaptans,
or any mixture thereof.
[6697) In some embodiments, the first hydrocarbonecontaining feed and the
environment within the reaction or conversion zone can be substantially free or free of
15 molecular oxygen. In some embodiments, the first hydrocarbon-containing feed can
nclude < 3 mol%, <3 mol%, or <1 mol% of molecular oxvgen (O2). 11 is believed that
providing a first hydrocarbon-containing feed substantially-free of molecular oxvgen
substantially prevents oxidative reactions that would otherwise consmme at least a portion
of the alkang and/or the alkyl aromatic in first hydrocarbon-containing feed.

20 Regovery and Use of the First Upgraded Hydrocarbon

[3098] Insome embodiments, the first upgraded hvdrocarbon in the effluent can include
at least one upgraded hydrocarbon, eg., an olefin, water, unreacied hvdrocarbons,

molecular hydrogen, ete. The upgraded bvdrocarbon can be recovered or otherwise

obtained via anv conventent process, €., by one or more conventional processes. One

[ovl
W

such process can include cooling and/or compressing the efffuent Lo condense at least a
portion of any water and any heavy hvdrocarbon that may be present, leaving the olefin
and at least a portion of any unreacted alkane or alkyl aromatic primarily in the vapor
phase. Olefin and unreacted alkane or alkyvl aromatic hydrocarbons can then be removed
from the reaction product in one or more separator drums.  For example, one or more
30 splitters or distiliation columms can be used (o separate the dehvdrogenated product from
the unreacted first hydrocarbon-containing feed.

[6099] In some embodiments, a recovered olefin, eg., propyvlene, can be used for
producing polymer, e.g., recovered propylene can be polymernized to produce polvmer

having segmenis or units derived from the recovered propyiens such as polvpropyvlene,
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ethvlene-propvlene copolviner, ete. Recovered isobutene can be used. e.g., for producing
one or more of an oxygenate such as methyl tert-butyl ether, fuel additives such as
diisohutene, synthetic elastomeric polymer such as butyl rubber. etc.

A Second Process for Upgrading a Hyvdrocarbon

[6108] The second process for upgrading a hvdrocarbon can include contacting a second
hydrocarbon-containing feed with the catalyst system that can include a mixture of the catalytic
particles and the catalyticallv inert particles to effect reforming of at least a portion of the
second hvdrocarbon-containing feed o produce a coked catalyst syvsiem and an effluent that
can include carbon monoxide and molecular hydrogen The catalyst system and the second
hydrocarbon-containing feed can be coutacied with one another within anv suitable
environment such as one or more reaction or conversion zones disposed within one or more
reactors to produce the effluent and the coked catalvst system. The reaction or conversion zone
can be disposed or otherwise located within one or more fixed bed reactors. one or more
fluidized or moving bed reactors, one or more reverse flow reactors, or any combination thereof.
For clarity and ease of description, the reforming reaction will be discussed in the context of a
fluidized bed reactor, but it should be understood that fixed bed reactors, reverse flow or
moving bed reactors. or any other reacior can be used to carry out the reforming of the second
hydrocarbon-containing feed.

[6161] The reforming reaction can be used 1o produce reformed hydrocarbons via a
continuous reaction process of a disconfinuous reaction process. In some embodiments, the
reaclion process can include a reforming step, e.g., an endothermic reaction, and a regeneration
step, e g, an exothermic reaction, that operate continuously while the flwdired catalyst is
transporied in-between the reforming zone and regeneration zone of the reactor.  The
endothernuc reaction can include hydrocarbon reforming in the presence of the catalyst system.
Fresh hydrocarbon and regenerated luidized catalvtic particles and catalytically inert particles
can enter the reforming zone. Afier spending some time in the reformiing zone, the hvdrocarbon
can be at least partially converted to a reforming product that can exit the reforming zone
together with the spent catalyst system. The reforming product and wnreacted feed can be
separated from the spent catalvst svstern by one or more separating devices. While the
reforming product and unreacted feed from the separating devices go downstream for further
purification, the spent catalyst svstem can be sent to the regeneration zone for regenseration.
The exothernic regeneration reaction can be the reaction of an oxidant and, optionally a fuel,
under cornbustion conditions to produce a regenerated catalyst sysiem and a flue gas. After

regeneration, the regenerated catalyst svstem can be separated from the flue gas by one or more
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separating devices and can be transported back io the reforming zone, joining more
hydrocarbon feed to enter the reforming zone to inmiliate more reforming reaction. The
reforming step can convert CO2 and/or B0 and hydrocarbons, e.g., CHy, to a synthesis gas
that includes Hz and €. The regeneration step can combust reactants, e.g.. coke disposed on
the spent catalyst system and/or the optional fuel and an oxidant, o generate heat that heats up
the regenerated catalyst system that can provide heat that can be used to drive the reforming
reaction. In some embodiments, the catalyst system can be heated to an average tempearature
i a range of from 600°C, 700°C, or 800°C to 1,000°C, 1.300°C, or 1.666°C during the
regeneration step.

[0102] [lustrative fuels can be or can include, but are not hmited 1o, hvdrocarbons, e.g.,
methane, ethane, propane, butane, pentane, or hydrocarbon containing streams, e.g., natural
gas, molecular hydrogen, fuel oil, heavy fuel oil, gasoline, diesel, kerosene, distillate, and/or
other combustible compounds. The oxidant can be or can include Oz In some embodiments,
the oxidant can be or can include air, O» enriched air, O; depleted air, or any other suitable O,
containing stream.

{6163} The regeneration of the calalysi system can correspond o rermmoval of coke trom the
particles in the catalyst svstem. In some embodiments, during reforming. a portion of the feed
introduced into the reforming zone can form coke. This coke can potentially block access to
the catalvtic sites {such as metal sites) of the catalytic particles in the catalyst sysiem. During
regeneration at Jeast a portion of the coke generated during reforming can be removed as CO
or {2 The regeneration of the catalvst system can also correspond to re-dispersion of any
agelomerated active phase of the catalyst such as the Group 8-1¢ element.

Second Hyvdrocarbon-Containing Feed

[0104] The second hydrocarbon-containing feed can be or can include, but is not limited to,
one or more reformable Ci-Cis hydrocarbons such as alkanes, alkenes, cvcloalkanes,
alkvlaromatics, or any mixture thereof In some embodiments, the second hvdrocarbon-
containing feed can be or can include methane. ethane, propane, butane. perdane, or a nuxture
thereof. In some embodiments, the second hydrocarbon-containing feed can be exposed to the
catalvst systern under a pressure of less than 35 kPag. For exarople, the second hvdrocarbon-
containing feed can be exposed to the catalyst system under a pressure 1o a range of from 0.7
kPag, 2 kPag, 3.5 kPag, 5 kPag, or 10 kPag to 15 kPag, 20 kPag, 25 kPag, or 30 kPag. In other
embodiments, the second hvdrocarbon-containing feed can be exposed o the catalyst system
under a pressure in a range of from 35 KPag to 15 MPag. {o sull other ernbodiments, the second

hydrocarbon-containing feed can be exposed to the catalyst system under a pressure in a range
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of from 0.7 kPag. 2 kPag. 5 kPag, 20 kPag, 35 kPag, 50 kPag, or 100 kPag to 200 kPag, |
MPag, 3 MPag, 5 MPag, 10 MPag, or 15 MPag. In still other embodiments, the second
hydrocarbon-~-containing feed can be exposed 1o the catalyst systern under a pressure of less
than 2.8 MPag, less than 2.5 MPag, less than 2.2 MPag. or less than 2 MPag.
[6108] The reforming reaction of the second hydrocarbon-containing feed, e.g., {Ha, can
occur in the presence of Hz0 (steam-reforming), in the presence of COy {(dry-reforming), or in
the presence of both HyO and CO» (bi-reforming). Examples of stoichiometry for steam. dry,
and bi-reforming of CHe are shown in equations (1} - (3).
(1) Dry-Reforming: CHy + COp =200 + 2H,
& Steam-Reforoung: CHa+H0=C0 + 3H;
(33 Bi-Reforming: 3CH+ 2H0 + {02 = 4C0 + 8H:
[8196] As shown in equations (1) - (3}, drv reforming can produce lower ratios of Hz 10 CO
than stearn reforming. Refornung reactions performed with only steam can generally produce
a syithesis gas having a HxCO molar ratio of around 3, such as 2.5 to 3.5, In contrast,
reforming reactions performed with only CO, can generally produce a synthesis gas having a
Ho:CO yoolar ratio of roughly 1 or even lower. By using 4 combination of COp and Ho0 during
reforming, the refornung reaction can be controlied to generate a wide variety of Hz to CO
ratios in a resulting synthesis gas.
[6197] It should be noted that the ratio of Hy to CO in a synihesis gas can also be dependent
on the water gas shift equilibriunt  Although the stoichiometry v Equations (1) — (3) shows
rattos of roughly I or roughly 3 for dryv reforming and steam reforming, respectively, the
equilibrium amounts of H, and €O in a synthesis gas can be different from the reaction
stoichiometry. The equilibrium amounts can be deternuned based on the water gas shift
equilibrium, which relates the concentrations of Hz, CO, C0: and H20 based on the reaction
shown in equation {4).
4y HO0+C0 &2 Hat+CO
16168] In some embodiments, the catalyst system can also serve as water gas shift catalysts.
Thus, if a reaction environment for producing Hz and CO also inchades HxO and/or CO, the
mtial stoichiometty from the refomming reaction may be altered based on the water gas shifi
equilibnum.  However, this equilibnium 15 also teroperature dependent. with higher
temperatures favoring production of €O and H;0. As a result, the ratio of He to CQO that is
eenerated when forming svnthesis gas is constrained by the water gas shift equilibrium at the

temperature i the reaction zone when the synthesis gas is produced.
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[6199]  The ability to adjust the H2:CO molar ratio of the svnthesis gas provides a flexible
process that can be combined with a wide variety of synthesis gas upgrading processes.
Tustrative svothesis gas upgrading processes can include, but are not hmited to, Fischer-
Tropsch processes, methano! and/or other alcohol svathesis, e g.. one or more C1-Cy alcohols.
fermentation processes, separation processes that can separate hydrogen to produce a Ha-rich
product, dimethyl ether, and combinations thereof. These synthesis gas upgrading processes
are well-known ¥o persons having ordinary skill in the art. In some embodiments, the upgraded
product can include, butis not limited 1o, methanof, syncrude, diesel, hubricanis, waxes, olefins,
dimethyl ether, other chemicals, or any combination thereof.

[6118] Systems sutiable for carrying out the refornung of the second hydrocarbon-contaiing
feed can include systems that are well-known in the art such as the fixed bed reactors disclosed
in WO Publication No. WO2017078894; the fhadized riser reactors and/or downer reactors
disclosed in U.S. Patent Nos. 3,88R8,762; 7,102,050 7,195,741, 7,122,160; and §,653.317; and
U.S. Patent Application Publication Nos. 2004/0082824; 2008/0194891; and the reverse flow
reactors disclosed in U.S. Patent Nos.: 7,740,829; 8,551,444, 8,754,276, 9,687 803, and
10,160,708; and .S, Paient Application Publication Nos.: 2015/0065767 and 2017/0137285;
and WO Publication No. WO2Z013169461.

[611%] During the first and/or second processes for upgrading the hydrocarbon, especially in
the context of one or more fluidized or moving bed reaciors, at least a portion of the Group 8-
10 element can potentially be transferred from the catalytic particles to the catalytically wnert
particles via contact with one ancther. Similarly, if the catalytic particles and the catalytically
nert particles are mixed prior to introduction into the reactor svstem, at least a portion of the
Group 8-10 element may also be transferred from the catalyiic particles to the catalytically inert
particles.  Such transfer of the Group &-10 element can convert at least a portion of the
catalyuically inert particles Lo catalviic particles. As such, in some embodiments, the weight
ratio of the catalvtic particles to the catalyticallv inert particles can also be adjusted during the
hydrocarbon conversion process via transfer of a portion of the Group 8-10 element from the
catalvtic particles o the catalytically inert particles.

Feeds and Energy

[3112] The first and second hvdrocarbon-containing feeds described herein can be derived
either from fossil fuel or non-fossil fuel resources. For example, propane can be a product or
by-product of a process using biomass as the feed. The fuels described in this work can also
be derived etther from fossil fuel or non-fossil fuel resources. For example, methane or Hz can

be a product or bv-product of a process using biomass as the feed. The fuels described in this
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work can also be made from renewable energy such as renewable electricity. For example,
renewable electricity ¢an be used o produce Ho through water electrolysis. The energy used
nt the processes described herein can also be provided by renewable electricity, instead of a
fuel.

Examples:

[61313] The foregoing discussion can be further described with reference to the following
non-limiting examples.

{3114] The catalyst and selected inert particles used in Examples 1-6 were prepared
according to the following procedure.  Support particles of a mixed Mg/Al meatal oxide
{(PURALOX® MG8BO/150, Sasol) were dried in air at 550°C for 3 hours. The dried support was
impregnated with an appropriate amount of chloroplatinic acid solution, or an appropriaie
amount of an aqueouns solution of SnCly, or both. The impregnated material staved at room
temperature for 24 hours, before it was dried in air at 110°C for 6 hours, and caleined at 800°C
it air for 12 hours to produce the final particles that included Pt, Sn, or both Pt and Sn.

[3115] In Examples 1-6, fixed bed experiments that used the catalysts were conducted at
approximately 100 KPa-absolute. A gas chromatograph (GC) was wsed to measure the
composition of the reactor etfluents. The concentrations of each component in the reactor
effluents were then used to calculate the CaHg yield and selectivity. The CsHg vield and
selectivity, as reported in these examples, were calculated on the carbon mole basis.

[8136] In each example, an appropriaie amount of catalyst was nmuxed with an appropriate
amownt of guartz diluent and loaded mnto a guartz reactor. The amownt of diluent was
determined so that the catalyst bed (catalyst + diluent) overlapped with the isothermal zone of
the quartz reactor and the catalvst bed was largely isothermal during operation. The dead
volume of the reactor was filled with quartz chips/rods.

(8117} The process steps in examples 1 — 6 were as follows: 1. The systern was {lushed
with an inert gas. 2. Dy air at a flow rate of 83.9 scom was passed through a by-pass of the
reaction zonie, while an inert gas was passed through the reaction zone. The reaction zone was
heated to a regeneration temperature of 800°C. 3. Dry air at a flow rate of 3.9 scom was then
passed through the reaction zone for 10 minutes to regeneraie the catalyst. 4. The systen was
flushed with an inert gas. 3. A Ho containing gas with 10 vol% Hz and 96 vol % Ar at a flow
rate of 46.6 scem was passed through the by-pass of the reaction zone for a certain period of
time, while an inert gas was passed through the reaction zone. This was then followed by
flowing the H: containing gas through the reaction zone at 800°C for 3 seconds. 6. The system

was flushed with an inert gas. During this process, the temperature of the reaction rone was
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changed from 800°C to a reaction temperature of 670°C. 7. A hydrocarbon-containing (H{ gas)
feed that included 81 vol% of CsHs, 9 vol% of inert gas (Ar or Kry and 10 vol% of steam at a

flow rate of 17.6 scom was passed through the by-pass of the reaction zone for a certain period

of time, while an inert gas was passed through the reaction zone. The hvdrocarbon-containing

‘eed was then passed through the reaction zone at 670°C for 10 minutes. GC sampling of the

reaction effluent was started as soon as the feed was switched from the by-pass of the reaction

zone 1o the reaction zone. The above process steps were repeated in cycles.

[3118] While the Examples utilized a fixed bed reactor, flutd bed reactors or processes could
squally be uhlized and, without wishing to be bound by theory, the interaction of the active
catalyst portion of the catalyst svstem in a fluidized bed reactor would be expected to interact
more effectively with the catalytically inert particles whether that be the mixed Mg/Al metal

oxide, the Sn-doped mixed Mg/Al metal oxide, or other catalvtically nert particles.

Table
EX. V] E2IEx. 3| Ex 41Ex 5| Ex. 6
Catalvst Particles (g) 003 ] 003 10030031006 03
Pt on Catalyst Particles (wit') 03 1 063 {03 | 03 0.3 | 005
Su on Catalyst Particles (wit%) i 1 i 1 1 1
Catalvtically Inert Particles
Inert Quartz (g} 0.5 0 0.2 0 0.2 0.2
PURALOX® MGB0/150 (g) 0 $.47 1027 | 027 § 027 0
Sn (wi%) on PURALOX® MGRIS0 T © 0 1 i 1 0
Catalyst in Charge (wt%} 6 6 6 10 11 60
Total Pt in Charge (mg) 9 O 9 9 18 15
Yini 258 | 276 39 38.6 1 533 | 663
Yend 83 | 131 1289 24 417 64
Performance
Sini 908 | 913 1 951 | 946 | 951 | 933
Seid B0.7 | 874 1941 | 9291 95 | 954

[6119] Example 2 vs. Example | shows there is a benefit to using the mixed Mg/Al metal
oxide particles as the catalytically inert particles vs. guartz,

[6128] Examples 3 and 4 that utithzed catalytically inert So-doped nuxed Mg/Al metal oxide
particles vs. Examples 1 and 2 that utilized quartz or undoped nuxed Mg/Al metal oxide
particles as the inert exhibited a greater vield and selectivity. As such, based on Examples 3
and 4, 1t appears the catalvtically inert Sn-doped mixed Mg/Al metal oxide particles enhanced

the activity of the catalytically active particles and/or became catalytically active via transfer
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of some of the Pt from the catalytic particles to the catalytically mert particles making the
catalvtically inert particles catalytically active particles.

[3121] Example 5 vs. Example 3 shows the impact of increasing the amount of the catalyne
particles from 10 wi% to 20 wi% with respect to the amount of the catalviically inert particles.
By increasing the amount of the catalytic particles, the vield significantly increased.

[6122] Example 6 shows that by including an order of magnitude more of the catalyst
particles (0.3 g of the catalyst particles vs. 0.03 g of the catalyst particles used in Examplas 1-
4}, but at a lower concentration of Pt (3.05 wi% vs. 0.3 wi% of Examples 1-4) lead {0 a
significant improvement in the vield.

Listing of Embodiments

[8123] This disclosure may further include the following non-limiting embodiments.

[0124] Al A process for upgrading a hvdrocarbon, comprising: (I} contacting a
hydrocarbon-containing feed with a catalvst system comprising a nuxture of catalvtic particles
and catalvtically inert particles to effect reforming of at least a portion of the hydrocarbon-
containing feed to produce a coked catalyst system and a syntheasis gas comprising Hy and €O,
wherein: the hydrocarbon-containming feed comprises one of more C1-Cie hvdrocarbons and
HoO, COs. or a nuxture of HoO and CO;. the hydrocarbon-containing feed and catalvst system
are contacted at a temperature of 460°C or more, the catalvitic particles comprise a Group 8-1¢
element and a first promoter comprising Sn, Cu, Au, Ag, Ga, a combination thereof, or a
mixture thereof disposed on a support, the catalytic particles comprise 0.001 wi% to 6 wi% of
the Group 8-1¢ element, up to 10 wi% of the first promoter, and the support comprises Al and
at feast 0.5 wi% of a Group 2 element, based on the weight of the support, the catalviically
mert particles are free of a Group 8-10 element, and a composition of the catalvtically inert
particles and a composition of the support is the same or different.

[6125] A2 The process of Al further comprising (1) contacting at least a portion of the
coked catalvst svstem with an oxidant to effect combustion of at least a portion of the coke to
produce a regenerated catalyst system lean in coke and a combustion gas.

[3126] A3, The process of AZ, further comprising {(III) contacting a fuel with the oxidant
and the coked catalvst systern to effect combustion of at feast a portion of the fuel.

[6127] A4, The process of A2 or A3, {further comprising (IV}) contacting an additional
quantity of the hydrocarbon-containing feed with at least a portion of the regenerated catalvst
systern 1o produce a re-coked catalyst system and additional efffuent.

[6128] A3 The process of any of Al to A4, wherein the lydrocarbou-containing feed is

contacted with the catalyst system in a fluidized bed reactor.
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6129 A6, The process of any of Al to A4, wherein the hvdrocarbon-contairung feed is
contacted with the catalyst system in a fixed bed reactor.

{0130 A7 The process of any of Al to A4, wherein the hvdrocarbon-containing feed is
contacted with the catalvst system in a reverse flow reactor.

[6131] AEK. The process of any of Al to A7, wherein the catalvtic particles in the catalvst
systemn comprises 0.001 wi%, 0.001 wi%, 0.01 wit%, 0.1 wi%, 0.15 w1%, or 0.2 wi% to 0.4
Wit%, 0.6 wit%, 0.8 wt%, 1 wi%, 2 wit%, 3 wi%, 4 wt¥. 5 wi%, or 6 wi% of the Group §-10
element based on the weight of the support.

[3132] A9 The process of any of Al to A8, wherein the Group 8-10 element comprises Pt
[0133] A10. The process of anv of Al 1o A9, wherein the catalyst system further comprises
an alkali metal element compnsing Li, Na, K, Rb, Cs, a combination thereof, or a mixture
thereof disposed on the support in an amount of up to 3 wt% based on the weight of the support.
61347 A1l The process of any of Al to A10, wherein the catalyst system is in the form of
particles having a size and particle density that is consistent with a Geldart A or Geldart B
definition of a fluidizable sohd.

[G138]  AlZ The process of anyv of Al o All, wherein a weight ratio of the Group 2 element
to the Al in the support 15 in a range from 0.001, 0.01, 0.1, or F 106, 12.5, 100, or 1.000.
[6136] Al13. The process of anv of Al to A12, wherein: the Group 2 element comprises Mg,
and at least a portion of the Mg is in the form of Mg( or a mixed metal oxide comprising Mg.
[6137] Al4 The process of any of Al to A3, wherein: the Group 2 element comprises Mg,
and at least a portion of the Mg and at least a portion of the Al is in the form of a mixed Mg/Al
metal oxide.

[6138] AlS The process of any of Al to A4, wherein: the Group 2 elemuent comprises Mg,
at least a portion of the Mg and at least a portion of the Al is 1n the form of a mixed Mg/Al
metal oxide, and a weight ratio of the Mg to the Al in the mixed Mg/Al metal oxide isina
range from 0.001, 0.01, 0.1, or Lto 6, 12.5, 100, or 1.000.

6139 Al6. The process of any of Al to AlS5, wherein: at least a portion of the Group 2
element is in the form of an oxide of the Group 2 element, at least a portion of the Al 15 1n the
form AlQOa. and the oxide of the Group 2 clement and the AlbO: are mixed on a nm scale.
{31401 A1l7. The process of anv of Al 1o A1G, wherein: the Group 2 element corprises Mg,
at least a portion of the Mg i3 in the form of Mg(, at least a portion of the Al is in the form
ALOs, and the oxide of the Mg( and the ALGs are mixed on a nm scale,

6143} AI18 The process of any of Al to A17, further coraprising at least one oft reacting at

least a portion of the synthesis gas under effective Fischer-Tropsch conditions in the presence
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of a Fischer-Tropsch catalyst to produce an upgraded product, wherein the Fischer-Tropsch
catalvst comprises a shifting Fischer-Tropsch catalyst or a non-shifting Fischer-Tropsch
catalyst: subjecting at least a portion of the syonthesis gas to a fermentation process to produce
an alcohol, an organic acid, or a muxture thereof) contacting at least a portion of the svnthesis
gas with a catalvst to produce at least one {1-Cy alcohel; and separating Hs from the synthesis
gas to produce a Ho-rich product.

[6142] Various terms have been defined above. To the extent a term used in a claim is not
defined above, 1t should be given the broadest definttion persons in the pertinent art have given
that term as reflected in at least one printed publication or issued patent.  Furthermorg, all
patents, test procedures. and other documents cited 1n this apphcation are fully mmcorporated by

reference to the extent such disclosure is not inconsistent with this application and for all

Jjurisdictions in which such incorporation is permoitted.

[6143] While the foregoing is directed to ernbodiments of the present invention, other and
further embodiments of the invention may be devised without departing from the basic scope

thereof, and the scope thereof is determined by the claims that follow.
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CLAIMS:

What is claimed is:

1. A catalyst svstem comprising a phurality of catalvtic particles and a plurality of
catalytically inert particles configured to be muxed with one another or mixed with one
another, wherein
the catalytic particles comprise a Group #-10 element and a first promoter
comprising Sn, Co, Au, Ag, Ga, a combination thereof, or a mixture thereof
disposed on a support,
the catalytic particles comprise 0.001 wi% to 6 wi% of the Group 8-10
element, up to 10 wt% of the first promoter, and the support comprises Al and at
teast 0.5 wi% of a Group 2 element, based on the weight of the support,
the catalytically inert particles are free of a Group 8-10 element, and
a composition of the catalytically inert particles and a composition of the

support is the same or different.

2. The catalyst system of claim i, wherein the support comprises a first mixed
Mg/Al metal oxide.
3. The catalyst svstem of claim 2, wherein a weight ratio of the Mg to the Al in the

first mixed Mg/Al metal oxide is in a range from 0.001 to 1,000

4. The catalyst system of any one of claims | to 3. wherein the catalytically nert
particles comprise aluminum oxide, magnesivm oxide, a second mixed Mg/Al metal

oxide, or a mixture thereof,

5. The catalyst system of any one of claims 1 to 4, wherein the catalytic particles
comprise < 0.2 wi% of St based on the weight of the support, and whergin the
catalvtically 1nert particles comprise < 0.2 wi% of 51 based on the weight of the

catalvtically inert particles.

6. The catalyst svstem of any one of claims 1 to 5, wherein the catalvtically nert
particles comprise a second promoter comprising Sii, Cu. Au, Ag. Ga, a combination

thereof, or a mixture thereof disposed thereon, and wherein the catalvtically inert
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particles comprise up to 10 wi% of the second promoter, based on the weight of the

catalvtically inert particles prior o the addition of the second promoter thereto.

7. The catalvst system of claim 6, wherein the first promoter and the second

promoter each comprise Sn.

8 The catalyst svstem of any one of claims | to 7, wherein the Group &-10 element

comprises Pt.

9, The catalyst svstemn of claim 1, wherein:

the Group 8-10 element comprises Pt

wherein the first promoter comprises Sp,

the support comprises a first mixed Mg/ Al metal ovide,

the catalytically inert particles comprise a second nuxed Mg/Al metal oxide,

a weight ratio of the Mg to the Al in the firsi mixed Mg/Al metal oxide and a
weight ratio of the Mg o the Al i the second mixed Mg/Al metal oxide are
independently inn a range from 0.001 to 1,000,

the catalvtically inert particles comprise a second promoter comprising Sn, Cu,
Au, Ag, Ga, a combination thereof, or a muixiure thereof disposed thereon, and

the catalytically inett particles comprnise up fo 10 wi% of the second promoter,
based on the weight of the catalvtically inert particles piior 1o the addition of the second

promoter thereto.

10. The catalyst system of any one of claims 1 to 9, wherein a weight ratio of the

catalytic particles to the catalytically inert particles is 1n a range from ¢.01 1 1o LO.OL

11 A process for upgrading a hvdrocarbon, comprising:

contacting a hydrocarbon-containing feed with a catalyst system comprising a
nuxture of catalytic particies and catalytically inert particles to effect one or more of
dehvdrogenation, dehvdroaromatization, and dehvdrocyclization of at least a portion of
the hvdrocarbon-containing feed to produce a coked catalvst system and an effiuent

comprising one or more upgraded hydrocarbons and molecular hydrogen, wherein:
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the hydrocarbon-containing feed comprises one or more of {'2-C s hinear
or branched atkanes, or one or more of £4-Cys eyclic alkanes, or one or more g~
Cie alkvl aromatics. or a mixture thereof,

the one or more upgraded hvdrocarbons comprise at least one of a
dehvdrogenated hydrocarbon, a dehydroaromatized hvdrocarbon, and a
dehvdrocychzed hydrocarbon,

the catalvtic particles comprise a Group 8-10 element and a first promoter
comprising Sn, Cu. Au. Ag. Ga, a combination thereof, or a mixture thereof
disposed on a support,

the catalytic particles comprise 0.001 wi% to 6 wi% of the Group §-10
element, up to 10 wi% of the first promoter, and the support comprises Al and at
teast 0.3 wi% of a Group 2 element, based on the weight of the support,

the catalyticallv inert particles are free of a Group 8-10 element, and

a compostiion of the catalytically inert particles and a composition of the

support is the same or different.

12, The process of claim 11, wherein the nuxture of catalvtic particles and

catalytically nert particles is disposed within a fixed bed within a reactor.

13, The process of clairn 11, wherein the mixture of catalvtic paruicles and the

catalvtically inert particies s in the form of fluidized particles disposed within a reactor.

i4 The process of claim 13, wherein the catalvtic pariicles and the catalytically inert
particles are introduced into the reactor separately such that the mixture of the catalytic

patticles and the catalytically inert particles is formed within the reactor.

15. The process of claim 14, further comprising adjusting an amount of the catalytic
particles, the catalviically inert particles, or both the caialytic particles and the
catalytically wnert particles during the contacting of the hydrocarbon-containing feed

with the catalvst system.

16, The process of claim 15, wherein a weight ratio of the catalvtic particles to the

catalytically mert particles is in a range frome 0.01:1 10 1:0.01.
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17. The process of any one of claims 11 to 16, wherein the support comprises a first

mixed Mg/Al metal oxide.

i8. The process of claim 17, wherein a weight ratio of the Mg to the Al in the first

mixed Mg/Al metal oxide is in a range from (.001 to 1,000

i9. The process of any one of claims 11 to 17, wherein the catalytically inert particles
comprise alominum oxide, magnesium oxide, a second mixed Mg/Al metal oxide, or a

mixture thereof,

20. The process of any one of claims 11 1o 19, wherein:

the Group 8-10 element comprises Pi,

the first promoter comprises Sn,

the catalytically inert particles comprise aluminum oxide, magnesium oxide, a
mixed Mg/Al metal oxide, or a mixture thereof,

ihe catalytic particles comprise < 0.2 wi% of 51 based on the weight of the support,

the catalviically inert particles comprise < 0.2 wi% of Si based on the weight of
the catalytically inert particles, and

the catalvtically inert particles comprise a second promoter comprising Sn, Cu,
Au, Ag, Ga, a combination thereof, or a nuxiure thereof disposed thereon, and

the catalytically inert particles comprise up o 10 wi% of the second promuoter,
based on the weight of the catalytically inert particles prior to the addition of the second

promoter thereto.

2% The process of any one of claims 11 to 20, wherein the hydrocarbon-containing
feed and the catalvst system are contacted at a temperature in a rangs of from 300°C to
00°C under a hvdrocarbon partial pressure of at least 20 kPa-absolute, wherein the
hydrocarbon partial pressure is the total partial pressure of any C»-Cis alkanes and any

Cs-Cis alkyl aromatics in the hvdrocarbon-containing feed.
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22. The process of any one of claims 11 to 21, further comprising;

contacting at least a portion of the coked catalyst system with an oxidant to effect
combustion of at least a portion of the coke 1o produce a regenerated catalyst sysiem lean
in coke and a combustion gas: and

contacting an additional quantity of the hvdrocarbon-containing feed with at least
a portion of the regenerated catalyst systern (o produce a re-coked catalvst sysiem and

additional effluent.

23 The process of claim 22, further comprising contacting at least a portion of the
regenerated catalysi sysiem lean in coke with a reducing gas fo produce a regenerated
and reduced catalyst svstem, wherein the additional quantity of the hvdrocarbon-
containing feed is contacted with at least a portion of the regenerated and reduced

catalyst system to produce the re~coked catalvst system and the additional effluent.
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