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(57) Abstract: Disclosed are methods of dehydrogenating a light alkane gas (and/or light alkene gas), which include adding hydrogen
(H») to the light alkane gas (and/or light alkene gas) in the presence of a catalyst composition containing zirconium oxide. Also disclosed
are catalyst compositions containing zirconium oxide and methods of preparation thereof, where the catalyst compositions are useful
in methods of dehydrogenating light alkane gas.
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CATALYST COMPOSITIONS AND
METHODS OF PREPARATION AND USE THEREGY
FIELD
16601} This disclosure relates to methods of using catalyst compositions for dehydrogenation of
light alkane gas {and/or light alkene gas). The disclosure also relates to catalyst compositions,
for example, that can be used in such dehydrogenation reactions and methods of preparation

thereof.

BACKGROUND

[8002] Catalviic debydrogenation of alkanes s an efficient conversion technology for the
production of alkenes as compared to traditional petroleum-based processes such as fluid
catalytic cracking and thermal steam cracking. Traditional processes suffer from high-energy
demand, dwindling petroleum reserve and low selectivity toward any particular target alkene.
Catalytic dehydrogenation 1s also more environmentally friendly than oii-based processes
because it uses natural gas and shale gas as feedstock, which contan fewer impurities.

{6803] Two mdustnal processes for the produaction of light alkene using dehydrogenation are 1)
the chromia-alumina-based Catofin™ process; and 2) the Pt-Sn-based Oleflex™ process.
However, the use of chromum {({r) and platinum (Pt) based catalysts presents environmental
and health 1ssues. For example, according to the Occupational Safety and Health Administration
{OSHA), human exposure to chromium (VI} (Cr%") may cause serious health issues such as lung
cancer.

{0004] Platinum-based catalysts used for dehvdrogenation of alkanes can mclude Pt deposited

alone, or in combination with another material such as tin (Sn), on an mactive support. The



WO 2021/173333 PCT/US2021/017072

active support can be, for example, a Zr(2 support that 1S inactive under the reaction conditions
that cause the Pt or Pt-8n to be active. However, the re-dispersion of Pt 1n such catalysts often
requires the addition of chlorine-based compounds during the catalyst regeneration process,
which 18 ecologically harmful. Moreover, such Pt-based catalysts are sensitive to trace
wnpurities and very costly.

{8005} There 13 a need for methods and catalyst compositions that inhibit deactivation of the
catalyst composition and at same time maintain a considerable dehydrogenation activity. There
is a further need for catalyst compositions that are free of Cr and precious metals, such as Pt, and
that increase the safety and sustainability of the dehvdrogenation process. The use of such
catalyst compositions in the dehyvdrogenation of light alkanes (and/or alkenes) could improve the
total vield of dehydrogenation products within one cycle and requure less frequent catalyst

regenerations.

BRIEF DESCRIPTION OF THE DRAWINGS

{8006] FIG. 1 shows an Xeray diffraction (XRD) spectrum of a catalyst composition
comprising zirconmum oxide {(£r() according to embodiments.

{8807] FIG. 2a shows the dehvdrogenation rate per mass of catalyst {ra} and the selectivity of
the dehydrogenation reaction {ratio between dehydrogenation and cracking rate, ra/re) during a
propane dehydrogenation {(PDH) reaction on a pretreated Zr(3:; catalyst.

{0008} FIG. 2b shows the dehvdrogenation rate per mass of catalyst (1) and selectivity of the
dehydrogenation reaction {ratio between dehydrogenation and cracking rate, ra/re} during a PDH

reaction on a pretreated Zr(: catalyst.

[xe]
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{0809} FI{. 3 shows the dehydrogenation rate per mass of catalyst (rq} during a PDH reaction on
a pretreated Zr(3: catalyst.

{0010} FIG. 4 shows the dehydrogenation rate per mass of catalyst with addrtional Ha present
{ra) during a PDH reaction on a Zr(: catalyst with Ox/He pretreatment at different temperatures.
{0011} FIG. S shows the CO» generation rate during a re-oxidation process after a PDH reaction
with and without the presence of additional H» at 873 K on Zr(O2 catalyst.

{0812} FIG. 6 shows the dehydrogenation rate per mass of catalyst {ra} during a PDH reaction.
{0013} FIG. 7(a) shows the dehydrogenation rate per mass of catalyst (ra) during a PDH reaction
on a Zr(}; catalyst as a function of CsHs partial pressure.

[8014] FIG. 7(b) shows the dehydrogenation rate per mass of catalyst (ra) during a PDH
reaction.

{001 5] FIG. 8 shows a comparison of tutial dehydrogenation rate of propane among ZrQ:

catalysts.

BRIEF SUMMARY

{8816} According to various embodiments, disclosed herein are catalyst compositions,
comprising zircomum oxide (£r(3), wherein the catalyst compositions are free of at least one of
chromium and a precious metal {e.g., Pt, gold, silver, copper, palladium, eic.}. In embodiments,
the catalyst compositions are free of chromium and platinum.

{6617] Further disclosed herein, according to various embodiments, is a method of preparing a
catalyst composition, comprising combining Zr{{NGs yxHo O, water and urea at a temperature of

about 20 °C to about 25 °C to form a ZeQ{NOs ) solution; and crystallizing the ZeO(NGsh
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solution at an elevated temperature under an autogenous pressure for about 2 h to about 36 hto
form the catalyst composition.

16618} According to further embodiments, disclosed herein is a method for dehydrogenating a
light alkane gas {and/or a light alkene gas}, comprising: combining hydrogen (H:) with the light
alkane gas (and/or light alkene gas} in the presence of a catalyst composition comprising

zirconium oxide (Zr(h).

DETAILED DESCRIPTION

{8819} Described herein are methods of using catalyst compositions for the dehydrogenation of
light alkane gases {and/or hight alkene gases). Also disclosed are catalyst compositions for such
dehydrogenation reactions and methods of preparation thereof It is to be understood that the
mvention 1s not limited to the details of construction or process steps set forth in the following
description. The invention 1s capable of other embodiments and of being practiced or being
carried out 1 a varety of ways.

29 <&

{8020] Reference throughout this specification to “one embodiment,” “certain embodiments,”
“one or more embodiments” or “an embodiment” means that a particudar feature, structure,
material, or characteristic described n connection with the embodiment is inchuded in at least
one embodiment of the invention. Thus, the appearances of the phrases such as “mn one or more
embodiments,” “in certain embodimenis,” “in one embodiment” or “in an embodiment” in
various places throughout this specificaiion are not necessarily referring to the same embodiment

of the invention. Furthermore, the particular features, structures, matenals, or characteristics may

be combined in any suitable manner 11 one or more embodiments.
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{0821} As used herein, the singular forms “a,” “an,” and “the” include plural references unless
the context clearly indicates otherwise. Thus, for example, reference to “a catalyst material”
includes a single catalyst material as well as a mixture of two or more different catalyst
materials.

{8022} As used herein, the term “about” in connection with a measured quantity, refers to the
normal variations in that measured quantity as expecied by one of ordinary skill in the art in
making the measurement and exercising a level of care commensurate with the objective of
measurement and the precision of the measuring equipment. In certain embodiments, the term
“about” includes the recited number £10%, such that “about 19” would include from ¢to 11,
{8823] The term “at least about” in connection with a measured quantity refers to the normal
varations o the measured quantity, as expected by one of ordinary skill 1o the art 1n making the
measurement and exercising a level of care commensurate with the objective of measurement
and precisions of the measuring equipment and any guantities hugher than that In certamn
embodiments, the term “at least about” mcludes the recited number munus 10% and any quantity
that 1s higher such that “at least about 107 would include 9 and anything greater than 9. This
term can also be expressed as “about 10 or more.” Sunilarly, the term “less than about” typically
meludes the recited number plus 10% and any quantity that 1s lower such that “less than about
107 would mclude 11 and anything less than 11, This term can also be expressed as “about 10 or
iess.
{6024] Unless otherwise indicated, all parts and percentages are by weight except that all parts
and percentages of gas are by volume., Weight percent (wi%), if not otherwise indicated, 15
based on an entire composttion free of any volatiles, that 1s, based on dry solids content. Volume

percent {(voi%), if not otherwise indicated, is based on the total volome of the gas.
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{8025} Although the disclosure herein 15 with reference to particular embodiments, it is to be
understood that these embodiments are merely iHustrative of the principles and applications of
the invention. It will be apparent to those skilled in the art that various modifications and
varations can be made to the compositions and methods without departing from the spirit and
scope of the invention. Thus, it is intended that the invention include modifications and
variations that are within the scope of the appended claims and their equivalenis.

18026} Disclosed herein are methods of using a catalyst composition comprising zirconium
oxide for dehydrogenation of light alkane gas (and/or light alkene gas) in the presence of
hydrogen gas (Hz). Also disclosed are catalyst compositions, for example, that can be used in
the dehydrogenation reaction, and methods of preparing such compositions. As a non-toxic,
earth-abundant and low-cost oxide material, Zr(3z2 {e.g., having a small crystallite size of less
than about 10 nio, or less than about 20 nam, or less than about 30 nm, or less than about S0 am,
or less than about T pm) exhibits a hugh dehydrogenation rate (rq) during propane
dehydrogenation reactions. Pre-treating a standard Zr(: catalyst {e.g., precipitated using
methods known to those of ordinary skill 1n the art) with carbon monoxide (CO) (e.g., for 30 mun
at 823 K} prior to use in a dehydrogenation reaction can result in a propane dehydrogenation rate
of about 834 mol kg™t k!, which is comparable to dehvdrogenation rates exhibited with Pt-based
materials. Without being bound to any particular theory, it may be that coordinatively
unsaturated Zr sites {Zrqs) are the active stractures m Zr( catalysts. With only a light alkane
gas, such as propane {CaHs), in the inlet stream to a dehydrogenation process, the Zr(3: catalyst
may exhibit a half-life of only, for example, 0.2 h at 873 K, and rapid deactivation attributable to
the formation of carbonaceous species on the surface of the Zr(32. Regeneration of the ZrO»

catalyst may require frequent cyclic operations based on dehydrogenation reactions and
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subsequent re-oxidation processes {e.g., in the operation of cycle Catofin-type processes). That
15, while Zr(32 catalysis exhibat favorable dehydrogenation activity during dehydrogenation
reactions, they can suffer from rapid deactivation due to coke formation.

{6027} During mnvestigations of light alkane gas dehydrogenation activity over a catalyst
composttion comprising Zr(0: according to embodiments, it has been found that by co-feeding Hz
with the light alkane gas during the dehydrogenation reaction, the stability of the catalyst can be
significantly increased. As set forth in the examples below, further studies have been conducted
to verify this observation and to demonstrate the specific etfect of Hz on the activity of the
catalyst composition comprising ZrQ: during a light alkane dehydrogenation reaction while the
bulk crystaliite structure of the catalyst composition has been preserved during the reaction.
According to various embodiments, the purposeful addition of Hz 1o light alkane reactants during
dehydrogenation reactions on catalyst compositions comprising ZrQO2 as the active matenial, leads
to significant stabdity improvements, with half-life improvements of 100-fold upon addition of
the Ho. Adding or co-feeding the Hz with the Light alkane gas can include mtroducing the Ha at a
pressure of about 1 kPa to about 160 kPa, or at a molar ratio of Hz to hight alkane gas of about
1:100 to about 1:1. In embodiments, the Hz and/or reactor can be at a reaction temperature of
about 300 K to about 1000 K, or about 373 K. The increase in stability may be attributed to the
mfluence of Hz on the formation of carbonaceous species.

{0028} To stabilize the catalyst composition comprising Zr(, hydrogen (H2) (e.g., about 2-20
kPa) can be co-fed with the light alkane gas (and/or hight alkene gas) during the dehydrogenation
reaction. A significant increase in the stability of the catalyst composttion comprising ZrQO: can
be achigved with more than a 100-fold increase in the catalyst’s half-hife. Without being bound

by any particular theory, this increase n stability may be attributable to two factors: 1) the
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continuous regeneration of Zr active sites; and 2} the inhibition of coke formation via
hydrogenative removal. As discussed above, the activity of catalyst compositions comprising
Zr(32 may be attributable to Zr surface-active sites on which light alkane molecules can be
activated and dehydrogenated to alkenes or which could lead to the formation or organic species
that themselves can act as a reaction-derived catalytic function on zirconia surfaces. A higher
mitial dehydrogenation rate also can be achieved through a pretreatment with a reducing gas
{e.g, Hy, CO, NH;3, etc.} at a corresponding reaction temperature, possibly suggesting the
generation of Zr surface-active sites as a result of the reductive pre-treatment. By co-feeding Ha
with the light alkane gas (and/or light alkene gas} during the dehvdrogenation reaction, it may be
that the Zr surface-active sites are continuously regenerated so that loss of active sites due to
coke formation are compensated for accordingly.

[8029] An inhibition effect on coke formation ray be achieved by co-feeding Hz with the hight
alkane gas {and/or light alkene gas) during dehvdrogenation. Quantification of carbon dioxide
{{C(1) generated during a reoxadation process demonstrates an 30% decrease 1o total coke
amount during a propane dehydrogenation reaction n the presence of Hz as will be discussed in
more detail below with respect to FIG. 8. Co-feeding Hz with the hight alkane gas (and/or light
alkene gas) can mamtain and/or increase the number of active sites in a catalyst composition
comprising £rO2 and while simultanesusly mhibiting coke formation, resulting in improved
stability of catalyst compositions for light alkane gas {and/or light alkene gas) dehydrogenation
reactions.

{6830} Without bemng bound by any particular theory, the continuous generation of Zr surface-
active sites {e.g., Zrcws) may be achieved as the Ho removes lattice oxygen from the surface of the

catalyst composition comprising Zr(. As discussed above, pretreating the catalyst
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composttions using a reducing gas {e.g., Ha, U0, NH;3, eic.} 1s believed to generate Zr surface-
active sites and can result in a higher inttial dehydrogenation rate (rg). Nonetheless, it has been
observed that a continuous decrease mn dehydrogenation rate may still exist on reduced catalyst
compositions comprising Zr(: during the dehydrogenation reaction without the presence of
additional Ha due to the formation of carbonaceous species. The formation of carbonaceous
species on the catalyst surface under reaction conditions has been identified as a main cause of
deactivation for most all dehvdrogenation catalysts. These carbonaceous species can include
hydrogen-poor organic residues that block active sites by hindering contact with reactants and
removal of products. Without being bound by any particular theory, it may be that the addition of
H: during the dehvdrogenation reaction generates Zr active sites {e.g., Zras active sites) by
removing surface lattice oxygen, such that the lost active sites covered by carbonaceous species
may be compensated during the dehydrogenation reaction; when all of the surface lattice oxygen
is removed, this mechanism may change. In embodiments, the Hz can be present 10 an amount
sufficient to remove surface lathice oxygen from the catalyst composition and to generate and/or
reaciivate surface-active sites. For example, the Hz can be present in an amount of Hz per mass
of catalyst of about 1 mol kg h'! to about 100 mol kgt bl or about 55 mol kg bt

{8331] When comparing the amount of carbon dioxide {COr) generated during the re~-oxidation
process, a decrease {e.g., 80%} 0 the amount of carbonaceous species can be observed when Ho
{e.g., 12.3 kPa) is added to the fight alkane inlet stream at, for example, a temperature of about
873 K. The decrease in the amount of carbonaceous species formed can be attributable to the
mhibited adsorption of certain polymerization intermediates {g.g., CaHa, CaHe, gic) as the

catalyst surface is populated and present in equulibrium with the added Ha.

-0
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Catalyst Canpositions

{6832} Catalyst compositions as described herein are useful in dehydrogenation reactions, for
example, to dehydrogenate light alkane gases to form alkenes. In embodiments, the catalyst
compositions can also be used to dehydrogenate light alkene gases to form alkadienes.
According to embodiments, the catalyst compositions can comprise Zr02. The Zr0: 15 the active
catalyst material in the dehydrogenation reactions according to various embodiments disclosed
herein. In embodiments, the Zr0» 1s not mactive or an tnactive support; rather 1t 1s the active
catalyst material,

[8833] As will be discussed in more detai] below, the catalyst composition may comprise an
additive, such as vitrium, 1o increase the sintering stabihity and thus preserve the tetragonal phase
of Zr(32. The catalyst composition may also be free of at least one of chromium and a precious
metal. Non-limating examples of precious metals include platinum (Pt), gold (Au), silver (Ag),
copper {Cu), palladiom (Pd) and combinations thereof. In embodiments, the catalyst
composition 1s free of both chromium and platinum.  Catalyst composttions as described herein
may present fewer risks to human health and the environment than other known catalysts, e.g.,
chromium- and platinum-based catalysts, used for dehydrogenation.

{8834] In embodiments, the catalyst composition can include at least about 50 wit% Zr(32, at least
about 60 wi% Zr(h, at least about 70 wi%s Zr(2, at least about 80 wi%s Zr(h, at least about 90
wie Zr(, or about 85 wit% Zr(32, about 20 wiSs £r(n, about 95 wi% Zr(D2, about 96 wits Zr(n,
about 97 wi% ZrOz, about 98 wis Zr(s, about 99 wi% Z1On, about 99.5 wit% Zr(2, or about

100 wi%e Zr(3:. In embodiments, the catalyst composition can include about 530 wit% to about

- 10 -
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100 wi%e ZrQn, or about 60 wie to about 100 wile Zr(d:, or about 70 wi% to about 100 wi®s
Zr(y, about 80 wi®s to about 100 wi% Zr(3:, or about 90 wi% to about 100 wi% Zr(n.

{8835} Catalyst compositions according to embodiments herein can contain a plurality of
surface-active sifes. Without being bound by any particular theory, for catalyvst composiiions
comprising £r0z, 1t may be that the surface-active sites are coordinatively unsaturated Zr sites
(Zrews). According to embodiments, catalyst compositions comprising £r(0z comprise a plurality
of Zrous surface-active sites.

{8836} The catalyst compositions can be measured by X-ray diffraction (XRD), e g, using a
Siemens 15000 unit at ambient temperature with Cu Ka radiation and a scan rate of 0.033° s to
deternune the crystalline structure of the catalyst composition. Catalyst compositions
comprising £rOz in embodiments disclosed herein can be in at least one of the monoclinic phase
and the tetragonal phase, for example, as measured by XRD as described in Zhang, et al, The
Fffect of Phase Composition and Crystallite Size on Activity and Selecrivity of Zv(: in Non-
Oxidative Propane Dehvdrogenation, §. of Catalysis, 371, 313-324 {2019}, which 13 mcorporated
herein by reference in its entirety. In embodiments, the catalyst composition comprises Zr(d: n
the monoclinic phase.

{8037] The Brunauer, Emmett and Teller (BET) surface area of the catalyst composition can be
measured using nitrogen (N2} physisorption uptake at s normal boiling point in a surface
analyzer {e.g., a Quantasorb® 6 Surface Analyzer by Quantachrome® Corp.). The BET surface
area can be measured as set forth in Otroshchenko, et al., Zroz-Rased Unconventiona! Catalysts
for Non-Oxidative Propane Dehydrogenation: Fuactors Determining Catalytic Activity, J. of
Catalysis, 348, 282-290 (2017}, which is incorporated herein by reference in its entirety.

Another suitable method of measuring the BET surface area is set forth in ASTM D3663-

-11 -
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03{2008}, which 1s incorporated by reference herein in its entirety. {atalyst compositions
comprising Zr(» as described herein can have a BET surface area of about 1 m? g™ to about 100
m® g7 orabout 10m® g to about 20 m’ g7, or about 20 m® g to about 80 n’ g7, 30 m? g 1o
about 70 m? g™, 40 m® g7 to about 60 m? g, or about 40 m® g7, or about 45 m’ g7, or about 50
m® g} as measured by a surface analyzer as described above.

10838} According to various embodiments, the catalyst composition comprising ZrQz can further
include a rare earth metal. In embodiments, the rare earth meial can include at least one
lanthanide metal, an oxide thereof and combinations thereof. According to embodiments, the
rare earth metal can be at least one of yttrium {Y), erbium (Er), certum (Ce}, dysprosium (Dy},
gadolintom (Gd), lanthanum (La), neodymuum (Nd), samarium {Sm), ytterbium (Yh), oxides
thereof and nuxtures thereof. In embodiments, the catalyst composition can include about 0.5
wit%s to about 50 wi%e, or about 1 wi®4 to about 40 wiSe, or about 2 wi to about 30 wt%, or
about 3 wit% to about 25 wit%s, or about 4 wi%s to about 20 wit%, or about S wi%6 to about 153
wit, or about T wite to about 12 Wi, or about 2 wi% to about 10 wi% of the rare earth metal,
an oxide thereof or mixtures thereof. In certain embodiments, the catalyst compostion can
melude Zr(d:z stabilized with an ytiriurn dopant. The vitrium can increase the surface area of
Z1(n and stabilizes the pure tetragonal phase of the ZrGa. Such catalyst composttions can
comprise about 85 wi%e to about 99.5 wit% Zr(3: and about 0.5 wt% to about 15 wi% Y203
and/or an atomic ratio of Y/Zr of greater than O to about 0.2, The catalyst composition
comprising the yttria-stabilized zirconia (YSZ) can have a BET surface area of about 40 m* o7 o
about 110 m? g™,

{6839] According to vartous embodiments, a catalyst composition comprising Z1(3: can be

treated with a pretreatment gas. Pretreating the catalyst composition can increase the number of

212 -
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surface-active sifes on the catalyst, which can result in higher catalytic activity during the
dehvdrogenation reaction {e.g., at the beginning of the reaction). For example, without being
bound by any particular theory, 1t may be that pretreating a catalyst composition comprising
Zr(3: can icrease the Zr surface-active sites as compared to a catalyst composition that has not
been pretreated. In embodiments, a pretreated catalyst composition containing Zr(» comprises
more surface-active sttes {e.g., Zros) than a catalyst composition containing ZrQ: that has not
been pretreated.

{0040} In embodiments, a pretreated catalyst composition can be formed by contacting the
catalyst composition with a pretreatment gas under certain conditions. The pretreatment gas can
mnclude a reducing agent comprising at least one of Hz, carbon monoxide (CO), amunonia and
methane (CHa). In embodiments, the pretreatment gas can further include an inert gas
coraprising at Jeast one of nutrogen (N2}, heliurn (He) and Argon {(Ar). In embodunents, the
prefreatinent gas can comprise the reducing agent at a concentration of about I mol% to about 10
mol%, or about 2 mol®s, or about 4 mol%, or about 6 mol®e, or about 8 moi%, or about 10
mol%. In certain embodiments, the pretreatment gas 18 Ho and can mclude about 1 mol®e to
about 10 mol% Hy, or about 2 mol% He, or about 4 moi®e Ha, or about 6 mol® He, or about 8
mol% Ha, or about 10 mol®s Ha.

{8841} Duning the pretreatment, the pretreatment gas and/or the catalyst composttion can be at a
temperature of at least about 850 K, or at least about 860 K, or at least about 870 K, or at least
about 873 K, or at least about 880 K, or at about 870 K, or at about 871 K, or at about 872 K, or
at about 873 K, or at about 874 K, or at about 875 K. The pretreatment gas can be in contact
with the catalyst composition for about 1 b to about 24 h, orabout Z htoabout 22 h, orabout 3 h

to aboui 20 h, or about Shto about 15 h, orabout 8 htoabout 12 h, orabout 1 h, or about 2 h, or

213 -
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about 3 h, or about 4, hour or about 5 h.

{8842} According to various embodiments, catalyst compositions as disclosed herein can be in
the form of a plurality of units. The phurality of units can include, but are not limited to,
particles, powder, extrudates, tablets, pellets, agelomerates, granules and combinations thereof,
The plurality of units can have any suitable shape known to those of ordinary skill in the art.
Non-limiting examples of shapes include round, spherical, spheres, ellipsoidal, cylinders, hollow
cylinders, four-hole cylinders, wagon wheels, regular granules, irregular granules, multilobes,
trilobes, quadrilobes, rings, monoliths and combinations thereof.

{8843} The plurality of units can be formed by any suitable method known to those of ardinary
skill in the art. Non-limuting examples of methods for shaping and forming a plurahity of units
{e.g., from a mixture of catalyst matenials) include, extrusion, spray drying, pelletization,
agglomeration, o drop, and combinations thereof. In one embodiment, the plurality of umits can
be formed by pressing a powder 1nto wafers {e.g., at about 690 bar, for about 0.05 h), crushing
the wafers and then sieving the resulting aggregates to retain a mean aggregate size of about 100
um to about 250 wm, or about 1.5 mm to about 5 mum, or about 80 mesh to about 140 mesh.
{0844} In certain embodiments, the plurality of units can have a size of less than about 1,000 um,
or less than about 750 pm, or less than about 500 um, or less than about 300 um, or less than
about 250 um, or less than about 225 pm, or less than about 200 pm, or less than about 190 pm,
or less than about 180 pm, or less than about 150 ym, or less than about 100 um, or less than
about 10 um as measured by any suitable method known to those of ordinary skill in the art. In
embodiments, the plurality of units can have a size of about 170 pm to about 25C um, or about
80 mesh to about 140 mesh. In further embodiments, the plurality of units have a mean size of

about 1.5 mm to about 15.0 mm, or about 1.5 mm to about 12 mm, or about 1.5 mm to about 10
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mm, or about 1.5 mm to about 8.0 mm, or about 1.5 mm {0 about 5.0 mm. Particle size can be
measured using any suitable method known to those of ordinary skill in the art. For example,
particle size can be measured using ASTM D4438-85(2007) and ASTM [24464-10, both of
which are incorporated herein by reference in their entirety.

18045} According to embodiments, catalyst compositions as described herein may be comprised
in a kit. The kit can include the catalyst composition as described above and instructions for
pretreating the catalyst composition. The mstructions can comprise the following elements: 1)
place the catalyst composition in a chamber and/or reactor; 2) heat the pretreatment gas, the
chamber, the reactor and/or the catalyst compaosition to a temperature of at least about 850 K or
at least about 860 K, or at least about 870 K, or at least about 873 K, or at feast about 880 K, or
at about 870K, or at about 871 K, or at about 872 K, or at about 873 K, or at about 874 K, or at
about 875 K; 3} introduce the pretreatment gas into the chamber and/or reactor and contact the
catalyst composition with the pretreatment gas for about 0.1 hto about 24 h, orabout 0.5 hto
about 22 h, or about 1.0 hto about 20 h, or about 2.5 hto about i5 by, or about S hto about 12 h,
orabout 0.1 h, orabout 0.2 h, or about 0.5 b, about 1 h, or about 2 b, or about 3 b, or about 4,
hour or about S h.

[8846] According to embodiments, the kit may mclude the catalyst composition together with
mstroctions for using the catalyst composition in a light alkane {(or hight alkene) dehydrogenation
process. The catalyst composition can be pretreated or may not be pretreated in accordance with
embodiments herein. If not pretreated, the kat can further include instructions for pretreating the
catalyst composition as described above. The mstructions for using the catalyst composition can
comprise the following elements: 1} place the catalyst composition in a reactor; 2} infroduce the

fight alkane gas (and/or light alkene gas) together with Ho into the reactor; and 3} contact the
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light alkane gas {and/or light alkene gas) and the Hz with the catalyst composttion. Optionally,
the instructions may further include 4} recover the dehydrogenated (1.¢., alkene or alkadieng) gas.
{18847} The kits discussed above can include suitable details and instructions for using the
catalyst composition safely and productively. Non-limiting examples of such details and
mstructions can include how to load the catalyst composition into the reactor, how to pre-treat
the catalyst composition, if necessary, before starting the reaction, the starting temperatures and

gas composition for bringing the catalyst composition on-stream, the regeneration procedures,

how to unload the catalyst composition from the reactor and combinations thereof

Methads of Preparing the Catalyst Compositions

[8848] According to various embodiments, disclosed herein are methods of preparing catalyst
compositions as described above. A catalyst composition comprising £r(2 can be prepared
using a hydrothermal approach. In embodiments, the catalyst composition comprising Zr02 can
be synthesized by dissolving an amount of ZrO{NG: xH20 10 an amount of water {e.g.,
deiomized water} at a weight ratio of water to ZrO{NGs (O of about 1:1 to about 511, or about
Z:1 to about 41, orabout 21, or about 2.3:1, or about 2.4: 1, or about 311, or about 4:1.
Separately urea can be dissolved i water at a weight ratio of water to urea of about 1:2 to about
4:1, or about 1.1 toabout 31, orabout 1.5:1 toabowt 2:1, orabout 1.1:1, orabout 1.2:1, or about
1.3:1, or about 1.4:1. The ZrO{NOspxH»0O and urea solutions can be mixed together ata
temperature of about 20 °C to about 25 °C and then transferred to an autoclave formed of a
suitable material {e.g., stainless steel or other metaliurgy, Teflon® or other sunitable polymer).
The mixture can be crystallized in the autoclave at an elevated temperature, for example, a

temperature of about 300 K to about 500 K, or about 320 K to about 480 K, or about 350 K to
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about 460 K, or about 400 K or about 450 K, or about 451 K, or about 452 K or about 453 K, or
about 454 K| or about 455 K under autogenous pressure for a period of time, for example, about
2 h to about 36 h, or about 5 h to about 32 h, or about 10 h to about 24 h, or about 12 h to about
20 h, or about 18 h, or about 19 h, orabout 20 b, or about 21 h, or about 22 h. The crystalline
precipitate can be washed with deionized water, for example, at a ratio of about 50 mL to about
250 mb of deionuzed water per gram of catalyst, or about 100 mL deionized water per g catalyst
and subsequently dried under air at a temperature of about 300 K to about 500 K, or about 325 K
to about 430 K, or about 350 K to about 400 K, or about 380 K or about 381 K, or about 382 K,
or about 383 K, or about 384 K| or about 383 K, for a period of about 6 h to about 24 h, or about
& b to about 22 h, or about 10 b to about 20 h, or about 12 h to about 18 . In erobodiments, the
crystalline precipifate can be calcined according to any suitable method known to those of
ordinary skill in the art. For example, the crystalline precipitate can be calcined in flowing dry
air {e.g., zero grade) at a flow rate of about 0.5 cm® 57! to about 2.00 e’ 87!, or about 1.67 cm® 57t
and a temperature of about 700 K to about 1,000 K, or about 750 K to about 950 K, or about 800
K to about 900 K, or about 870 K, or about 871 K, or about 872 K, or about 873 K, or about 874
K, or about 875 K, or about 923 K, for about I htoabout 6 h, orabout 3 h

{8349] In embodiments, a catalyst composition comprising yitrium stabilized zirconium oxide
can be prepared. The catalyst composition can be synthesized by combimng ZrO{NOs) with
Y{NGs3)3, NHaOH and HoO to form a mixture. The mixture can be transferred to an avtoclave to
be crystallized at an elevated temperature of about 250 K to about 500 K, or about 275 K to
about 480 K or about 290 K {0 about 460 K, or about 295 K or about 296 K, or about 297 K, or
about 298 K, or about 299 K or about 300 K, or about 301 K under autogenous pressure for a

period of time, for example, about 2 h to about 36 h, or about S hto about 32 h, or about 10 h to
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about 24 b or abowt 12 htoabout 20 h, orabout 10 h, orabout 11 h, or about 12 h, or about 13 b,
or about 14 h. The crystalline precipitate can be washed with deionized water, for example, ata
ratio of about 50 mL to about 250 mL of detonized water per gram of catalyst, or about 100 mbL
deionized water per g catalyst, and subsequently dried under air at a temperature of about 300 K
to about 500 K, or about 325 K to about 450 K or about 350 K to about 400 K, or about 380 K,
or about 381 K, or about 382 K| or about 383 K, or about 384 K, or about 385 K, for a period of
about 6 h to about 24 h, or about 8 h to about 22 h, or about 16 h to about 20 h, orabout 12 hto
about 18 h. 1o embodiments, the crystalline precipitate can be calcined according to any suitable
method known to those of ordinary skill in the art. For example, the crystalline precipitate can
be calcined in flowing dry air (e.g., zero grade) at a flow rate of about 0.5 en?® s to about 2.00
cro’ 574 or about 1.67 cot’ 87! and a temperature of about 700 K to about 1,000 K, or about 750 K
1o about 930 K, or about 800 K to about 900 K, or about 870 K, or about 871 K, or about 872 K,
or about 873 K, or about 874 K, or about 875 K, or about 923 K, forabout | hto about 6 h, or
about 3 h.

{8850} According to embodiments, methods of preparing the catalyst composition can further
mclude pretreating the catalyst composition in a pretreatment gas as discussed above. For
example, the catalyst composition can be subjected to a reductive pretreatment, for example,
with a pretreatment gas comprising at least one of Ho, carbon monoxide {CO), light alkanes,
propane {C3Hs), alkenes, propene {{UsHs) and Ha species present as reactant and products of the
dehydrogenation reaction. In embodiments, the catalyst composition can be pretreated with Ho
at a temperature of about 800 K to about 1,000 K, or about 850 K to about 900 K, or about 873
K. The pretreated catalyst composition can inchude more surface-active sites (e.g., Zrous surface-

active sites} than a catalyst composition that has not been pretreated.
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Methods of Using the Catalyst Compositfions

{0051} Further described are methods of using catalyst compositions according to embodiments.
In embodiments, the catalyst compositions can be used in the dehydrogenation of light alkane
gas to form alkenes. In embodiments, the methods can also be used in the dehvdrogenation of
light alkene gas to form alkadienes. The Zr(0: present in the catalyst compositions s the active
catalyst material in the dehydrogenation reactions as disclosed herein. In contrast to, e.g., the
Otleflex” process where Zr(0: is used as an inactive support for the active Pt-8n catalyst
materials, the Zr0; in the present catalyst compositions 15 the active catalyst material. Itis
beheved that ZrO: has not before been used as the active catalyst material for the
dehydrogenation of light alkane (and/or light alkene) gas according to embodiments heren.
[8052] Tn embodiments, when preparing to dehydrogenate a light alkane gas, the catalyst
composition {(e.g., at a weight hourly space velocity of about 5.5 ! to about 0.05 h'!, or about
5.4 bl to about 0.054 k'l or about 2.7 hlto about 1.8 h™, or about 5.0 bl to abowt 0.1 bl ) can
be placed within a reactor and held at an about constant temperature using a furnace and a
temperature controller {e.g., a Watlow Series 96). The reactor can be any suitable reactor known
to those of ordinary skill in the art. Non-himiting examples include a U-shape quartz reactor
{e.g., with an inmer diameter of about 11.0 mm), a packed tubular reactor, a catofin-type reactor,
a fluidized bed reactor, a fixed bed reactor and a moving bed reactor. The furnace may be any
suitable furnace known to those of ordinary skill in the art. Non-limiting examples include a
single zone furnace {e.g., by National Element Inc., Model No. BA-120), a batchwise furnace or

a quartz tube furnace.
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16853} Prior to dehydrogenation, the catalyst composttion can be treated in a flowing oxygen gas
{02} and helium (He) mixture at a molar ratio of U2 of 26:1 to about 3011, or about 22:1 to about
28:1, or about 24:1 and heating the flowing gas mixture to a temperature of about 800 K to about
1,000 K, or about 850 K to about 900 K, or about 873 K at a rate of about 0.1 K s to about 1 K
s, or about 0.167 K ™! Treating the catalyst composition with the flowing Oz and He gas
mixture can be for a period of about 0.5 h to about 8 b, or about T htoabout 4 h, orabout 1 h, or
about 2 h. Subsequently, the reactor can be purged with flowing inert gas {as defined above},
steam, or by vacuum {e.g., 2 ecm’ g 7', nltra-high purity) to remove residual O within the
reactor.

[8054] The light alkane gas (and/or hight alkene gas) can be mtroduced to the reactor in the
presence of the catalyst composition. According to embodiments, the light alkane gas (and/or
light alkene gasjcan cormprise any ove of a 2 to Us straight or branched alkane and mixtures
thereof. In embodimuents, the light alkane gas {and/or hght alkene gas) can comprise at least one
of ethane, propane, n-butane, isobutane, pentane and mixtures thereof. In embodiments, a
portion of the effiuent from the reactor can be recycled to the gas miet and combined with fresh
feed gas. The effluent can comprise alkenes, for example, at least one of ethene, pentene,
butene, sobutene and pentene, and unreacted hight alkanes comprising at least one of ethane,
propane, n-butane, 1sobutane and pentane. In embodiments, the hght alkane gas (and/or light
alkene gas) can be mixed with an inert gas (e.g., steam, He, N2, Ar} at a molar ratic of about 1.2
to about 2:1, or about 1:1. In embodimenis, a vacuum pump can be used to lower the pressure of
the reactants while maintaining the total pressure above, for example, 1 bar to allow convective

flow when the exit pressure is atmospheric.
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{8855 Methods of dehydrogenating hight alkane gas {and/or light alkene gas) can include co-
feeding Ha with the light alkane gas {and/or light alkene gas) in the presence of the catalyst
composition. The catalyst composition can comprise Zr(d: according to various embodiments
described herein. Adding or co-feeding the Ha with the light alkane gas (and/or light alkene gas)
can inchide mtroducing the H» at a pressure of about 1 kPa to about 100 kPa, or about 3 kPa to
about 75 kPa, or about 10 kPa to about 50 kPa, or about 30 kPa to about 50 kPa while
dehvdrogenating the light alkane gas. 1n embodiments, the Hz can be added to the light alkane
gas (and/or light alkene gas) at a molar ratio of H to light alkane gas (and/or light alkene gas) of
about 1:100 to about 1:1. In embodiments, the Hx and/or reactor can be at a temperature of about
500 K to about 1000 K, or about 550 K to about 950 K, or about 600 K to about 960 K, or about
700 K to about 9S00 K.

[8856] According to embodiments, the method of dehydrogenating a light alkane gas {and/or
light alkene gas) in the presence of Hz and a catalyst composition as described herem can provide
a dehydrogenation rate per mass of the catalyst composition of about 0.5 mol kg™ h™ to about
10.0 mol kg b, or about 0.6 mol kgt bl to about 8.3 mol kgt bl The light alkane gas {(and/or
Hght alkene gas) dehiydrogenation rate and cracking rate can be determined by analyzing the
effluent stream from the reactor using gas chromatography (e.g., by an Agilent™ 1540A gas
chromatograph} with flame tonization detection (FID) {e.g., a GC fitted with a GS-GASPRO
column} after chromatographic separation. In embodiments, the light alkane gas (and/or light
alkene gas) dehydrogenation rate and the cracking rate can be normalized by the mass of the
catalyst composition {e.g., in mof kg™ b}, In embodiments, the light alkane gas (and/or light
alkene gas) dehydrogenation rate and cracking rate can be determined at a temperature of 873 K

and 823 K. The temperature can be measured using any suitable method known to those of
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ordinary skilf in the art. In embodimenis, the temperature can be measured with a thermocouple
(e.2., a K-type thermocouple by Omega™) and the reactor temperature can be determined from a
thermocoupie placed in contact with an outer tube surface (e.g., made of metal, quartz, etc.) at
the catalyst bed midpoint.

{8857 In embodiments, when used in a dehydrogenation reaction as described above, catalyst
compositions as disclosed herein can provide improved stability over other known catalyst
composttions for the dehydrogenation of light alkanes {and/or light alkenes) The haif-life of the
catalyst composition in the dehydrogenation reaction can be measured using any suitable method
known to those of ordinary skill in the art. In embodiments, the term “half-life of the catalyst
composition” can refer to the nurnber of days or hours afier which the catalyst device has a
dehydrogenation rate {DR) that 15 50% lower than an mtial or maxunum dehydrogenation rate
{DRs) value produced by the catalyst composition at the start {or soon after the start upon
stabilization) of the catalyst coroposition’s operation (e.g., the halt-life of the catalyst
composition can be based on the dehydrogenation reaction rate as a function of time}. In
embodiments, the half-life of the catalyst composttion 1s related to the weight hourly space
velocity {WHSV), which is the hourly mass feed flow rate per catalyst roass (b} in the reactor
In embodiments, the catalyst composition can have a half-life of about 1 hto about 50 h, or about
& b to about 46 h when the WHSV is about 5.4 b to about 0.054 h.

{0058] The half-life of the catalyst composition can also be evaluvated when aging the
composition under different conditions. The DR can be calculated based on Formula It
DR=60-{k,—k,) 'V Formula |

wherein ke represents the total decay constant, ku represents natural decay constant, V represents

the chamber volume in m’, and (k, — k) is calculated based on Formuia I
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(ke — ko)t = —In(C,/Cy) Formula I

wherein t represents the total testing time, C: represents the concentration at tirne ¢ in mg/m’, and
Co represents the concentration at time ¢ = 0 in mg/m’,

[6059] To determine the half-life of the catalyst composition, testing can begin by obtairung
the DR value produced by the catalyst composition at the start of the catalyst composition’s
operation or scon after the start of the catalyst composition’s operation once the DR has
stabilized (t = 0}, also known as DRo. Subsequently, the catalyst composition can be optionally
subjected to an Acceleration Test. An “Acceleration Test” refers to an extreme condition that
may impact or deteriorate the efficacy of the catalyst composition more rapidly, such as no Ho
gas co-feed or pre-treatment, co-feeding with (2, miroducing a pollutant or continsous
generation of pollutants. The optional Acceleration Test results can allow the estimation of the
catalyst composition’s hife span under real-life conditions. Following the optional Acceleration
Test, the catalyst composition 1s then aged under real-life conditions.

{6860} After the catalyst composition is aged for eight hours under real-life conditions,
another sample 1s taken to obtain the DR value at t = n, also known as DRa If the DRa value s
greater than 50 percent of the DRe value, then the catalyst composition is considered as still
operable and the testing continues by repeating the optional acceleration test, aging the catalyst
device under real-life conditions, and measuring the DRy value after each subsequent cycle.
Once the DRy value s lower or equal to 50 percent of the DRo value, the life span of the catalyst
device s deemed to have ended and the overall alkene mass (AM) generated by the catalyst
composition s calculated.

[8861] The above-described methods of using the catalyst compositions to dehydrogenate hight

alkane gas, can also be used to dehydrogenate a light alkene gas to form alkadienes. A hght
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alkene gas can inchide 2 — (s branched or straight alkenes. In embodiments, two reactors can
be configured in series, the first for dehydrogenating hight alkane gas and the second for

dehvdrogenating the light alkene gas.

EXAMPLES

Example 1 — Crysital structure of Zrih

[8062] A ZrO2 catalyst composition was prepared using a hydrothermal approach. To synthesize
the ZrO», 12.7 g ZrO(NO3)2xH2 G (99%, Aldrich) were dissolved in 30 mbL deioruzed HaO and
21.6 g urea were dissolved m 30 mL deionized HzO separately. The resulting solutions were
nuxed together at room temperature and then transferred into a Teflon hined stainless-steel
autoclave. Crystallization was performed at 433 K under auvtogenous pressure for 20 h. After
completion of the crystallization process, the precipitate was washed thoroughly with 500 ml
deronized water and then dried under air at 383 K overmight.

{6863] The crystal structure of the resulting Zr(3:2 catalyst composition was measured using X-
ray diffraction. The XRD pattern of ZrQ: catalyst composition 15 shown in FI6. 1. The data
herein indicates that catalyst compositions as described can retain the tetragonal phase at all

temperatures of treatment while providing higher dehydrogenation rates.

Example 2 — Effect of prefreatment on inifial C:H 3 deliydrogenation rate {rg) at 873 X
{8864} The effect of pretreating the Zr(: catalyst composition as prepared in Example T on
mitial propane dehydrogenation (PDH) rate {ra) at 873 K was evaluated. In order to compare the

effect of oxidative and reductive pretreatments on PDH activity of the Zr(: catalyst composition,
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the catalyst was pretreated 1 a 4 mol% Or/He mixture at 873 K for 2 b and separately ina 10
mol% Ha/He mixture at 873 K for 2 h prior to the PDH reaction.

16865] The Ox/He pretreated Zr(2 catalyst was introduced into the reactor. During the propane
dehyvdrogenation reaction, the propane feed gas was at a pressure of 13.7 kPa and a temperature
of 873 K and the catalyst composition was at a temperature of 873 K As shown m FIG, 2ZA, an
iitial increase in dehydrogenation rate {per mass} was observed within & min of the reaction.
The dehydrogenation rate increased from 5.2 mol kg™ h'l to 7.8 mol kg'' h'! while the selectivity
of the PDH reaction (ratio between dehydrogenation and cracking rate {ra/rc}) also increased
from 71 to 88 during this 6 min activation period. A monotonic decrease in dehydrogenation
rate and selectivity was observed after the inttial activation period mdicating the deactivation of
O catalyst. Without being bound by any particular theory, the increase in dehvdrogenation
rate during the irutial activation period may indicate the presence of an activation effect. Because
the surface lattice oxygen was removed, Zr surface active sites possibly were generated leading
to a higher dehydrogenation rate.

[8066] After the inttial activation period of 6 mun, the dehydrogenation rate and selectivity {ra/re}
of Zr(3: catalyst decreased with time. The deactivation process follows a first-order deactivation

mechanism as shown m equation 1.

in (%) = kgt (0

Ty
where 1o 18 the maximum dehydrogenation rate at the beginmung of PDH reaction or
during the mutial activation period, ri s the dehydrogenation rate at different time on stream and
ka 15 the deactivation constant. The half-life of the catalyst 1s defined in equation 2, which 1s time
elapsed as the catalyst deactivates to one-half of its initial dehydrogenation rate:

n{0.5)
ka

fog =

(2)
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{0867} Fi{. 2A shows that after the imtial activation period during PDH reaction at 873 K, a
half-life of .28 h can be observed for the ZrO» catalyst pretreated in Oo/He at 873 K and the
deactivation 1s mainly caused by the formation of carbonaceous species on the surface, as the
spent catalyst exhibited black color. This observation confirms previous observations {see, .2,
Zhang, et al., Control of Coordinatively Unsaturated Zr Sites in ZvO; for Efficient (-H Bond
Acrivation, Nature Communications, 9 (1}, 3794 (2018} that ZrQ» catalysts during PDH reaction
suffer from rapid deactivation with a catalyst’s half-life of 0.2 h during PDH reaction at 873 K
under 40 kPa CsHs and require regeneration on a regular basis.

{0068} A fresh catalyst was treated in flowing 10% Ho/He nuxture at 873 K for 2h. As shown in
FIG. 2B, for the Zr0; catalyst pretreated in the Ho/He, the inttial activation period was not
observed during the PDH reaction at 873 K. The initial dehydrogenation rate was 8.3 mol kg’ i
! which is comparable to the highest dehydrogenation (i.e., 7.8 mol kg™ h') during inttial
activation pertod on Zr0» treated in 4% Oo/He at 873 K. This indicates that a reductive
pretreatment by Ho can activate ZrQ2 to a similar extent as an oxidative pretreatment during the
mitial activation period. The debydrogenation rate on Zr(: treated m Ho/He at 873 K decreased
monotonically with time on stream with a half-life of 6.32 b, a value sumular to that on Zr(;
treated in (2/He at 873 K (0.28 h). This indicates that the deactivation behavior 18 not affected
by pretreatment methods {oxidative or reductive}. Based on the above observation, it was
determined that Hz can activate the Zr(3: catalyst through Ha/He pretreatment before the PDH

reaction.
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Example 3 — Deliydrogenation rate per mss of catalyst {rg) during a CsHg deliydrogenation
regction on a pretreated Zr0; catalyst

{8869} The dehvdrogenation rate per mass of catalyst (14} during a PDH reaction on a pretreated
Zr(3 catalyst was determined. A ZrO» catalyst composition as prepared in Example 1 was
pretreated with O at a pressure of 4 kPa and a temperature of 823 K for 2 h. Separately, another
Zr(n catalyst composition as prepared in Example 1 was pretreated in H» at a pressure of 10 kPa
and a temperature of 873 K for 2 h. The effect of pretreatment was then studied for a PDH
reaction at 823 K on the Zr(: catalyst During the PDH reaction, propane was introduced to the
reactor at a pressure of 13.7 kPa and a temperature of 823 K

{8070} As shown in FIG. 3, after the catalyst was treated 1o O2/He at 823 K, an mitial activation
effect was observed, which lasted for 70 min with an increase in dehydrogenation rate from 0.6
mol kg hlto 0.7 mol kgt bl After the initial activation period, the catalyst started to
deactivate at a much slower rate as compared to the deactivation process during the PDH
reaction at 873 K (Example 2}, Moreover, for the PDH reaction at 323 K, there 15 no
contribution to cracking rate from the Zr(: catalyst and all cracking products detected can be
attributed to homogenous gas phase reactions of propane, which can occur even in empty
reactors at these temperatures. The half-life for the catalyst pretreated with G2/He during PBH
reaction at 823 K was 34 h, which is 120 times higher than the half-life during the PDH reaction
at 873 K (0.28 h}. The Zr(, catalyst treated in Ha/He at 873 K had a higher mitial
dehydrogenation rate {1.1 mol kg™ b''y compared with the catalyst (0.7 mol kg™ b} treated in
(On/He at 823 K during PDH reaction at 823 K. These data demonstrate the activation effect of

the Ho pretreatment {FI{, 3).
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{8871} Different from the PDH reaction at 873 K on the Zr(3: catalyst treated in Hoy/He at 873 K
where no initial activation pertod can be observed, the PDH reaction at 823 K on the Zr(h:
catalyst treated in Hao/He at 873 K exhibited an 1itial activation period (110 min, up to 1.8 mol
kg h'). This indicates that the pre-reduced Zr(}; can be further activated during the PDH
reaction by propane-derived species. A 6 h half-life can be observed for ZrO: treated in Hy/He at
873 K during PDH reaction at 823 K, as compared to the £ catalyst treated in O2/He at 823 K

(34 h).

Example 4 - Effect of co-feeding H; on the stability of Zr0; catalyst af 873 K and 823 K

[8872] The effect of co-feeding Ho with the light alkane gas (e g., propane) durmg a
dehydrogenation reaction in the presence of a ZrO» catalyst (as prepared in Example 1) was
evaluated. The dehydrogenation rate per mass (ra} of ZrOo catalyst pretreated with Oo/He, with
additional H» present during the PDH reaction at different temaperatures, was determined. During
the PDH reaction, Hz was mitroduced to the reactor at a pressure of 12.3 kPa and C3Hs was co-
mtroduced at a pressure of 13.7 kPa.  The reaction was performed at a temperature of 873 K and
separately at a temperature 823 K.

{887 3] Prior to the PDH reaction, the catalyst was pretreated i (u2/He at corresponding
temperatures corresponding the PDH reaction temperatures (1.e, 823 K, 873 K). As the Hz was
co-fed into the reaction gas siream comprising CsHe, an mhibition effect on dehydrogenation rate
was observed at 823 K. As shown in FI{. 4, the imttial dehydrogenation rate at 823 K decreased
from 0.7 mol kg bl 10 0.31 mol kg b, Also shown in FIG. 4, the initial dehydrogenation rate

at 873 K decreased from 52 mol kg™ ' to 2.5 mol kg bl
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16674} It was also found that there was no contribution to the cracking rate from the Zr(h:
catalyst during the PDH reaction with the additional Ho at a pressure of 12.3 kPa at temperatures
of 823 K and 873 K. The fack of contribution to the cracking rate at €73 K indicates that co-
feeding with Hz can improve the selectivity of the Zr(2 catalyst towards CsHs.

{8075} The stability of the Zr(0: catalyst improved in the PDH reaction when additional H> was
co-fed with the propane at a pressure of 12.3 kPa and a temperature of §73 K. Indeed, the
catalyst half-life was 46 h as compared to 0.28 h during the PDH reaction at 873 K without co-
feeding with Ha, At 823 K, there was no observable deactivation during the PDH reaction under
the presence of additional Hz at a pressure of 12.3 kPa. Because Ha pretreatment can activate the
catalyst as demonstrated in Example 3, ot s possible that by co-feeding H» during the PDH
reaction, £ras surface-active sites may be generated or mantained continuously so that any
formation of carbonaceous species does not affect the catalytic activity.

[8076] FIG. S shows the COz generation rate during a re-oxadation process after a PDH reaction
with and without the presence of additional Ho at 873 K on the Zr(32 catalyst. During the re-
oxidation, a mixture of 4% Ox/He was provided at a rate of 2 e’ g ¢! and a temperature of 873
K. By comparing the total amount of CO:z generated duning the re-oxadation process, it was
found that by co-feeding the Hz with the propane feed gas, the formation of carbonaceous species
could be mhibited.

{6077} After the PDH reaction at 873 K on the Zr(J: catalyst pretreated with O:/He, the total
amount of CO: generated during the subsequent re-oxidation process was 2.6 mmol gea”’, which
corresponds to a surface carbon density of 35 C-atoms/nm?®. Considering the surface Zr-O pair
density of 7 nm™, the formation of carbonaceous species is likely to cover the active sites on

Zx(Go catalyst surface, which can eventually lead to deactivation. After the PDH reaction with
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additional 12.3 kPa Hz at 873 K on Zr0; catalyst with (:/He pretreatment, only 0.5 mmol gea™
CO:z was generated during subsequent re-oxidation process, which corresponds to a surface
carbon density of 6.6 nm™? (FIG. 8). The presence of additional H> at a pressure of 12.3 kPa
during the PDH reaction at 873 K, led to a greater than five-fold decrease in the surface density
of carbonaceous species as compared to the PDH reaction at 873 K without additional Ha.
Together with the observed activation effect on the ZrO; catalyst during the PDH reaction afier
H> pretreatment, the stabilization of ZrO; during the PDH reaction by co-feeding Hz may be
attributable to continuous generation of surface-active sites while the formation of carbonaceous
species 15 effectively inhibited. Without being bound by any particular theory, these data seem to
indicate that the role of H 15 to continuously remove the C as it forms at a rate hugher than that
achieved by the Ho formed in site by the dehydrogenation reaction. These two effects of pre-
treatment and co-feeding with Hz lead to a stable Zr(Os catalyst during the PDH reaction with

high selectivity towards propene.

Exammple 3 — Depeandence of deliydrogenation vate on Hy and C3Hy

{8378} The dependence of the dehydrogenation rate on Hz and CsHs was evaloated. The
dehydrogenation rate per mass of catalyst (ra} was determuned during a PDH reaction with
additional Ho at a pressure of 12.3 kPa and a temperature of 873 K on the Zr( catalystas a
function of CsHs partial pressure. Dhue to the stabilization effect on the activity of the Zr(3:
catalyst during the PDH reaction with additional H», the dependence of the dehydrogenation rate
on the partial pressure of {sHs could be accurately determined at 873 K under the presence of
additional Ho at a pressure of 123 kPa for a Zr(3: catalyst pretreated m O2/He at 873 K. As

shown mn FIG. 6, the dehydrogenation rate increased proportionally with increasing CsHs partial
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pressure while there was no contribution to cracking rate from the Zr(3:. This trend indicates that
at 873 K the P} reaction occurs on the surface with low coverages of UsHs-derived species,
which are either weakly-bound or scavenged in fast subsequent reactions after they formed.
{0879} Fi{. 7A shows the dehydrogenation rate per mass of catalyst (ra} during a P reaction
where the propane gas was co-fed with Hy at a presswre of 123 kPa or 24 6 kPaand a
temperature of 823 K on the Zr( catalyst as a function of CiHs partial pressure. ¥FIG. 7B shows
the dehvdrogenation rate per mass of catalyst {14} during the PDH reaction where the propane gas
was introduced at a pressure of 4.1 kPa, 137 kPa and 30.1 kPa and a temperature of 823 K on
the Zr(» catalyst as a function of Ho partial pressure.

[8080] The dependence of dehydrogenation rate on CiHs and Ho partial pressure at 823 K was
deternined for a £r(3 catalyst pretreated i O2/He at 823 K. Under 12.3 kPa of additional Hz, an
mnhibition of dehydrogenation rate at elevating CsHs partial pressure was observed at 823 K. This
indicates that under additional H» at a pressure of 12.3 kPa, the catalyst surface has become
saturated with CaHs-derived intermediates at high C:Hs partial pressure (FIG. 74), which can
mhibit the dehvdrogenation rate.

{8381} As the partial pressure of additional Hz increased to 24.6 kPa, the dehydrogenation rate
mereased proportionally with increasing CaHs partial pressure at 823 K, indicating that under
additional Ho at a pressure of 24.6 kPa, the CsHs-derived mtermediates can undergo fast
subsequent reaction on the catalyst surface and the dehydrogenation rate will not be mhibited.
No contribution to cracking rate from the Zr(2 was observed during the above mentioned PDH
reaction under 12.3 kPa and 24.6 kPa of additional Ha.

{6082] As shown i FIG. 78, the dependence of dehydrogenation rate on Ho partial pressure was

studied under 4.1 kPa, 13.7 kPa and 30.1 kPa CsHs at 823 K. An inhibition effect on the
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dehvdrogenation rate was observed for all three CsHs partial pressures at increasing H» partial
pressure and the dehydrogenation rate eventually became constant with an Ha partial pressure
higher than 58 kPa. There are two possible origins for the Hy inhibition effect: 1) etther the
additional Hz 1s reversing the C-H bond activation step by reacting with the formed alkyl group
to re-form CaHg; or 2) 1t 1s increasing the H-content of the carbonaceous deposit and making

iess willing to accept hydrogen from C3Hs.

Example 6 — Benchmurk of PDH activity on different v catalysis

{0083} A benchmark of the PDH reaction activity on different Zr(: catalysts was determined.
The dehydrogenation rate of propane on Zr(» catalysts as prepared in Example 1 according to
various embodiments was compared with the PDH activity data on 2O from previous studies
(FIG. 8). FIG. 8 shows a comparison of imtial dehydrogenation rate of propane among Zr(h
catalysts in current research a) ZrOoc dehydrogenation rate after the catalyst has been pretreated
m 4 kPa Oz, He balance; b) the dehydrogenation rate after the catalyst been regenerated in 4 kPa
(32, He balance; and ¢} from references Zr0o, ZrOn2 and ZrOos. The PDH reaction was
operated with CaHs at a pressure of 40 kPa and a temperature of 823K,

{8384] The Zr(» catalysts from previous studies were commercial ZrQs (by Saint-Gobain} with
different crystalime sizes (Zr02%-1: 43 nm, Zr(2-2: 13 nm, Zr(2'-3: 9 nm}. The dehydrogenation
rate at 823 K on the commercial ZrQ: catalyst increased with decreasing crystaliine size, but the
selectivity towards propene decreased with decreasing crystalline size. For the Zr(3:-3 catalyst
with a crystalline size of 9 nm, the selectivity towards propene was 98%. For the Zr(: catalyst as
prepared in Example 1 according to embodiments herein, the dehydrogenation rate at 823 K was

higher than that on Zr(0:'-1 and the PDH reaction was highly selective towards propene {no
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contribution to cracking rate from Zr(h: was observed after the subtraction of gas phase activity).
After the PDH reaction, the Zr(2 catalyst prepared in accordance with Example 1 and
embodiments herein, was treated in 4 kPa O at 823 K for 30 min and the subsequent PDH
reaction after regeneration exhibited a dehydrogenation rate comparable with the first PDH
activity measurement {(FIG, 8), which indicates the Zr(O» catalyst can be fully regenerated by
oxidative treatment. This observation ts consistent with previous studies where several PDH
reaction-regeneration cycles were performed on Z10: at 823 K and no decrease i iniial
dehvdrogenation rate was observed.

{8085} The mtroduction of additional H» during the PDH reaction on ZrO: catalyst provided a
method to improve the stability of the catalyst through an inlubition of the formation of mactive
carbonaceous species. This inhibition can lead to higher stability of the catalyst. No contribution
to cracking rate from the Zr(: catalyst when additional H» was present during the PDH reaction
at 873 K and all cracking products detected can be fully attributed to homogenous reactions that
occur even n an empty reactor. This method may provide a general strategy to improve the
stabifity of oxide-based catalyst durmng paraffin dehydrogenation reaction.

{88386] The preceding description sets forth numerous specific details such as examples of
spectfic systems, components, methods, and so forth, 1 order to provide a good understanding of
several embodiments of the present invention. It will be apparent to one skilled in the art,
however, that at least some embodiments of the present invention may be practiced without these
specific details. In other instances, weli-known components or methods are not described in
detail in order to avoid unnecessarily obscuring the present invention. Thus, the specific details
set forth are exemplary. Particular embodiments may vary from these exemplary details and stifi

be contemplated to be within the scope of the present mvention.
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{0087} Although the operations of the methods herein are described in a particular order, the
order of the operations of each method may be altered so that certain operations may be
performed i an inverse order or so that certain operation may be performed, at least i part,
concurrently with other operations. In another embodiment, imstructions or sub-operations of
distinct operations may be m an intermittent and/or alternating manner.

{0088} It 15 to be understood that the above description 15 intended to be illustrative, and not
restrictive. Many other embodiments will be apparent to those of skill in the art upon reading
and understanding the above description.  The scope of the imvention should, therefore, be
determined with reference to the appended claims, along with the full scope of equivalents to

which such clauns are entitled.
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CLAIMS
I/We claim:
1. A catalyst composition, comprising:
zircontum oxide {Zr(),

wherein the catalyst composition is free of at least one of chromium or a precious metal

2. The catalyst composition of claim 1, comprising at least about 50 wi% Zr(Q» based on

total weight of the catalyst composition.

3. The catalyst composition of claim 1 or 2, comprising a plurality of Zres surface-active
sties.
4. The catalyst composition of claim 1, wherein the Zr(0z comprises at least one of a

monoclnic phase of Zr(: or a tetragonal phase of Zr(Go.

~

- . . N + ~ 2.
5. The catalyst composition of ¢claim 1, comprising a BET surface area of about 1 m? gl to

about 100 m? g™

6. The catalyst composition of claim 1, further comprising a rare earth metal comprising at

least one lanthanide metal, an oxide thereof or combinations thereof.

7. The catalyst composition of claim 1, further comprising a rare earth metal comprising at

ieast one of yttrium {Y), erbium (Er), certum {Ce), dysprosium {Dv}, gadehinmm (Gd),

i

[y
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lanthanum (La), neodymiuum (Nd), samarium (Sm), ytterbium {Yb), oxides thereof or mixtures

thereof.

8. The catalyst composition of claim © or 7 comprising about 0.5 wi% to about 50 wt% of

the rare earth metal.

9. The catalyst compaosition of claim 1, further comprising vttria.

10, The catalyst composition of claim 9, wherein an atomic ratio of Y. Zr is from greater than

0 toabout 6.2,

11, The catalyst composition of claim 9 or 10, comprising a BET surface area of about 40 m?
g to about 110 m? gt

g out | g

12 The catalyst composition of claim 1, wherein the catalyst composition has been

pretreated and comprises more surface-active sites than before pretreatment.

13 The catalyst composition of claim 1, wherein the catalyst composition has been

pretreated by contacting the catalyst composition with a pretreatment gas.

14. The catalyst composition of claim 13, wherem the pretreatment gas comprises a reducing

agent.
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15, The catalyst composition of claim 14, wherein the reducing agent comprises at feast one
of hydrogen (H2), carbon monoxide (CO), ammonia or methane (CHa4}, and
optionally, wherein the pretreatment gas further comprises unreacted light alkane gas and

at feast one alkens.

16, The catalyst composition of claim 14 or 15, wherein the reducing agent 15 ata

concentration of about 1 mol%6 to about 10 mol%%.

17 The catalyst composition of claim 13, wherein the catalyst composition has been

prefreated at a temperature of at least about 850 K.

18 The catalyst composition of claim 13, wherein the catalyst composition has been

pretreated for about 1 hto about 24 h

19. The catalyst composition of claim 1, comprising a plurality of units.
20 The catalyst composition of claim 19, wherein the plurality of units comprise at least one

of particles, powder, extrudates, tablets, agglomerates, granules, spheres or combinations thergof

21 The catalyst composition of claim 19 or 20, the plurality of umits comprise a mean size of

about 1.5 mm to about 5.0 mm.

22. The catalyst composition of claim 19 or 20, wherein the plurality of umits comprise a
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mean size of about 100 um to about 250 um.

23, A method of preparing a catalyst composition, comprising:

combining ZrO{NGspxH20, water and urea at a temperature of about 20 °C to about 25
°C to form a ZrO(NOs ), solution; and

crystallizing the ZrO{NOs ) solution at an elevated temperature under an autogenous

pressure for about 2 h to about 36 b to form the catalyst composition.

24, The method of claim 23, wherein the combining comprises dissolving the

LrO(NO:pxH20 1 water at a weight ratio of water to ZrO(NGOs hxHzO0 of about 111 to about 51 L.

A9
LA

The method of claim 23 or 24, wherein the corabining comprises dissolving the urea in

water at a weight ratio of water to urea of about 1:2 to about 4: 1.

26. The method of claim 23, wherein the crystallizing 15 m an autoclave,
27 The method of claim 23, wherein the elevated temperature 15 about 300 K to about 500 K.

28, The method of claim 23, wherein the crystallizing further comprises drying the catalyst
composition under air at a temperature of about 300 K to about 500 K for about 6 h to about 24

h.

29. The method of claim 23, further comprising pretreating the catalyst composition in a

pretreatment gas.

3¢, The method of claim 29, wherein the pretreatment gas comprises a reducing agent.
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31 The method of claim 30, wherein the reducing agent comprises at least one of hydrogen
(2}, carbon monoxide {CO), ammonia or methane (CHu4), and
optionally, wherein the pretreatment gas further comprises unreacted light alkane gas and

at feast one alkens.

32. The method of claim 30 or 31, wherein the reducing agent s at a concentration of about |

moi® to about 10 mol®s.

3
V8]

The method of claim 29, wherem the pretreating 1s at a temperature of at least about 850

.

K
34 The method of claim 29, wherem the pretreating 1s for about 1 hto about 24 h
35 The method of claim 23, further comprising calcining the catalyst composition.
36. The method of claim 23, wherem the catalyst composition comprises:
zivcoutum oxide (Zr0a),
wherein the catalyst composition is free of at least one of chromiurm or a precious metal.
37 A method for dehydrogenating a hight alkane gas, comprising:

combining hydrogen (Hz) with the light alkane gas in the presence of a catalyst

composition comprising zirconium oxide (Zr2}.
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38. The method of claim 37, wherein the light alkane gas comprises any one ofa Cato U5

straight or branched alkane and mixtures thereof

39 The method of claim 37 or 38, wherein the light alkane gas comprises at least one of

ethane, propane, n-butane, isobutane, pentane or nuxtures thereof.

40. The method of claim 37, wherem the combining H, with the light alkane gas 15 at a molar

ratio of Ha to light alkane gas of about 1:100 to about 1:1.

41. The method of claim 37, wherein the combining Hx with the light alkane gas isata

temperature of about 500 K to about 1000 K, or about 700 K to about 900 K.

42 The method of claim 37, wherein the catalyst composition is pretreated with a

pretreatment gas.

43, The method of claim 37, wherein the pretreatment gas is at a teroperature of at least about
&30 K.

44, The method of claim 40 or 41, wherein the pretreatment gas comprises a reducing agent.
45 The method of claim 44, wherein the reducing agent comprises at least one of Ha, carbon

monoxide (CO), ammonia or methane {CH4}, and
optionally, wherein the pretreatment gas further comprises unreacted light alkane gas and

at least one alkene.
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46. The method of claim 44, wherein the pretreatment gas comprises about 1 moi® to about

10 mol% of the reducing agent.

47 The method of claim 37, wherein the Hs is present in an amount sufficient to remove
surface lattice oxygen from the catalyst composition and generate or reactivate surface-active
sites, or

wherein the Hz is present in an amount of H: per mass of catalyst of about 1 mol kg bt

to about 100 mol kg' bt

48, The method of claim 37, wherem a dehydrogenation rate per mass of the catalyst

composition is about 0.5 mol kg™ h™ 1o about 10.0 mol kg &l

49 The method of claim 37, wherein the catalyst composition comprises a half-life of about
1 hio about 30 h, or about 6 b to about 46 b
50, The method of claim 37, wherein the catalyst composition comprises:

zirconium oxide {(Zr(3},

wherein the catalyst composition is free of at least one of chromiuim or a precious metal.

51. A kit comprising;
a catalyst composition comprising zirconiom oxide {Zr(2}, wherein the catalyst

composition 1s free of at least one of chromium or a precious metal;, and
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at least one of:
(A}  instructions for pretreating the catalyst composition, comprising:
contacting the catalyst composition with a pretreatment gas, wherein the
pretreatment gas comprises a reducing agent; of
(B}  instructions for using the catalyst composition, comprising:
dehydrogenating a light alkane gas, comprising combining hydrogen (H2) with the

light alkane gas in the presence of the catalyst composition.
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concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees need to be paid.

Group |: Claims 1-22 and 51 are drawn to catalyst compositions including zirconium oxide, and kits including catalyst compositions.
Group II: Claims 23-36 are drawn to methods of preparing catalyst compositions.
Group 1l Claims 37-50 are drawn to methods for dehydrogenating a light alkane gas.

The inventions listed in Groups I-tll do not relate to a single general inventive concept under PCT Rule 13.1, because under PCT Rule
13.2 they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group |, catalyst compositions including zirconium oxide, and kits including catalyst compositions, are
not present in Groups Il and 1lI; the special technical features of Group If, methods of preparing catalyst compositions, are not present in
Groups | and llI; and the special technical features of Group Ill, methods for dehydrogenating a light alkane gas, are not present in
Groups | and Il.

Additionally, even if Groups I-lll were considered to share the technical features of a catalyst composition comprising zirconium oxide
(2r02); and dehydrogenating a light alkane gas, comprising combining hydrogen (H2) with the light alkane gas in the presence of the
catalyst composition, these shared technical features do not represent a contribution over the prior art as disclosed by US 2009/0325791
A1to Pan et al.

US 2009/0325791 A1 to Pan et al. teach a catalyst composition comprising zirconium oxide (2rO2) (Para. (0007}, catalyst comprising
zirconia, and stabilized with a metal oxide wherein the metal! is selected from the group consisting of scandium, yttrium, lanthanum,
cerium, actinium, calcium, magnesium, silicon, and mixtures thereof); and dehydrogenating a light alkane gas, comprising combining
hydrogen (H2) with the light alkane gas in the presence of the catalyst composition (Para. [0007], dehydrogenation of a paraffin stream
in the absence of oxygen ... The process comprises contacting the paraffin stream with a catalyst comprising zirconia, and stabilized with
a metal oxide wherein the metal is selected from the group consisting of scandium, yttrium, lanthanum, cerium, actinium, calcium,
magnesium, silicon, and mixtures thereof; Para. [0027], The process has been tested to work on paraffinic hydrocarbons in the C3 to
C15 range, and more specifically in the C3 to C5 range, and in particular propane, n-butane and isobutane; Para. [0037], running a
hydrocarbon stream over the catalyst at 620° C. under a hydrogen atmosphere; see also Fig. 1).

The inventions listed in Groups |-l therefore lack unity under Rule 13 because they do not share a same or corresponding special
technical feature.
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