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CATALYSTS FOR NATURAL GAS PROCESSES

BACKGROUND

Technical Field

This invention is generally related to catalysts and catalytic forms
and formulations for use in natural gas processes, such as the oxidative

coupling of methane.

Description of the Related Art

Catalysis is the process in which the rate of a chemical reaction is
either increased or decreased by means of a catalyst. Positive catalysts lower
the rate-limiting free energy change to the transition state, and thus increase
the speed of a chemical reaction at a given temperature. Negative catalysts
have the opposite effect. Catalysts are generally characterized as either
heterogeneous or homogeneous. Heterogeneous catalysts exist in a different
phase than the reactants (e.g., a solid metal catalyst and gas phase reactants),
and the catalytic reaction generally occurs on the surface of the heterogeneous
catalyst. Thus, for the catalytic reaction to occur, the reactants must diffuse to
and/or adsorb onto the catalyst surface. This transport and adsorption of
reactants is often the rate limiting step in a heterogeneous catalysis reaction.
Heterogeneous catalysts are also generally easily separable from the reaction

mixture by common techniques such as filtration or distillation.

One heterogeneous catalytic reaction with commercial potential is
the oxidative coupling of methane (*OCM”) to ethylene: 2CH4+0O2 > CoH4 +
2H,0. See, e.g., Zhang, Q., Journal of Natural Gas Chem., 12:81, 2003; Olah,
G. “Hydrocarbon Chemistry”, Ed. 2, John Wiley & Sons (2003). This reaction is
exothermic (AH = -67kcals/mole) and has typically been shown to occur at very
high temperatures (>700°C). Although the detailed reaction mechanism is not
fully characterized, experimental evidence suggests that free radical chemistry

is involved. (Lunsford, J. Chem. Soc., Chem. Comm., 1991; H. Lunsford,
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Angew. Chem., Int. Ed. Engl., 34:970, 1995). In the reaction, methane (CHj) is
activated on the catalyst surface, forming methyl radicals which then couple in
the gas phase to form ethane (C;Hs), followed by dehydrogenation to ethylene
(C2oH4). To date, the OCM reaction has not been commercialized, due in large
part to the lack of effective catalysts and catalytic forms.

Another catalytic reaction with commercial potential is the
oxidative dehydrydrogenation (ODH) of ethane to ethylene. Oxidative
dehydrogenation of ethane to ethylene has been proposed to replace thermal
cracking of ethane. The lower temperature operation and exothermic nature of
ODH has the potential to significantly reduce the external heat input required for
thermal cracking and lessen the coke formation. However, over oxidation of
ethylene can reduce the ethylene selectivity, and better catalysts and
processes are needed before the full potential of this reaction can be realized.

Many heterogeneous catalysts are employed in combination with
a binder, carrier, diluent, support material and/or are provided in specific
shapes or sizes. The use of these materials provides certain advantages. For
example, supports provide a surface on which the catalyst is spread to increase
the effective surface area of the catalyst and reduce the catalyst load required.
The support or diluent may also interact synergistically with the catalyst to
enhance the catalytic properties of the catalyst. Further, catalytic supports may
be tailored to specific reactions and/or reactor types in order to optimize the
flow (e.g., reduce back pressure) of gaseous reactants.

While some progress has been made, there remains a need in the
art for improved catalysts, catalyst forms and formulations and catalytic
processes for use in catalytic reactions, such as OCM and ODH. The present

invention fulfills these needs and provides further related advantages.

BRIEF SUMMARY
In brief, catalysts, catalytic forms and formulations and related
methods are disclosed. In one embodiment, the disclosure provides a catalytic

material comprising a plurality of catalysts in combination with a diluent or
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support, for example in some embodiments the catalysts are catalytic
nanowires. The catalytic materials find utility in various catalytic reactions. In
one particular embodiment, the catalytic materials are useful for petrochemical
catalysis, such as the oxidative coupling of methane or the oxidative
dehydrogenation of alkanes to olefins (e.g., ethane to ethylene, propane to
propene, butane to butene and the like).

In one embodiment, the disclosure provides a formed catalytic
material comprising:

(@)  a perovskite; and

(b)  a catalyst having the following formula:

Ln1,Ln2,LN3cLN44LNScLN6:Ox(OH)y

wherein:

Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different
lanthanide elements;

O is oxygen;

OH is hydroxy;

a is a number greater than 0; and

b, c,d, e, f, xand y are each independently numbers of O or
greater, provided that at least one of x or y is greater than 0,

wherein the catalytic material further comprises a methane
conversion of greater than 20% and a C2 selectivity of greater than 50% when
the catalyst is employed as a heterogeneous catalyst in the oxidative coupling
of methane at a temperatures ranging from about 550 °C to about 750 °C.

In a different embodiment, the disclosure is directed to a catalytic
material comprising:

(a) an OCM active catalyst; and

(b) a second catalyst comprising the following formula:

Ln1,Ln2,LN3cLN44LNScLN6:Ox(OH)y

wherein:

Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different

lanthanide elements;
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O is oxygen;

OH is hydroxy;

a is a number greater than 0; and

b, c,d, e, f, xand y are each independently numbers of O or
greater, provided that at least one of x or y is greater than 0

wherein the OCM active catalyst comprises a methane conversion
of greater than 20% and a C2 selectivity of greater than 50% when the catalyst
is employed as a heterogeneous catalyst in the oxidative coupling of methane
at a temperatures ranging from about 550 °C to about 750 °C, and wherein the
OCM activity of the catalytic material is greater than either (a) or (b) alone.

In other embodiments is provided a catalytic material comprising:

(a) an alkaline earth metal aluminate, tungstate, titanate,
zirconate or hafnate; and

(b) a catalyst having the following formula:

Ln1,Ln2,LN3cLN44LNScLN6:Ox(OH)y

wherein:

Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different
lanthanide elements;

O is oxygen;

OH is hydroxy;

a is a number greater than 0; and

b, c,d, e, f, xand y are each independently numbers of O or
greater, provided that at least one of x or y is greater than 0.

Still more embodiments are directed to a catalytic material
comprising:

(a) an OCM active catalyst; and

(b) a second catalyst comprising the following formula:

Ln1,Ln2,LN3cLN44LNScLN6:Ox(OH)y

wherein:

Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different

lanthanide elements;
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O is oxygen;

OH is hydroxy;

a is a number greater than 0; and

b, c,d, e, f, xand y are each independently numbers of O or
greater, provided that at least one of x or y is greater than O

wherein the catalytic material has a volume loss of less than 5%
when heated to 900 °C in air for 100 hours.

In other more embodiments, a formed catalyst is provided, the
formed catalyst comprising a nanostructured catalyst base material and a
dopant, wherein the catalyst has a crush strength of greater than about 2 N/mm
after exposure to air comprising water at temperatures between about 20 °C
and 30 °C for greater than 50 hours.

In different embodiments, the disclosure is directed to a formed
catalytic material for performing oxidative coupling of methane at linear
velocities ranging from about 0.1 m/s to about 10 m/s, the catalytic material
comprising:

a) a catalyst

b) a non-tessellating shape;

c)a binder or diluent;

d) a crush strength of greater than about 2 N/mm after exposure
to air comprising water at temperatures between about 20 °C and 30 °C for
greater than 50 hours; and

d) a bed void fraction of greater than 0.3. 114.

A catalyst bed comprising a plurality of the foregoing catalytic
materials is also provided in different embodiments.

Other embodiments provide a catalytic material comprising a first
and second catalyst, wherein the first catalyst has activity for oxidative coupling
of methane, and the second catalyst has activity for oxidation of carbon
monoxide.

Other embodiments are directed to a formed catalytic material

comprising a plurality of nanostructured catalysts tableted or extruded into a
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form, the catalytic material having a density ranging from about 2.0 g/mL to
about 5.0 g/mL, a porosity ranging from about 0.7 to about 0.2 and a surface
area ranging from about 30 m?%g to about 0.2 m?g.

In still more embodiments, a formed catalytic material comprising
an OCM active catalyst is provided, wherein the catalytic material is in the
shape of a ring having an outer diameter ranging from about 3 mm to about 50
mm and an inner diameter ranging from about 1Tmm to about 25 mm, wherein
the outer diameter is larger than the inner diameter.

A formed catalytic material comprising an OCM active catalyst is
provided in various other embodiments, wherein the catalytic material
comprises a non-tessellating shape having a plurality of penetrating holes
therethrough.

In more embodiments, the disclosure is directed to a formed
catalytic material comprising a plurality of OCM active catalysts, wherein the
catalytic material has a C2+ selectivity of greater than 50% when the catalytic
material is employed as a catalytic material in a method for the oxidative
coupling of methane to C2+ hydrocarbons, wherein the method comprises
passing a feed gas comprising methane though the catalytic material at linear
velocities ranging from about 0.1 m/s to about 10 m/s.

In some other different embodiments, the disclosure provides a
formed catalytic material for performing oxidative coupling of methane at linear
velocities ranging from about 0.1 m/s to about 10 m/s, the catalytic material
comprising (a) a catalyst and a binder or diluent; (b) a non-tessellating shape;
and (c) at least one rounded or chamfered edge, at least one convex surface or
both, wherein the catalytic material comprises a methane conversion of greater
than 20% and a C2 selectivity of greater than 50% when the catalytic material is
employed as a heterogeneous catalyst in the oxidative coupling of methane at a
temperatures ranging from about 550 °C to about 750 °C.

Methods for preparing catalysts and catalytic materials are also
provided. Accordingly, in one embodiment a method for preparing a catalyst

comprising a dopant is provided, the method comprising: (a) preparing a
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mixture comprising a nanostructured catalyst base material and a salt of the
dopant, wherein the salt comprises at least 95% w/w of a carbonate salt of the
dopant; and (b) calcining the mixture above about 300 °C, and (c) forming the
formed catalyst by tableting or extrusion, wherein the catalyst has a crush
strength of greater than about 2 N/mm after exposure to air comprising water at
temperatures between about 20 °C and 30 °C for greater than 50 hours.
Catalyst prepared by the foregoing method are also provided.

In still different embodiments, a method for preparation of a
formed catalytic material for the oxidative coupling of methane is provided, the
method comprising:

a) admixing a nanostructured catalytic base material;

b) extruding or tableting the mixture of (a) to prepare a formed
catalytic material; and

c) calcining the formed catalytic material at temperatures ranging
from about 600 °C to about 1200 °C.

Other embodiments are directed to a method for preparation of a
formed catalytic material for the oxidative coupling of methane, the method
comprising:

a) forming a nanostructured catalytic base material by: (i)
admixing a nanostructured catalyst with a dopant; (ii) drying the doped
nanostructured catalyst of (i); (iii) milling the dried nanostructured catalyst of (ii);
and (iv) calcining the milled nanostructured catalyst of (iii) at temperatures
ranging from about 600 °C to about 1200 °C to produce the nanostructured
catalytic base material,

b) extruding or tableting the mixture of (a) to prepare a formed
catalytic material; and

c) calcining the formed catalytic material at temperatures ranging
from about 600 °C to about 1200 °C.

Methods for performing catalytic reactions, such as the oxidative
coupling of methane are also provided in various embodiments. For example,

in one embodiment is provided a method for performing a catalytic reaction, the
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method comprising contacting a composition comprising a molten salt and a
catalyst with a reactant gas, thereby converting the reactant gas to a product
gas. Compositions comprising a molten salt and a catalyst suspended therein
are also provided.

Other different embodiments provide a method for the preparation
of an alkene, the method comprising charging a feed gas comprising an alkane
and oxygen through an inlet to a reactor comprising a fluidized catalyst bed,
and contacting the feed gas with the fluidized catalyst bed for a period of time
sufficient to convert the alkane to the alkene, wherein the temperature of the
feed gas at the inlet is maintained at or below 550 °C, and the fluidized catalyst
bed is maintained at temperatures ranging from 650 °C to 950 °C.

In still more different embodiments, a method of the oxidative
coupling of methane is provided, the method comprising contacting a mixture
comprising methane and oxygen with a catalyst bed comprising any of the
catalytic materials described herein at gas linear velocities ranging from about
0.1 m/s to about 10 m/s.

In other embodiments, the disclosure provides a method for
oxidative coupling of methane, the method comprising contacting methane and
oxygen with any of the catalytic materials described herein at temperatures
ranging from about 525 °C to about 825 °C to form a product gas comprising
C2’s, carbon dioxide and substantially no carbon monoxide.

More different embodiments provide a method for oxidative
coupling of methane, the method comprising:

a) contacting methane and oxygen with an OCM active catalyst to
form a product gas; and

b) contacting the product gas in a downstream reactor with a
second catalyst that has activity for oxidation of carbon monoxide.

In other embodiments, a method for the oxidative coupling of
methane to C2+ hydrocarbons under adiabatic conditions is provided, the

method comprising passing a feed gas comprising methane at a linear velocity
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of 0.1 m/s or higher through a packed catalyst bed, the packed catalyst bed
comprising any of the catalytic materials described herein.

These and other aspects of the invention will be apparent upon
reference to the following detailed description. To this end, various references
are set forth herein which describe in more detail certain background
information, procedures, compounds and/or compositions, and are each hereby

incorporated by reference in their entirety.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

In the drawings, the sizes and relative positions of elements in the
drawings are not necessarily drawn to scale. For example, the various
elements and angles are not drawn to scale, and some of these elements are
arbitrarily enlarged and positioned to improve drawing legibility. Further, the
particular shapes of the elements as drawn are not intended to convey any
information regarding the actual shape of the particular elements, and have
been selected solely for ease of recognition in the drawings.

Figure 1 presents exemplary catalytic material shapes having
chamfered (left) or rounded (right) edges.

Figures 2A-F illustrate exemplary catalytic material shapes.

Figure 3 schematically depicts the oxidative coupling of methane
(OCM) reaction.

Figure 4 is a block diagram illustrating an embodiment for
integration of OCM and ODH cracking.

Figure 5 is a block diagram illustrating an alternative embodiment
for integration of OCM and ODH cracking.

Figure 6 is a block flow diagram of an embodiment for production
of ethylene from ethane employing ethane auto-thermal cracking

Figure 7 is a block flow diagram of an embodiment for production
of liquid hydrocarbons from ethane employing ethane auto-thermal cracking.

Figure 8 shows representative downstream products of ethylene.
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Figure 9 is a flow chart showing preparation of ethylene-based
products.

Figure 10 is a graph of crush strength as a function of calcination
temperature for representative catalytic materials.

Figure 11 is a graph of surface area as a function of calcination
temperature for representative catalytic materials.

Figure 12 is a graph of porosity as a function of calcination
temperature for representative catalytic materials.

Figure 13 is a graph of density as a function of calcination
temperature for representative catalytic materials.

Figure 14 provides data comparing the C2 yield of OCM reactions
performed in the presence of either a standard catalyst or a bifunctional catalyst
comprising the standard catalyst and Fe2Os.

Figure 15 is a graph comparing the CO/CO, concentration ratio in
OCM reactions performed in the presence of either a standard catalyst or a
bifunctional catalyst comprising the standard catalyst and Fe2Os.

Figure 16 presents data for C2+ selectivity as a function of gas
linear velocity for an OCM reaction performed in the presence of a

representative catalyst.

DETAILED DESCRIPTION

In the following description, certain specific details are set forth in
order to provide a thorough understanding of various embodiments. However,
one skilled in the art will understand that the invention may be practiced without
these details. In other instances, well-known structures have not been shown
or described in detail to avoid unnecessarily obscuring descriptions of the
embodiments. Unless the context requires otherwise, throughout the
specification and claims which follow, the word “comprise” and variations
thereof, such as, “comprises” and “comprising” are to be construed in an open,

inclusive sense, that is, as “including, but not limited to.” Further, headings
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provided herein are for convenience only and do not interpret the scope or
meaning of the claimed invention.

Reference throughout this specification to “one embodiment” or
“an embodiment” means that a particular feature, structure or characteristic
described in connection with the embodiment is included in at least one
embodiment. Thus, the appearances of the phrases “in one embodiment” or “in
an embodiment” in various places throughout this specification are not
necessarily all referring to the same embodiment. Furthermore, the particular
features, structures, or characteristics may be combined in any suitable manner
in one or more embodiments. Also, as used in this specification and the

appended claims, the singular forms “a,” “an,” and “the” include plural referents
unless the content clearly dictates otherwise. It should also be noted that the
term “or” is generally employed in its sense including “and/or” unless the

content clearly dictates otherwise.

Definitions

As used herein, and unless the context dictates otherwise, the
following terms have the meanings as specified below.

“Catalyst” means a substance that alters the rate of a chemical
reaction. A catalyst may either increase the chemical reaction rate (i.e., a
“positive catalyst”) or decrease the reaction rate (i.e., a “negative catalyst”).
Catalysts participate in a reaction in a cyclic fashion such that the catalyst is
cyclically regenerated. “Catalytic” means having the properties of a catalyst.

“Catalytic material” refers to a plurality of catalyst particles, which
may optionally be combined with a support, diluent and/or binder.

“Catalyst form” or “catalytic form” refers to the physical shape of a
catalytic material. For example, catalyst forms include catalysts and/or catalytic
materials extrudated or pelleted into various shapes or disposed on various
support structures, including honeycomb structures, grids, monoliths, and the

like, as discussed in more detail below.
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“Catalyst formulation” or “catalytic formulation” refers to the
chemical composition of a catalytic material. For example, a catalyst
formulation may include a catalyst and one or more support, diluent and/or
binder materials.

An “extrudate” refers to a material (e.g., catalytic material)
prepared by forcing a semisolid material comprising a catalyst through a die or
opening of appropriate shape. Extrudates can be prepared in a variety of
shapes and structures by common means known in the art.

A “formed aggregate” or “formed catalytic material” refers to an
aggregation of catalyst material particles, either alone, or in conjunction with
one or more other materials, e.g., catalyst materials, dopants, diluents, support
materials, binders, etc. formed into a single particle. Formed aggregates
include without limitation, extruded particles, termed “extrudates”, pressed or
cast particles, e.g., pellets such as tablets, ovals, spherical particles, etc.,
coated particles, e.g., spray, immersion or pan coated particles, pan
agglomerated particles, impregnated particles, e.g., monoliths, foils, foams,
honeycombs, or the like. Formed aggregates may range in size from particles
having individual cross sections in the micron range to cross sections in the
millimeter range, to even larger particles such as monolithic formed aggregates,
that may be on the order of centimeters or even meters in cross section.

A “pellet’, “pressed pellet”, “tablet” or “tableted” refers to a
material (e.g., catalytic material) prepared by applying pressure to (i.e.,
compressing) a material comprising a catalyst into a desired shape. Pellets
having various dimensions and shapes can be prepared according to common
techniques in the art.

“Monolith” or “monolith support” is generally a structure formed
from a single structural unit preferably having passages disposed through it in
either an irregular or regular pattern with porous or non-porous walls separating
adjacent passages. Examples of such monolithic supports include, e.g.,
ceramic or metal foam-like or porous structures. The single structural unit may

be used in place of or in addition to conventional particulate or granular
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catalysts (e.g., pellets or extrudates). Examples of such irregular patterned
monolith substrates include filters used for molten metals. Monoliths generally
have a porous fraction ranging from about 60% to 90% and a flow resistance
substantially less than the flow resistance of a packed bed of similar volume
(e.g., about 10% to 30% of the flow resistance of a packed bed of similar
volume). Examples of regular patterned substrates include monolith
honeycomb supports used for purifying exhausts from motor vehicles and used
in various chemical processes and ceramic foam structures having irregular
passages. Many types of monolith support structures made from conventional
refractory or ceramic materials such as alumina, zirconia, yttria, silicon carbide,
and mixtures thereof, are well known and commercially available from, among
others, Corning, lac.; Vesuvius Hi-Tech Ceramics, Inc.; and Porvair Advanced
Materials, Inc. and SiCAT (Sicatalyst.com). Monoliths include, but are not
limited to, foams, honeycombs, foils, mesh, gauze and the like.

“Bulk catalyst” or “bulk material” refers to a catalyst without
nanosized dimensions. For example, bulk catalysts and materials generally
have dimensions of 100 nanometers or more. Such materials can be prepared,
for example, by traditional techniques, for example by milling or grinding large
catalyst particles to obtain smaller/higher surface area catalyst particles.

“‘Nanostructured catalyst” means a catalyst having at least one
dimension on the order of nanometers (e.g., between about 1 and 100
nanometers). Non-limiting examples of nanostructured catalysts include
nanoparticle catalysts and nanowire catalysts.

“‘Nanoparticle” means a particle having at least one diameter on
the order of nanometers (e.g., between about 1 and 100 nanometers).

“‘Nanowire” means a nanowire structure having at least one
dimension on the order of nanometers (e.g. between about 1 and 100
nanometers) and an aspect ratio greater than 10:1. The “aspect ratio” of a
nanowire is the ratio of the actual length (L) of the nanowire to the diameter (D)
of the nanowire. Aspect ratio is expressed as L:D. Exemplary nanowires are

known in the art and described in more detail in co-pending U.S. Application Nos.
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13/115,082 (U.S. Pub. No. 2012/0041246);13/689,611 (U.S. Pub. No. US-
2013/0165728); and 13/689,514 (U.S. Pub. No. 2013/0158322), the full disclosures
of which are hereby incorporated by reference in their entirety for all purposes.

“Polycrystalline nanowire” means a nanowire having multiple
crystal domains. Polycrystalline nanowires often have different morphologies
(e.g. bent vs. straight) as compared to the corresponding “single-crystalline”
nanowires.

“Effective length” of a nanowire means the shortest distance
between the two distal ends of a nanowire as measured by transmission
electron microscopy (TEM) in bright field mode at 5 keV. “Average effective
length” refers to the average of the effective lengths of individual nanowires
within a plurality of nanowires.

“Actual length” of a nanowire means the distance between the two
distal ends of a nanowire as traced through the backbone of the nanowire as
measured by TEM in bright field mode at 5 keV. “Average actual length” refers
to the average of the actual lengths of individual nanowires within a plurality of
nanowires.

The “diameter” of a nanowire is measured in an axis
perpendicular to the axis of the nanowire’s actual length (i.e. perpendicular to
the nanowires backbone). The diameter of a nanowire will vary from narrow to
wide as measured at different points along the nanowire backbone. As used
herein, the diameter of a nanowire is the most prevalent (i.e. the mode)
diameter.

The “ratio of effective length to actual length” is determined by
dividing the effective length by the actual length. A nanowire having a “bent
morphology” will have a ratio of effective length to actual length of less than one
as described in more detail herein. A straight nanowire will have a ratio of
effective length to actual length equal to one as described in more detail herein.

“Inorganic” means a substance comprising a metal or semi-metal
element. In certain embodiments, inorganic refers to a substance comprising a

metal element. An inorganic compound can contain one or more metals in their
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elemental state, or more typically, a compound formed by a metal ion (M"",
whereinn 1,2, 3,4,5,6 or7)and an anion (X", mis 1, 2, 3 or 4), which
balance and neutralize the positive charges of the metal ion through
electrostatic interactions. Non-limiting examples of inorganic compounds
include oxides, hydroxides, halides, nitrates, sulfates, carbonates, phosphates,
acetates, oxalates, and combinations thereof, of metal elements. Other non-
limiting examples of inorganic compounds include LixCOs, Li2POs, LiIOH, LixO,
LiCl, LiBr, Lil, LiC,Q04, Li;SO4, Na,CO3,Na,PO4, NaOH, Na,O, NaCl, NaBr, Nal,
NazC204, NazS0O4, KoCO3,KPO4, KOH, K20, KCI, KBr, Kl, K2C204, K2SO4,
Cs2C03, CsPO4, CsOH, Cs,0, CsCl, CsBr, Csl, CsC204, CsSO4, Be(OH).,
BeCOs, BePO4, BeO, BeCly, BeBr,, Bely, BeC204. BeSO4, Mg(OH),, MgCOs,
MgPO., MgO, MgCl,, MgBrz, Mglz, MgC204. MgSQO4, Ca(OH),, CaO, CaCOs,
CaPOy, CaCly, CaBrs, Caly, Ca(OH),, CaC,04, CaS0y4, Y203, Y2(COs)s,
Y2(POa)s, Y(OH)s, YCls, YBrs, Yls, Y2(C204)s, Y2(SO4)s3, Zr(OH)4, Zr(COs)z,
Zr(POs)2, ZrO(OH)y, ZrO2, ZrCls, ZrBra, Zrls, Zr(C204)2, Zr(SO4)2, Ti(OH)4,
TiO(OH)z, Ti(CO3)2, Ti(PO4)2, TiO2, TiCla, TiBra, Tils, Ti(C204)2, Ti(SO4)2,Ba0,
Ba(OH),, BaCOs, BaPOs, BaCl,, BaBry, Baly, BaC204, BaSO4, La(OH)s,
Lax(COs)s, Lax(PO4)s, LaOs, LaCls, LaBrs, Lals, Lax(C204)s3, Laz(SO4)s,
Ce(OH)4, Ce(COs3),, Ce(P0O4)2, CeO,, Ce203, CeCls, CeBrs, Cels, Ce(C204)2,
Ce(S0y4)2, ThOy, Th(CO3),, Th(PO4)2, ThCls, ThBry4, This, Th(OH)4, Th(C204)2,
Th(804)2, Sr(OH)2, SrCO3, SrPO4, SrO, SrCly, SrBr, Srly, SrC204, SrSO4,
Sm;03, Smy(CO3)s, Sm2(PO4)3, SMClz, SmBrs, Smls, Sm(OH)3, Smy(CO3)s,
Sm3(C203)3, SM2(SO4)s3, LiCazBisO4Cls, Na;WO4, K/SrCoOs, K/Na/SrCoOs,
Li/SrCoQOs3, SrCo0s3, molybdenum oxides, molybdenum hydroxides,
molybdenum carbonates, molybdenum phosphates, molybdenum chlorides,
molybdenum bromides, molybdenum iodides, molybdenum oxalates,
molybdenum sulfates, manganese oxides, manganese chlorides, manganese
bromides, manganese iodides, manganese hydroxides, manganese oxalates,
manganese sulfates, manganese tungstates, vanadium oxides, vanadium
carbonates, vanadium phosphates, vanadium chlorides, vanadium bromides,

vanadium iodides, vanadium hydroxides, vanadium oxalates, vanadium
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sulfates, tungsten oxides, tungsten carbonates, tungsten phosphates, tungsten
chlorides, tungsten bromides, tungsten iodides, tungsten hydroxides, tungsten
oxalates, tungsten sulfates, neodymium oxides, neodymium carbonates,
neodymium phosphates, neodymium chlorides, neodymium bromides,
neodymium iodides, neodymium hydroxides, neodymium oxalates, neodymium
sulfates, europium oxides, europium carbonates, europium phosphates,
europium chlorides, europium bromides, europium iodides, europium
hydroxides, europium oxalates, europium sulfates rhenium oxides, rhenium
carbonates, rhenium phosphates, rhenium chlorides, rhenium bromides,
rhenium iodides, rhenium hydroxides, rhenium oxalates, rhenium sulfates,
chromium oxides, chromium carbonates, chromium phosphates, chromium
chlorides, chromium bromides, chromium iodides, chromium hydroxides,
chromium oxalates, chromium sulfates, potassium molybdenum oxides and the
like.

“Oxide” refers to a metal compound comprising oxygen.
Examples of oxides include, but are not limited to, metal oxides (MxOy), metal
oxyhalides (MOyX;), metal oxynitrates (MxO,(NOs),), metal phosphates
(My(PQas)y), metal oxycarbonates (MxO,(CO3),), metal carbonates, metal
oxyhydroxides (MyO,(OH),), metal hydroxides (M.(OH).) and the like, wherein X
is independently, at each occurrence, fluoro, chloro, bromo or iodo, and x, y
and z are numbers from 1 to 100.

“Crystal domain” means a continuous region over which a
substance is crystalline.

“Single-crystalline nanowires” means a nanowire having a single
crystal domain.

“Turnover number” is a measure of the number of reactant
molecules a catalyst can convert to product molecules per unit time.

“Active” or “catalytically active” refers to a catalyst which has
substantial activity in the reaction of interest. For example, in some
embodiments a catalyst which is OCM active (i.e., has activity in the OCM

reaction) has a C2+ selectivity of 5% or more and/or an oxygen conversion of
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5% or more when the catalyst is employed as a heterogeneous catalyst in the
oxidative coupling of methane at a temperature of 750 °C or less.

“Inactive” or “catalytically inactive” refers to a catalyst which does
not have substantial activity in the reaction of interest. For example, in some
embodiments a catalyst which is OCM inactive has a C2+ selectivity of less
than 5% and/or an oxygen conversion of less than 5% when the catalyst is
employed as a heterogeneous catalyst in the oxidative coupling of methane at a
temperature of 750 °C or less.

“Oxygen conversion” is the percent of oxygen in the feed gas
which is consumed.

“Activation temperature” refers to the temperature at which a
catalyst becomes catalytically active.

“Light off temperature” is the temperature at which a catalyst or
catalytic material has sufficient catalytic activity to initiate the desired reaction.
In certain embodiments, e.g., for exothermic reactions like OCM, the light off
temperature is at a sufficient level to not only allow initiation of the catalyzed
reaction, but to do so at a rate that is thermally self-sufficient, e.g., generating
enough thermal energy to maintain the reaction temperature at or above the
initiation temperature.

“OCM activity” refers to the ability of a catalyst to catalyze the
OCM reaction.

A catalyst having “high OCM activity” refers to a catalyst having a
C2+ selectivity of 50% or more and/or an oxygen conversion of 10% or more
when the catalyst is employed as a heterogeneous catalyst in the oxidative
coupling of methane at a specific temperature, for example 750 °C or less.

A catalyst having “moderate OCM activity” refers to a catalyst
having a C2+ selectivity of about 20-50% and/or an oxygen conversion of about
5-10% when the catalyst is employed as a heterogeneous catalyst in the
oxidative coupling of methane at a temperature of 750 °C or less.

A catalyst having “low OCM activity” refers to a catalyst having a

C2+ selectivity of about 5-20% and/or an oxygen conversion of about 1-5%
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when the catalyst is employed as a heterogeneous catalyst in the oxidative
coupling of methane at a temperature of 750 °C or less.

“‘Base material” refers to the major component of a catalyst. For
example a rare earth oxide which is doped with a dopant comprises a rare earth
oxide base material.

“Dopant” or “doping agent” is additive added to or incorporated
within a catalyst to optimize catalytic performance (e.g. increase or decrease
catalytic activity). As compared to the undoped catalyst, a doped catalyst may
increase or decrease the selectivity, conversion, and/or yield of a reaction
catalyzed by the catalyst. A dopant may be present in the base catalyst
material in any amount, and may in some embodiments be present in 50% or
less by weight relative to the base catalyst material or in other embodiments it
is present in more than 50% by weight relative to the base catalyst material.

“Atomic percent” (at% or at/at) or “atomic ratio” when used in the
context of nanowire dopants refers to the ratio of the total number of dopant
atoms to the total number of metal atoms in the nanowire. For example, the
atomic percent of dopant in a lithium doped MgsMnOg nanowire is determined
by calculating the total number of lithium atoms and dividing by the sum of the
total number of magnesium and manganese atoms and multiplying by 100 (i.e.,
atomic percent of dopant = [Li atoms/(Mg atoms + Mn atoms)] x 100).

“Weight percent” (wt/wt) ” when used in the context of nanowire
dopants refers to the ratio of the total weight of dopant to the total combined
weight of the dopant and the nanowire. For example, the weight percent of
dopant in a lithium doped MgsMnOg nanowire is determined by calculating the
total weight of lithium and dividing by the sum of the total combined weight of
lithium and MgsMnQOg and multiplying by 100 (i.e., weight percent of dopant = [Li
weight/(Li weight + MgeMnOg weight)] x 100).

“Group 17 elements include lithium (Li), sodium (Na), potassium
(K), rubidium (Rb), cesium (Cs), and francium (Fr).

“Group 27 elements include beryllium (Be), magnesium (Mg),

calcium (Ca), strontium (Sr), barium (Ba), and radium (Ra).
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“Group 3” elements include scandium (Sc) and yttrium (Y).

“Group 4” elements include titanium (Ti), zirconium (Zr), hafnium
(Hf), and rutherfordium (Rf).

“Group 5” elements include vanadium (V), niobium (Nb), tantalum
(Ta), and dubnium (Db).

“Group 6” elements include chromium (Cr), molybdenum (Mo),
tungsten (W), and seaborgium (Sg).

“Group 7" elements include manganese (Mn), technetium (Tc),
rhenium (Re), and bohrium (Bh).

“Group 8” elements include iron (Fe), ruthenium (Ru), osmium
(Os), and hassium (Hs).

“Group 9” elements include cobalt (Co), rhodium (Rh), iridium (Ir),
and meitnerium (Mt).

“Group 10” elements include nickel (Ni), palladium (Pd), platinum
(Pt) and darmistadium (Ds).

“Group 11” elements include copper (Cu), silver (Ag), gold (Au),
and roentgenium (Rg).

“Group 12” elements include zinc (Zn), cadmium (Cd), mercury
(Hg), and copernicium (Cn).

“Lanthanides” include lanthanum (La), cerium (Ce),
praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm),
europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho),
erbium (Er), thulium (Tm), yitterbium (Yb), and lutetium (Lu).

“Actinides” include actinium (Ac), thorium (Th), protactinium (Pa),
uranium (U), neptunium (Np), plutonium (Pu), americium (Am), curium (Cm),
berklelium (Bk), californium (Cf), einsteinium (Es), fermium (Fm), mendelevium
(Md), nobelium (No), and lawrencium (Lr).

“‘Rare earth elements” include group 3 elements, lanthanides and
actinides.

“‘Metal element” or “metal” is any element, except hydrogen,

selected from Groups 1 through 12, lanthanides, actinides, aluminum (Al),
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gallium (Ga), indium (In), tin (Sn), thallium (Tl), lead (Pb), and bismuth (Bi).
Metal elements include metal elements in their elemental form as well as metal
elements in an oxidized or reduced state, for example, when a metal element is
combined with other elements in the form of compounds comprising metal
elements. For example, metal elements can be in the form of hydrates, salts,
oxides, as well as various polymorphs thereof, and the like.

“Semi-metal element” refers to an element selected from boron
(B), silicon (Si), germanium (Ge), arsenic (As), antimony (Sb), tellurium (Te),
and polonium (Po).

“Non-metal element” refers to an element selected from carbon
(C), nitrogen (N), oxygen (O), fluorine (F), phosphorus (P), sulfur (S), chlorine
(Cl), selenium (Se), bromine (Br), iodine (1), and astatine (At).

“C2” refers to a hydrocarbon (i.e., compound consisting of carbon
and hydrogen atoms) having only two carbon atoms, for example ethane and
ethylene. Similarly, “C3” refers to a hydrocarbon having only 3 carbon atoms,
for example propane and propylene.

“Conversion” means the mole fraction (i.e., percent) of a reactant
converted to a product or products.

“Selectivity” refers to the percent of converted reactant that went
to a specified product, e.g., C2 selectivity is the % of converted methane that
formed ethane and ethylene, C3 selectivity is the % of converted methane that
formed propane and propylene, C2+ selectivity is the % of converted methane
that formed ethane and ethylene, propane and propylene, and other higher
hydrocarbons, CO selectivity is the % of converted methane that formed CO.

“Yield” is a measure of (e.g. percent) of product obtained relative
to the theoretical maximum product obtainable. Yield is calculated by dividing
the amount of the obtained product in moles by the theoretical yield in moles.
Percent yield is calculated by multiplying this value by 100. C2 yield is defined
as the sum of the ethane and ethylene molar flow at the reactor outlet multiplied
by two and divided by the inlet methane molar flow. C3 yield is defined as the

sum of propane and propylene molar flow at the reactor outlet multiplied by
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three and divided by the inlet methane molar flow. C2+ yield is the sum of the
C2 yield and C3 yield. Yield is also calculable by multiplying the methane
conversion by the relevant selectivity, e.g., C2 yield is equal to the methane
conversion times the C2 selectivity. C2+ yield is equal to the methane
conversion times the C2+ selectivity.

“Alkane” means a straight chain or branched, noncyclic or cyclic,
saturated aliphatic hydrocarbon. Alkanes include linear, branched and cyclic
structures. Representative straight chain alkanes include methane, ethane, n-
propane, n-butane, n-pentane, n-hexane, and the like; while branched alkanes
include secbutane, isobutane, tertbutane, isopentane, and the like.
Representative cyclic alkanes include cyclopropane, cyclobutane,
cyclopentane, cyclohexane, and the like.

“Alkene” means a straight chain or branched, noncyclic or cyclic,
unsaturated aliphatic hydrocarbon having at least one carbon-carbon double
bond. Alkenes include linear, branched and cyclic structures. Representative
straight chain and branched alkenes include ethylene, propylene, 1-butene, 2-
butene, isobutylene, 1-pentene, 2-pentene, 3-methyl-1-butene, 2-methyl-2-
butene, 2,3-dimethyl-2-butene, and the like. Cyclic alkenes include
cyclohexene and cyclopentene and the like.

“‘Alkyne” means a straight chain or branched, noncyclic or cyclic,
unsaturated aliphatic hydrocarbon having at least one carbon-carbon triple
bond. Alkynes include linear, branched and cyclic structures. Representative
straight chain and branched alkynes include acetylene, propyne, 1-butyne, 2-
butyne, 1-pentyne, 2-pentyne, 3-methyl-1-butyne, and the like. Representative
cyclic alkynes include cycloheptyne and the like.

“‘Alkyl,” “alkenyl” and “alkynyl” refers to an alkane, alkene or
alkyne radical, respectively.

“Aromatic” means a carbocyclic moiety having a cyclic system of
conjugated p orbitals forming a delocalized conjugated = system and a number
of w electrons equal to 4n + 2 withn =0, 1, 2, 3, etc. Representative examples

of aromatics include benzene and naphthalene and toluene. “Aryl” refers to an
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aromatic radical. Exemplary aryl groups include, but are not limited to, phenyl,
napthyl and the like.

“Carbon-containing compounds” are compounds that comprise
carbon. Non-limiting examples of carbon-containing compounds include
hydrocarbons, CO and COa..

As used throughout the specification, a catalyst composition
represented by E'/E%/E?, etc., wherein E', E? and E are each independently an
element or a compound comprising one or more elements, refers to a catalyst
composition comprised of a mixture of E', E? and E®. E'/E¥E?, etc. are not
necessarily present in equal amounts and need not form a bond with one
another. For example, a catalyst comprising Li/MgO refers to a catalyst
comprising Li and MgO, for example, Li/MgO may refer to a MgO catalyst
doped with Li. In some examples, the catalysts are represented by M1/M2,
where M1 and M2 are independently metal elements. In such examples it is
understood that the catalysts also comprise oxygen (e.g., an oxide of M1 and/or
M2), although not specifically depicted. Such catalysts may also further
comprise one or more additional metal elements (M3, M4, M5, etc.). By way of
another example, a catalyst comprising NaMnO4/MgO refers to a catalyst
comprised of a mixture of NaMnO4 and MgO. Dopants may be added in
suitable form. For example in a lithium doped magnesium oxide catalyst
(Li/MgQO), the Li dopant can be incorporated in the form of Li;O, LioCOs, LiOH,
or other suitable forms. Li may be fully incorporated in the MgO crystal lattice
(e.g., (Li,M@)O) as well. Dopants for other catalyst may be incorporated
analogously.

“Mixed oxide” or “mixed metal oxide” refers to a catalyst
comprising at least two different oxidized metals. In various embodiments, the
mixed oxides are "physical blends" of different oxidized metals. For example, in
some embodiments, the mixed oxides are physical blends and are represented
by M1,0,1/M2,0O,2, wherein M1 and M2 are the same or different metal
elements, O is oxygen and x, y, z1 and z2 are numbers from 1 to 100 and the

“/" indicates that the two oxidized metals are in contact (e.g., physically
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blended) but not necessarily bound via a covalent or ionic or other type of bond.
In other examples, a mixed oxide is a compound comprising two or more
oxidized metals and oxygen (e.g., M1,M2,0,, wherein M1 and M2 are the same
or different metal elements, O is oxygen and x, y and z are numbers from 1 to
100).

A mixed oxide may comprise metal elements in various oxidation
states and may comprise more than one type of metal element. For example, a
mixed oxide of manganese and magnesium comprises oxidized forms of
magnesium and manganese. Each individual manganese and magnesium
atom may or may not have the same oxidation state. Mixed oxides comprising
3, 4, 5, 6 or more metal elements can be represented in an analogous manner.
Mixed oxides include, but are not limited to metal oxides (MxOy), metal
oxyhalides (M;O,X;), metal oxynitrates (M,O,(NOs),), metal phosphates
(Mx(POs4)y), metal oxycarbonates (MxO,(COs),), metal carbonates, metal
oxyhydroxides (M;O,(OH),) and the like, and combinations thereof, wherein X is
independently, at each occurrence, fluoro, chloro, bromo or iodo, and x, y and z
are numbers from 1 to 100. Mixed oxides may be represented herein as M1-
M2, wherein M1 and M2 are each independently a metal element and M1 and
M2 are oxidized. Mixed oxides comprising, 3, 4, 5, 6 or more metal elements
can be represented in an analogous manner.

“Crush strength” is the force required to fracture or crush a
material, such as a formed (e.g., extruded catalyst material). Crush strength
can be expressed in force per length (N/mm) or force per area (N/mm?) of the
material. For example, crush strength can be determined by dividing the force
required to crush the material by the largest projected area of the material. For
example the largest projected area of a cylinder (diameter = 1 mm and length =
1 mm) would be diameter multiplied by the length or 1 mm?. When expressed
based on material length, crush strength is determined by the force required to
crush the material divided by the material length (in the direction of the applied
force). This definition is applicable to formed catalysts of different size and

shape.
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“Void fraction” or “void volume” is the volume of free space, i.e.,
space not occupied by the catalyst itself, divided by the total volume occupied
by the catalytic form. For example, the void fraction of a ring-shaped catalyst is
the volume associated with the central void (hole) divided by the total volume
occupied by the ring. The void fraction or void volume of a catalyst bed (e.g., a
plurality of extrudates or tableted catalytic materials) is the volume of free space
associated with each individual catalyst form plus the free space associated
with inter-catalyst voids divided by the total volume occupied by the catalyst
bed. The calculation of free space, as described above, does not include any
free space associated with the porosity of the catalytic material.

“Porosity” is the volume of void within catalyst the catalyst itself
divided by the catalyst volume. For purposes of this calculation, the catalyst
volume does not include any void fraction or void volume.

A catalyst that “has activity for” a certain reaction (e.g., oxidative
coupling of methane) refers to a catalyst that lowers the transition state,
increases the reaction rate, increases conversion of reactants, increases
selectivity for a certain product, or combinations thereof, under the conditions of

the reaction relative to the reaction performed in the absence of the catalyst.

1. Catalysts

The catalyst forms and formulations described herein generally
comprise one or more catalysts (also referred to herein as the “active catalyst”
or the “base material”), which are optionally combined with a support, binder
and/or diluent material. In some embodiments, diluents are selected from bulk
materials (e.g. commercial grade), nano materials (nanowires, nanorods,
nanoparticles, etc.) and combinations thereof. Catalysts useful in the various
embodiments of the invention include any heterogeneous catalyst, for example
catalysts comprising transition metal oxides or lanthanide oxides. The catalysts
can have various elemental components and activity in a variety of reactions.
In certain embodiments the catalyst is an OCM active catalyst (i.e., increases
the rate of the OCM reaction relative to the uncatalyzed OCM reaction). In

other embodiments the catalyst is an ODH active catalyst (i.e., increases the
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rate of the ODH reaction relative to the uncatalyzed ODH reaction). The exact
elemental components and/or morphological form of the catalysts are not
limited and various embodiments include different elemental compositions
and/or morphologies. In this regard, catalysts useful for practice of various
embodiments of the invention include any bulk and/or nanostructured catalyst
(e.g., nanowire) in any combination. For example, in some embodiments the
catalyst comprises a catalyst as described in co-pending U.S. Application Nos.
13/115,082 (U.S. Pub. No. 2012/0041246); 13/479,767 (U.S. Pub. No.
2013/0023709); 13/689,611 (U.S. Pub. No. 2013/0165728); 13/689,514 (U.S.
Pub. No. 2013/0158322) and U.S. Provisional Application Nos. 61/794,4806;
61/909,840; and 61/988,063, the full disclosures of which are hereby
incorporated by reference in their entirety for their disclosure of catalysts, and
methods for use of the same, disclosed therein. In certain embodiments, the
catalyst is a nanostructured catalyst, such as a nanowire catalyst, for example a
nanowire comprising a metal oxide, metal hydroxide, metal oxyhydroxide, metal
oxycarbonate, metal carbonate or combinations thereof. In some other related
embodiments, the catalyst is an inorganic nanowire comprising one or more
metal elements from any of Groups 1 through 7, lanthanides, actinides or
combinations thereof and a dopant comprising a metal element, a semi-metal
element, a non-metal element or combinations thereof.

In some other embodiments, the catalyst is an inorganic catalytic
polycrystalline nanowire, the nanowire having a ratio of effective length to
actual length of less than one and an aspect ratio of greater than ten as
measured by TEM in bright field mode at 5 keV, wherein the nanowire
comprises one or more elements from any of Groups 1 through 7, lanthanides,
actinides or combinations thereof. Such a nanowire may optionally include one
or more dopants.

In some other embodiments, the catalyst is an inorganic
nanostructured catalyst. For example an inorganic catalytic nanowire, the

nanowire having a ratio of effective length to actual length of one and an aspect
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ratio of greater than ten as measured by TEM in bright field mode at 5 keV,
wherein the nanowire may optionally include one or more dopants.

In other embodiments, the present invention is directed to catalyst
forms and formulations comprising a nanostructured catalyst, such as a
catalytic nanowire, which comprises at least four different doping elements,
wherein the doping elements are selected from a metal element, a semi-metal
element and a non-metal element. In other embodiments, the catalyst is a
catalytic nanowire comprising at least two different doping elements, wherein
the doping elements are selected from a metal element, a semi-metal element
and a non-metal element, and wherein at least one of the doping elements is K,
Sc, Ti, V, Nb, Ru, Os, Ir, Cd, In, TI, S, Se, Po, Pr, Tb, Dy, Ho, Er, Tm, Lu or an
element selected from any of groups 6, 7, 10, 11, 14, 15 or 17.

Other embodiments include catalytic forms and formulations
wherein the catalyst comprises at least one of the following dopant
combinations: Eu/Na, Sr/Na, Na/Zr/Eu/Ca, Mg/Na, Sr/'Sm/Ho/Tm, Sr/W,
Mg/La/K, Na/K/Mg/Tm, Na/Dy/K, Na/La/Dy, Sr/Hf/K, Na/La/Eu, Na/La/Eu/In,
Na/La/K, Na/La/Li/Cs, K/La, K/La/S, K/Na, Li/Cs, Li/Cs/La, Li/Cs/La/Tm,
Li/Cs/Sr/Tm, Li/Sr/Cs, Li/Sr/Zn/K, Li/Ga/Cs, Li/K/Sr/La, Li/Na, Li/Na/Rb/Ga,
Li/Na/Sr, Li/Na/Sr/La, Sr/Zr, Li/Sm/Cs, Ba/Sm/Yb/S, Ba/Tm/K/La, Ba/Tm/Zn/K,
Sr/Zr/K, Cs/K/La, Cs/La/Tm/Na, Cs/Li/K/La, Sm/Li/Sr/Cs, Sr/Cs/La, Sr/Tm/Li/Cs,
Zn/K, Zr/Cs/K/La, Rb/Ca/In/Ni, Sr/Ho/Tm, La/Nd/S, Li/Rb/Ca, Li/K, Tm/Lu/Ta/P,
Rb/Ca/Dy/P, Mg/La/Yb/Zn, Rb/Sr/Lu, Na/Sr/Lu/Nb, Na/Eu/Hf, Dy/Rb/Gd, Sr/Ce,
Na/Pt/Bi, Rb/Hf, Ca/Cs, Ca/Mg/Na, Hf/Bi, Sr/Sn, Sr/W, Sr/Nb, Sr/Ce/K, Zr/W,
Y/W, Na/W, Bi/W, Bi/Cs, Bi/Ca, Bi/Sn, Bi/Sb, Ge/Hf, Hf/Sm, Sb/Ag, Sb/Bi,
Sb/Au, Sb/Sm, Sb/Sr, Sb/W, Sb/Hf, Sb/Yb, Sb/Sn, Yb/Au, Yb/Ta, Yb/W, Yb/Sr,
Yb/Pb, Yb/W, Yb/Ag, Au/Sr, W/Ge, Sr/Tb, Ta/Hf, W/Au, Ca/W, Au/Re, Sm/Li,
La/K, Zn/Cs, Na/K/Mg, Zr/Cs, Ca/Ce, Na/Li/Cs, Li/Sr, Cs/Zn, La/Dy/K, Dy/K,
La/Mg, Na/Nd/In/K, In/Sr, Sr/Cs, Rb/Ga/Tm/Cs, Ga/Cs, K/La/Zr/Ag, Lu/Fe,
Sr/Tb/K, Sr/Tm, La/Dy, Sm/Li/Sr, Mg/K, Sr/Pr, Li/Rb/Ga, Li/Cs/Tm, Zr/K, Li/Cs,
Li/K/La, CelZr/La, CalAllLa, Sr/Zn/La, Sr/Cs/Zn, Sm/Cs, In/K, Ho/Cs/Li/La,
Sr/Pr/K, Cs/La/Na, La/S/Sr, K/La/Zr/Ag, Lu/Tl, Pr/Zn, Rb/Sr/La, Na/Sr/Eu/Ca,
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K/Cs/Sr/La, Na/Sr/Lu, Sr/Eu/Dy, Lu/Nb, La/Dy/Gd, Na/Mg/TI/P, Na/Pt, Gd/Li/K,
Rb/K/Lu, Sr/La/Dy/S, Na/Ce/Co, Na/Ce, Na/Ga/Gd/Al, Ba/Rh/Ta, Ba/Ta,
Na/Al/Bi, Sr/Hf/IRb, Cs/Eu/S, Sm/Tm/Yb/Fe, Sm/Tm/Yb, Hf/Zr/Ta, Rb/Gd/Li/K,
Gd/Ho/Al/P, Na/Ca/Lu, Cu/Sn, Ag/Au, Al/Bi, Al/Mo, Al/Nb, Au/Pt, Ga/Bi, Mg/W,
Pb/Au, Sn/Mg, Sr/B, Zn/Bi, Gd/Ho, Zr/Bi, Ho/Sr, Gd/Ho/Sr, Ca/Sr, Ca/Sr/W,
Sr/Ho/Tm/Na, Na/Zr/Eu/Tm, Sr/Ho/Tm/Na, Sr/Pb, Sr/W/Li, Ca/Sr/W or Sr/Hf. In
various embodiments of the foregoing, the catalyst is a catalytic nanowire, for
example a catalytic nanowire comprising a rare earth oxide and one or more of
the foregoing dopant combinations.

In other embodiments, the catalyst comprises a lanthanide mixed
oxide compound. For example, in certain embodiments the catalyst is a
nanostructured catalyst , such as a catalytic nanowire, comprising Ln14.4L.n2,0¢
and a dopant comprising a metal element, a semi-metal element, a non-metal
element or combinations thereof, wherein Ln1 and Ln2 are each independently
a lanthanide element, wherein Ln1 and Ln2 are not the same and x is a number
ranging from greater than 0 to less than 4. In other embodiments, the catalyst
is a catalytic nanowire comprising a mixed oxide of Y-La, Zr-La, Pr-La, Ce-La,
Er-La, La-Nd, Y-Nd, Zr-Nd, Pr-Nd, Ce-Nd, Er-Nd, Y-Gd, Zr-Gd, Pr-Gd, Ce-Gd,
Er-Gd, Y-Sm, Zr-Sm, Pr-Sm, Ce-Sm, Er-Sm, La-Sm, La-Gd, La-Eu, La-Ho, Nd-
Gd, Nd-Sm, Nd-Eu, Nd-Ho, Sm-Gd, Sm-Ho, Sm-Eu, Gd-Ho, Gd-Eu, Eu-Ho, Y-
Eu, Zr-Eu, Pr-Eu, Ce-Eu, Er-Eu,Y-Ho, Zr-Ho, Pr-Ho, Ce-Ho or Er-Ho, or
combinations thereof and at least one dopant selected from a metal element, a
semi-metal element and a non-metal element.

In still other embodiments, the catalyst is a mixed oxide
comprising three or more metal elements. In some embodiments, the metal
elements are selected from Y, Zr, La, Ce, Pr, Nd, Gd, Sm, Eu, Ho and Er. In
certain other embodiments the catalyst is a catalytic nanowire comprising a
mixed oxide selected from Y-La-Zr, Y-La-Ce, Y-La-Pr, Y-La-Nd, Y-La-Er, Zr-La-
Ce, Zr-La-Pr, Zr-La-Nd, Zr-La-Er, Pr-La-Ce, Pr-La-Nd, Pr-La-Er, Ce-La-Pr, Ce-
La-Nd, Ce-La-Er, Er-La-Nd, Y-Nd-Zr, Y-Nd-Ce, Y-Nd-Pr, Y-Nd-Er, Zr-Nd-Ce,
Zr-Nd-Pr, Zr-Nd-Er, Pr-Nd-Ce, Pr-Nd-Er, Gd-Y-Zr, Gd-Y-La, Gd-Y-Ce, Gd-Y-Pr,
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Gd-Zr-La, Gd-Zr-Ce, Gd-Zr-Pr, Gd-Zr-Nd, Gd-Zr-Sm, Gd-Zr-Eu, Gd-Zr-Ho, Gd-
Zr-Er, Gd-La-Ce, Gd-La-Pr, Gd-La-Nd, Gd-La-Sm, Gd-La-Eu, Gd-La-Ho, Gd-
La-Er, Gd-Ce-Pr, Gd-Ce-Nd, Gd-Ce-Sm, Gd-Ce-Eu, Gd-Ce-Ho, Gd-Ce-Er, Ga-
Pr-Nd, Gd-Pr-Sm, Gd-Pr-Eu, Gd-Pr-Ho, Gd-Pr-Er, Gd-Nd-Sm, Gd-Nd-Eu, Gd-
Nd-Ho, Gd-Nd-Er, Gd-Sm-Eu, Gd-Sm-Ho, Gd-Sm-Er, Gd-Eu-Ho, Gd-Eu-Er,
Gd-Ho-Er, Sm-Y-Zr, Sm-Y-La, Sm-Y-Ce, Sm-Y-Pr, Sm-Zr-La, Sm-Zr-Ce, Sm-
Zr-Pr, Sm-Zr-Nd, Sm-Zr-Eu, Sm-Zr-Ho, Sm-Zr-Er, Sm-La-Ce, Sm-La-Pr, Sm-
La-Nd, Sm-La-Eu, Sm-La-Ho, Sm-La-Er, Sm-Ce-Pr, Sm-Ce-Nd, Sm-Ce-Eu,
Sm-Ce-Ho, Sm-Ce-Er, Sm-Pr-Nd, Sm-Pr-Eu, Sm-Pr-Ho, Sm-Pr-Er, Sm-Nd-Eu,
Sm-Nd-Ho, Sm-Nd-Er, Sm-Eu-Ho, Sm-Eu-Er, Sm-Ho-Er, Eu-Y-Zr, Eu-Y-La, Eu-
Y-Ce, Eu-Y-Pr, Eu-Zr-La, Eu-Zr-Ce, Eu-Zr-Pr, Eu-Zr-Nd, Eu-Zr-Ho, Eu-Zr-Er,
Eu-La-Ce, Eu-La-Pr, Eu-La-Nd, Eu-La-Ho, Eu-La-Er, Eu-Ce-Pr, Eu-Ce-Nd, Eu-
Ce-Ho, Eu-Ce-Er, Eu-Pr-Nd, Eu-Pr-Ho, Eu-Pr-Er, Eu-Nd-Eu, Eu-Nd-Ho, Eu-Nd-
Er, Eu-Ho-Er, Ho-Y-Zr, Ho-Y-La, Ho-Y-Ce, Ho-Y-Pr, Ho-Zr-La, Ho-Zr-Ce, Ho-
Zr-Pr, Ho-Zr-Nd, Ho-Zr-Er, Ho-La-Ce, Ho-La-Pr, Ho-La-Nd, Ho-La-Er, Ho-Ce-
Pr, Ho-Ce-Nd, Ho-Ce-Er, Ho-Pr-Nd, Ho-Pr-Er, Ho-Nd-Er, Ce-Nd-Er and
combinations thereof. In further embodiments, the foregoing mixed oxides are
doped with at least one dopant selected from a metal element, a semi-metal
element and a non-metal element. In various embodiments of the above, the
catalyst is a catalytic nanowire.

In some other embodiments, the catalyst comprises a mixed oxide
of a rare earth element and a Group 13 element, wherein the catalyst further
comprises one or more Group 2 elements. In some more specific
embodiments, the foregoing catalyst is a nanostructured catalyst, such as a
nanowire catalyst.

In another embodiment the catalyst comprises a lanthanide oxide
doped with an alkali metal, an alkaline earth metal or combinations thereof, and
at least one other dopant from groups 4-16 or a rare earth element. In some
more specific embodiments, the foregoing catalyst is a nanostructured catalyst,

such as a nanowire catalyst.
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Other lanthanide-containing catalysts have also been found useful
in various embodiments of the invention. For example, in some embodiments,
the catalysts comprise a mixed oxide base material, the mixed oxide comprising
erbium (Er) and at least one further lanthanide element. In other embodiments,
the catalysts comprise a mixed oxide base material, the mixed oxide comprising
lanthanum (La) and at least one further lanthanide element. In other
embodiments, the catalysts comprise a mixed oxide base material, the mixed
oxide comprising cerium (Ce) and at least one further lanthanide element. In
other embodiments, the catalysts comprise a mixed oxide base material, the
mixed oxide comprising praseodymium (Pr) and at least one further lanthanide
element. In other embodiments, the catalysts comprise a mixed oxide base
material, the mixed oxide comprising neodymium (Nd) and at least one further
lanthanide element. In other embodiments, the catalysts comprise a mixed
oxide base material, the mixed oxide comprising promethium (Pm) and at least
one further lanthanide element. In other embodiments, the catalysts comprise
a mixed oxide base material, the mixed oxide comprising samarium (Sm) and at
least one further lanthanide element. In other embodiments, the catalysts
comprise a mixed oxide base material, the mixed oxide comprising europium
(Eu) and at least one further lanthanide element. In other embodiments, the
catalysts comprise a mixed oxide base material, the mixed oxide comprising
gadolinium (Gd) and at least one further lanthanide element. In other
embodiments, the catalysts comprise a mixed oxide base material, the mixed
oxide comprising terbium (Tb) and at least one further lanthanide element. In
other embodiments, the catalysts comprise a mixed oxide base material, the
mixed oxide comprising dysprosium (Dy) and at least one further lanthanide
element. In other embodiments, the catalysts comprise a mixed oxide base
material, the mixed oxide comprising holmium (Ho) and at least one further
lanthanide element. In other embodiments, the catalysts comprise a mixed
oxide base material, the mixed oxide comprising thulium (Tm) and at least one
further lanthanide element. In other embodiments, the catalysts comprise a

mixed oxide base material, the mixed oxide comprising ytterbium (Yb) and at
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least one further lanthanide element. In other embodiments, the catalysts
comprise a mixed oxide base material, the mixed oxide comprising lutetium (Lu)
and at least one further lanthanide element.

In other embodiments, the catalysts comprise a mixed oxide base
material having the following formula:

Ln1;Ln2,0¢
wherein:

Ln1 and Ln2 are independently different lanthanide elements;

O is oxygen; and

a, b and ¢ are each independently numbers greater than 0.

In still more embodiments, the catalyst comprises a mixed oxide
base material having the following formula:

Ln1,;Ln2,LN34LN4.LN5O,
wherein:

Ln1, Ln2, Ln3, Ln4 and Ln5 are independently different lanthanide
elements;

O is oxygen; and

a, b, c and d are each independently numbers greater than 0; and

e and f are independently 0 or a number greater than O.

In other embodiments, the catalyst comprises a base material
comprising an oxide of one or more lanthanide elements and a dopant
combination selected from Sr/Sm, Sr/Gd, Sr/Dy, Sr/Er, Sr/Lu, Sr/W, Sr/Ba/B,
Ba/B, Ba/Sr, Er/W, Sr/K, Ba/Ce, Ba/Hf, Ga/Mg, Mg/Er, Y/Ba, Sr/Ga/Mg, Sr/Y,
Sr/B/Y, Ca/B, Sr/Al, Ba/W, B/W, Sr/Ba/W, Sr/W/B, Ba/W/B, Sr/Ce, Sr/Tb, Sr/B
and Sr/Hf/K and Sr/Ba/W/B.

In still other embodiments, the catalyst comprises a single pass
methane conversion in an OCM reaction of greater than 10%, for example in
some such embodiments the catalyst is a catalytic nanowire. In other
embodiments the catalyst comprises a C2+ selectivity of greater than 10% in
the OCM reaction when the OCM reaction is performed with an oxygen source

other than air or Oz (e.g., CO2) In certain embodiments of the foregoing, the
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catalyst is a catalytic nanowire. In various embodiments the foregoing C2+
selectivities are obtained when the OCM reaction is performed with a
methane:oxygen ratio of less than about 12, a pressure of about 8 barg and
temperatures above about 400 C.

In yet other embodiments, the catalyst comprises a mixed oxide of
magnesium and manganese, wherein the catalyst further comprises lithium and
boron dopants and at least one doping element from groups 4, 9, 12, 13 or
combinations thereof. In other examples, the catalyst comprises an oxide of a
rare earth element, wherein the catalyst further comprises at least one doping
element from groups 1-16, lanthanides, actinides or combinations thereof. In
still other examples, the catalyst comprises a mixed oxide of manganese and
tungsten, wherein the catalyst further comprises a sodium dopant and at least
one doping element from groups 2, 4-6, 8-15, lanthanides or combinations
thereof. In yet other embodiments, the catalyst comprises a mixed oxide of a
lanthanide and tungsten, wherein the catalyst further comprises a sodium
dopant and at least one doping element from groups 2, 4-15, lanthanides or
combinations thereof, wherein the catalyst comprises a C2+ selectivity of
greater than 50% and a methane conversion of greater than 20% when the
catalyst is employed as a heterogeneous catalyst in the oxidative coupling of
methane at a temperature of 750 °C or less.

In other aspects, the catalytic forms and formulations comprise a
catalyst comprising a mixed oxide of manganese and tungsten, wherein the
catalyst further comprises a sodium dopant and at least one doping element
from groups 2, 16 or combinations thereof.

In various embodiments, the catalysts employed in the catalytic
materials herein have a C2+ selectivity of greater than 45%, greater than 50%,
greater than 55%, greater than 60%, greater than 65%, greater than 70% or
even greater than 75% when the catalyst is employed as a heterogeneous
catalyst in the oxidative coupling of methane at a temperature of 750 °C or less,

700 °C or less, 650 °C or less or even 600 °C or less.
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In other embodiments, the catalysts have a methane conversion
in the OCM reaction of greater than 10%, greater than 12%, greater than 15%,
greater than 20%, greater than 22%, greater than 25%, greater than 30% or
even greater than 35% when the catalyst is employed as a heterogeneous
catalyst in the oxidative coupling of methane at an inlet temperature of 750 °C
or less, 700 °C or less, 650 °C or less or even 600 °C or less.

In various embodiments of the foregoing catalysts, the catalyst
comprises a C2+ selectivity of greater than 45% and a methane conversion of
greater than 10%, greater than 12%, greater than 15%, greater than 20%,
greater than 22%, greater than 25%, greater than 30% or even greater than
35% when the catalyst is employed as a heterogeneous catalyst in the
oxidative coupling of methane at a temperature of 750 °C or less, 700 °C or
less, 650 °C or less or even 600 °C or less. In further embodiments of the
foregoing, the oxygen conversion in the OCM reaction is greater than 90%, for
examples about 100%.

In various embodiments of the foregoing catalysts, the catalyst
comprises a C2+ selectivity of greater than 50% and a methane conversion of
greater than 10%, greater than 12%, greater than 15%, greater than 20%,
greater than 22%, greater than 25%, greater than 30% or even greater than
35% when the catalyst is employed as a heterogeneous catalyst in the
oxidative coupling of methane at a temperature of 750 °C or less, 700 °C or
less, 650 °C or less or even 600 °C or less. In further embodiments of the
foregoing, the oxygen conversion in the OCM reaction is greater than 90%, for
examples about 100%.

In various embodiments of the foregoing catalysts, the catalyst
comprises a C2+ selectivity of greater than 55% and a methane conversion of
greater than 10%, greater than 12%, greater than 15%, greater than 20%,
greater than 22%, greater than 25%, greater than 30% or even greater than
35% when the catalyst is employed as a heterogeneous catalyst in the
oxidative coupling of methane at a temperature of 750 °C or less, 700 °C or

less, 650 °C or less or even 600 °C or less. In further embodiments of the
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foregoing, the oxygen conversion in the OCM reaction is greater than 90%, for
examples about 100%.

In various embodiments of the foregoing catalysts, the catalyst
comprises a C2+ selectivity of greater than 60% and a methane conversion of
greater than 10%, greater than 12%, greater than 15%, greater than 20%,
greater than 22%, greater than 25%, greater than 30% or even greater than
35% when the catalyst is employed as a heterogeneous catalyst in the
oxidative coupling of methane at a temperature of 750 °C or less, 700 °C or
less, 650 °C or less or even 600 °C or less. In further embodiments of the
foregoing, the oxygen conversion in the OCM reaction is greater than 90%, for
examples about 100%.

In various embodiments of the foregoing catalysts, the catalyst
comprises a C2+ selectivity of greater than 65% and a methane conversion of
greater than 10%, greater than 12%, greater than 15%, greater than 20%,
greater than 22%, greater than 25%, greater than 30% or even greater than
35% when the catalyst is employed as a heterogeneous catalyst in the
oxidative coupling of methane at a temperature of 750 °C or less, 700 °C or
less, 650 °C or less or even 600 °C or less. In further embodiments of the
foregoing, the oxygen conversion in the OCM reaction is greater than 90%, for
examples about 100%.

In various embodiments of the foregoing catalysts, the catalyst
comprises a C2+ selectivity of greater than 70% and a methane conversion of
greater than 10%, greater than 12%, greater than 15%, greater than 20%,
greater than 22%, greater than 25%, greater than 30% or even greater than
35% when the catalyst is employed as a heterogeneous catalyst in the
oxidative coupling of methane at a temperature of 750 °C or less, 700 °C or
less, 650 °C or less or even 600 °C or less. In further embodiments of the
foregoing, the oxygen conversion in the OCM reaction is greater than 90%, for
example about 100%.

In various embodiments of the foregoing catalysts, the catalyst

comprises a C2+ selectivity of greater than 75% and a methane conversion of
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greater than 10%, greater than 12%, greater than 15%, greater than 20%,
greater than 22%, greater than 25%, greater than 30% or even greater than
35% when the catalyst is employed as a heterogeneous catalyst in the
oxidative coupling of methane at a temperature of 750 °C or less, 700 °C or
less, 650 °C or less or even 600 °C or less. In further embodiments of the
foregoing, the oxygen conversion in the OCM reaction is greater than 90%, for

examples about 100%.
In some embodiments, the catalysts comprise cerium and one or

more non-cerium lanthanide compounds. For example, in some embodiments
the catalysts comprise cerium and an oxide or hydroxide (or oxyhydroxide) of
one or more non-cerium lanthanides. For example, in some embodiments the
catalysts comprise cerium and a compound having the following formula:
Ln1xLn2yO,(OH),

wherein:

Ln1 and Ln2 are each independently different non-cerium
lanthanide elements;

O is oxygen;

OH is hydroxy; and

n, X, y and z are each independently numbers of O or greater,
provided that at least one of x or y is greater than 0 and at least one of nor z is
greater than O.

While any of the non-cerium lanthanides are included, in some
embodiments Ln1 is La or Nd.

The percentage of cerium in the catalyst can be varied, and in
some embodiment ranges from greater than 0% w/w and up to 20% w/w/
cerium. In some embodiments, cerium is present in about 0.1% to about 10%
wiw.

Other catalysts useful in the context of the catalytic forms and
formulations described herein will be readily apparent to one of ordinary skill in

the art.
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2. Catalytic Formulations

As noted above, the present disclosure provides a catalytic
material comprising a plurality of catalysts and optionally one or more binder,
support, diluent and/or carrier materials. In some embodiments, the catalytic
material comprises a plurality of bulk catalysts. In some embodiments, the
catalytic material comprises a plurality of nanostructured catalysts, such as
catalytic nanowires. In other embodiments, the catalytic materials comprise a
plurality of inorganic catalytic polycrystalline nanowires, the plurality of
nanowires having a ratio of average effective length to average actual length of
less than one and an average aspect ratio of greater than ten as measured by
TEM in bright field mode at 5 keV, wherein the plurality of nanowires comprises
one or more elements from any of Groups 1 through 7, lanthanides, actinides or
combinations thereof. In still other embodiments, the catalytic materials
comprise a bulk catalyst. Mixtures of bulk and nanostructured catalysts (e.g.,
nanowires) are also contemplated.

Typically, heterogeneous catalysts are used either in their pure
form or blended with inert materials, such as silica, alumina, etc. The blending
with inert materials may be used in order to reduce and/or control large
temperature non-uniformities within the reactor bed often observed in the case
of strongly exothermic (or endothermic) reactions. In the case of complex
multistep reactions, such as the reaction to convert methane into ethane and/or
ethylene (OCM), typical blending materials can selectively slow down or quench
one or more of the reactions of the system and promote unwanted side
reactions. For example, in the case of the oxidative coupling of methane, silica
and alumina can quench the methyl radicals and thus prevent the formation of
ethane. Accordingly, certain embodiments are directed to catalytic materials
comprising a catalyst (e.g., catalytic nanowire) and a blending material which
enhances, rather than reduces, the catalytic activity of the catalyst.

In certain aspects, the present disclosure provides a catalytic
material which solves problems typically associated with typical catalyst support

material. Accordingly, in certain embodiments the catalytic activity of the
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catalytic material can be tuned by blending two or more catalysts and/or
catalyst support materials. The blended catalytic material may comprise
catalytic nanowires, bulk catalysts, or both and/or inert support material.

In other aspects, the present invention is directed to a catalytic
material having a single pass methane conversion of greater than 10%, greater
than 15%, greater than 20% or even greater than 25% when the catalytic
material is employed as a catalytic material in the oxidative coupling of methane
at inlet reactor temperatures of 750 °C or less, for example temperatures of less
than 700 °C, of less than 650 °C, of less than 600 °C or even temperatures of
less than 550 °C.

In certain embodiments, the catalytic material comprises a
support, diluent and/or carrier. In some embodiments, the diluent is porous and
has a high surface area. In some embodiments the support is active (i.e. has
catalytic activity). In other embodiments, the diluent is inactive (i.e. non-
catalytic). In some embodiments, the diluent comprises an inorganic material
such as an inorganic oxide. In other embodiments the diluents comprises
Al,O3, SiOy, TiO2, MgO, Ca0, SrO, Ba0, ZrO;, ZnO, LiAlO2, MgAl;O4, MnO,
MnOg2, Mn3O4, La03, Ln,Os, where Ln is a lanthanide element, AIPOy,
SiO2/Al,03, B20s, Gaz0s, In203, SrAlz04, B4SrO7, CaCOs, SrCOs, BaCOs,
activated carbon, silica gel, zeolites, activated clays, activated Al,Os, SiC,
diatomaceous earth, aluminosilicates, calcium aluminate, barium aluminate,
CeOy, sulfates (e.g., SrS04, BaSOy, etc.), support nanowires or combinations
thereof. In still other embodiments, the diluent comprises a carbide (e.g.,
boron-carbide, silicon carbide and the like), a nitride, a carbonate (e.g., alkaline
earth metal carbonate), a silicate or an aluminate.

In various embodiments of the above, the catalyst is a catalytic
nanowire and the diluent comprises SrO, BaO, B,0O3, Gaz0s, In203, SrAl,Oq4,
B4SrO7, CaCOs, SrCO3, BaCOs, SiC, barium aluminate, CeOo, sulfates (e.g.,
SrS04, BaS0Oq, etc.), or combinations thereof.

In some more specific embodiments the diluent comprises silicon,

for example SiO-. In other embodiments the diluent comprises magnesium, for
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example MgO. In other embodiments the diluent comprises zirconium, for
example ZrOz. In yet other embodiments, the diluent comprises lanthanum, for
example Lax0Os. In yet other embodiments, the diluent comprises yttrium, for
example Y20s. In yet other embodiments, the diluent comprises hafnium, for
example HfO. In yet other embodiments, the diluent comprises aluminum, for
example Al,Os. In yet other embodiments, the diluent comprises gallium, for
example Gaz0s.

In still other embodiments, the diluent material comprises an
inorganic oxide, Al,Os, SiO», TiO2, MgO, ZrO2, HfO,, Ca0, SrO, ZnO, LIAIO,,
MgAI2O4, MNO, MNnO2, MNn204, Mn304, Lax0s, Ln2Os, where Ln is a lanthanide
element, activated carbon, silica gel, zeolites, activated clays, activated Al2Os,
diatomaceous earth, aluminosilicates, calcium aluminate, barium aluminate,
CeOy, sulfates (e.g., SrS04, BaSOQy4, etc.), or combinations thereof. For
example, the diluent material may comprise SiO», ZrO,, CaO, LaxOs or MgO.

In still other embodiments, the diluent material comprises an SrO,
Zn0O, LiAIO2, barium aluminate, CeO,, sulfates (e.g., SrSO4, BaSOy, etc.) or
combinations thereof.

In still other embodiments, the diluent material comprises a
carbonate. For example, in some embodiments the diluent material comprises
MgCQOs3;, CaCOs, SrCO3, BaCOs3, Y,(COs3)s, Lax(COs3)s or combination thereof.

In other embodiments, the catalytic materials described herein
comprise a catalyst and a diluent, the diluent comprising a metal carbonate, a
metal sulfate, a metal phosphate, a metal halide or combinations thereof. In
some of these embodiments the catalyst is a nanowire catalyst. For example,
in some embodiments, the diluent comprises a metal carbonate. In other
embodiments, the diluent comprises an alkaline earth metal carbonate. In even
more embodiments, the catalyst comprises a rare earth oxide.

Other examples of diluents useful in various embodiments
include, but are not limited to, MgCO3, MgSO4, Mgs(PO4)2, CaCOs3, CaSOy,
Ca3(P0Oy4)z, SrO, SrCO3, SrS04, Sr3(PO4)2, SrAl204, BaO, BaCO3, BaSOq,

Bas(POa)2, BaAloO4 and the like. Most of these compounds are very cheap,
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especially MgCOs;, CaCOs, SrO, SrCO;3; and thus very attractive for use as
diluents from an economic point of view. Additionally, the magnesium and
calcium compounds are also environmentally friendly. Accordingly, an
embodiment of the invention provides a catalytic material comprising a catalytic
nanowire in combination with a diluent selected from one or more of MgCOs,
MgSOQO4, Mgs(POs)2, CaCOs, CaS0O4, Cas(POs4)2, SrO, SrCOs3, SrSOy, Sr3(PO4)2,
BaO, BaCOs, BaSO4, Bas(PO4)2. In some specific embodiments the diluent is
SrO, MgCO3, CaCOs3, SrCOs3 or a combination thereof. In other embodiments,
the catalytic material comprises a catalytic nanowire in combination with a
diluent selected from one or more of MgO, CaO, MgAIl20O4 and CaAlx0y4,
MgCOs3, MgSO4, Mgs(POs)2, CaCOs, CaS0Os, Cas(POs)2, SrO, SrCOs, SrSO4,
Sr3(POs4)2, BaO, BaCOs, BaSO4, Bas(PO4)2. In some embodiments the diluent
is SrO, MgCQOs3;, CaCOs, SrCO3 or a combination thereof. In some
embodiments, the diluent is selected from magnesium aluminates and calcium
aluminates. In other embodiments, the diluent comprises a group 4 element.
In some of these embodiments the group 4 element is present in the form of a
compound comprising an alkaline earth metal and the group 4 element, for
example an alkaline earth metal titanate, hafnate or zirconate, non-limiting
examples of which include calcium titanate, calcium hafnate, strontium titanate,
strontium hafnate, barium titanate, barium hafnate, barium zirconate and
strontium zirconate. Methods for use of the foregoing catalytic materials in an
OCM reaction are also provided. The methods comprise converting methane to
ethane and/or ethylene in the presence of the catalytic materials.

In various embodiments of the foregoing, the diluent is
nanostructured, for example nanowires are employed as diluents in various
embodiments. In some of these embodiments, the nanowires comprise one or
more of the foregoing diluent materials which are amenable to formation of
nanowires. In other embodiments the diluent nanowires comprise a metal
oxide. In some embodiments, the diluent portion in the catalyst/diluent mixture
is about 0.01%, 10%, 30%, 50%, 70%, 90% or 99.99% (weight percent) or any

other value between 0.01% and 99.9%. In some embodiments, the dilution is
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performed with the OCM catalyst ready to go, e.g. after calcination. In some
other embodiments, the dilution is performed prior to the final calcination of the
catalyst, i.e. the catalyst and the diluent are calcined together. In yet some
other embodiments, the dilution can be done during the synthesis as well, so
that, for example, a mixed oxide is formed. In still more embodiments, the
catalyst diluent compositions is homogenized in a maximally dispersed state.

In certain embodiments, active catalyst to inert diluent ratio
ranges from 5:95 to 95:5 (mass basis) in order to fulfill the desired performance
criteria of managing localized temperature, catalyst activity and mechanical
properties of the catalytic material. These criteria can vary within the catalyst
packed bed as a function of location within the bed. For example for an
adiabatic reactor with a large temperature rise through the reactor bed from
inlet to outlet, a larger active catalyst to inert diluent ratio can be applied at the
reactor inlet than the ratio used at the reactor outlet.

In some embodiments, the ratio of active catalyst to diluent
ranges from about 1:99 to 99:1 (mass basis), for example from about 5:95 to
95:5, from about 10:90 to about 90:10, from about 25:75 to about 75:25 or is
about 50:50. The ratio of active catalyst to diluent will vary depending on the
particular catalytic reaction, reaction conditions, upon mechanical strength
needs, thermal control needs, catalyst activity, and other factors as described
elsewhere herein. One of ordinary skill in the art will recognize how to
determine the appropriate ratio. For example, in certain embodiments the
appropriate ratio can be determined empirically by determining which ratios
provide optimum catalytic performance and/or prevent unwanted side reactions
(e.g., reforming of methane during OCM).

Further dilution of the active catalyst loading can then easily be
obtained by blending forms with no catalyst with forms containing active
catalyst. The forms containing no active catalyst can be bonded at much higher
temperature than the forms with active catalyst and can be typically made much

more mechanically stronger than the active composite forms.
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In some embodiments, the catalyst/diluent mixture comprises
more than one catalyst and/or more than one diluent. In some other
embodiments, the catalyst/diluent mixture is pelletized and sized, or made into
shaped extrudates or deposited on a monolith or foam, or is used as it is. Such
catalytic forms are described in more detail below. Methods of the invention
include taking advantage of the very exothermic nature of OCM by diluting the
catalyst with another catalyst that is completely or substantially inactive, or less
active in the OCM reaction at the operating temperature of the first catalyst but
active at higher temperature. In these methods, the heat generated by the
hotspots of the first catalyst will provide the necessary heat for the second
catalyst to become active.

In any of the above embodiments, the catalysts may comprise a
SiO, support. Alternatively, the use of different supports such as ZrO,, HfO,
and In2O3 in any of the above embodiments has been shown to promote OCM
activity at reduced temperature compared to the same catalyst supported on
silica with limited reduction in selectivity.

In some embodiments of the foregoing blends, the first and
second catalysts are physically blended. In related embodiments of the
foregoing, rather than mixing the first and second catalysts, each catalyst type
is segregated into different locations within the catalyst bed. For example the
catalyst bed may comprise two layers of catalysts, wherein one layer contains
the first catalyst and the other layer contains the second catalyst. The first
catalyst may either be at the inlet end, or outlet end of the reactor. Other
embodiments include various numbers of alternating layers (e.g., 1, 2, 3,4, 5 or
6 or more layers) of first catalysts and second catalysts. Such stratified catalyst
beds may serve to increase yield of desired C2 product while controlling the hot
spots within the catalyst bed and/or reducing carbon monoxide in the product
gas.

In various embodiments, blends of OCM active catalysts with
other catalysts (which may also be OCM active) are provided. The provided

blends have physical properties, such as crush strength, which are improved
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relative to the individual components. Furthermore, activity of the catalysts may
be improved upon blending. The OCM active catalyst may be selected from
any of active OCM catalyst, including those described herein and incorporated
by reference. Similarly, the additional catalyst component may be selected
from any number of catalysts, including bulk and nanostructured (e.g.,
nanowire) catalysts.
Accordingly, in some embodiments a formed catalytic material is
provided, the formed catalytic material comprising:
(@)  a perovskite; and
(b)  a catalyst having the following formula:
Ln1,Ln2,LN3cLN44LNScLN6:Ox(OH)y
wherein:
Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different
lanthanide elements;
O is oxygen;
OH is hydroxy;
a is a number greater than 0; and
b, c,d, e, f, xand y are each independently numbers of O or
greater, provided that at least one of x or y is greater than 0,
wherein the catalytic material further comprises a methane conversion of
greater than 20% and a C2 selectivity of greater than 50% when the catalyst is
employed as a heterogeneous catalyst in the oxidative coupling of methane at a
temperatures ranging from about 550 °C to about 750 °C.
In some embodiments, the perovskite comprises the following
formula:
E'.E%E® AmBnOp,
wherein:
A is a lanthanide or an element from group 4
B is an element from group 2;
E', E? and E® are each independently an element from groups 2, 3, 4 or

the lanthanides;
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O is oxygen;

o, B, x are each independently a number of 0 or greater; and

m, n and p are each independently numbers greater than O.

In various embodiments, B is Ba, Sr or Ca.

In other embodiments, A is Ce, Ti, Zr or Hf.

In still more embodiments of the foregoing perovskite, o is greater
than 0. For example, in some embodiments the perovskite has the following
formula:

E'2AmBnOp.

In other of the foregoing embodiments, E' is an element from
group 2 or group 3 of the periodic table.

In some specific embodiments of the foregoing, the perovskite
has the formula ABO3, wherein A and B are as defined in any of the foregoing
embodiments.In other of the foregoing embodiments, the perovskite comprises
the following formula:

A'.A%,A%.B",B% B%,03

wherein:

A', A% and A® are each independently an element from the lanthanides or
group 2, 3,4, 6 or 13;

B', B and B® are each independently a metal;

O is an oxygen anion;

a, b and c are each independently numbers ranging from 0 to 1, wherein
the sum of a, b and ¢ ranges from greater than 0 to 1; and

X, y and z are each independently numbers ranging from 0 to 1, wherein
the sum of x, y and z does not exceed 1.

In some of the foregoing embodiments, the sum ofa, band cis 1.

In other of the foregoing embodiments, the sum of x, yand z is 1.

In some more specific embodiments, the perovskite has the
following formula:

A'(1)A% B 15B%03

wherein:
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A" and A? are each independently an element from the lanthanides or
group 2, 3,4, 6 or 13;

B' and B? are each independently a metal;

O is an oxygen anion; and

d and A are each independently numbers ranging from 0 to 1.

In some further embodiments of the above, 6 and A are each
independently numbers ranging from greater than O to less than 1.

In still other embodiments, the perovskite comprises a lanthanide
or alkaline earth metal dopant, or combinations thereof.

In yet more embodiments, A" and A? are each independently an
alkaline earth metal.

In other embodiments of the foregoing perovskite, B' and B? are
each independently a group 3 or group 4 element.

In some further embodiments, the perovskite comprises
Er/Ca/BaZrOs, Nd/Ca/BaZrOs, Eu/Ca/BaZrOs, Ca(1)Sr.Y (1-52rs03, Sr.Y 1
5Zrs03, Ca/Nd/Ca(1)Sr.Y (1-5)Zr:03, Ca/Nd/SrY (1.5Zr;03, Ca/Nd203/Ca1)Sr.Y (1-
5)Zrs03, Lag oSro.1Gag.sMgo.203, BaCeo.7Y0.2Pro.103, Ca/BaZrOs,
Y/BaZrOs,BaZrOs, Ca/Sr/BaZrOs, SrCeOs, Sry.Y (1.5 21503, SrZrOs, SrHfOs,
Mg/SrHfOs, CaHfOs, SrTbOs, BaTiOs, Y/SrZrOs, Ce/GaPrOs, SrCeOs/SrCes0y4,
Cegslag4Sro 103, BaCeOs, BaY,Ce, O3 BaY,Zr,Ce, O3, BaY,Ln,Ce,Os,
BaZr,Y«LnyCe, O3, wherein 3, A, w, X, y and z are numbers ranging from greater
than O to 1, and Ln is a lanthanide element such as Gd or Nd. In some
embodiments the sum of x and y is 1, or the sum of x, y and z is 1, or the sum
ofw,x,yand zis 1.

In other embodiments, the catalyst has the formula
Ln1,Ln2,Ox(OH),. In some of these embodiments x is greater than zero. In
other embodiments x is greater than zero and y is 0. In other embodiments x is
greater than zero and y is greater than 0. In some other of these embodiments
X is greater than zero.

In some other embodiments of the foregoing, b and y are both 0.

For example, in some embodiments, b and y are both 0, and a and x are
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greater than 0. In some different embodiments, b and x are both 0, and a and y
are greater than 0. In some other embodiments, y is 0, and a, b and x are
greater than 0. In still other embodiments, x is 0, and a, b and y are greater
than 0. In more embodiments, each of a, b, x and y is greater than 0.

In still other embodiments of the foregoing, the catalyst is a
nanostructured catalyst. For example, in some embodiments the catalyst is a
nanowire catalyst.

In more embodiments of the foregoing catalytic material, the
catalyst further comprises a dopant selected from one or more elements from
groups 2, 6 and the lanthanides. For example, in some embodiments the
catalyst further comprises a dopant from each of groups 2, 6 and the
lanthanides. In other embodiments, the catalyst further comprises a dopant
from each of groups 2 and 6. Exemplary dopants from groups 2, 6 and the
lanthanides include Mg, Ca, Sr, Ba, Mo, W, La, Ce, Nd and Gd.

In various different embodiments the invention provides a catalytic
material comprising:

(@) an OCM active catalyst and
(b)  asecond catalyst having the following formula:
Ln1,Ln2,LN3cLN44LNScLN6:Ox(OH)y
wherein:

Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different
lanthanide elements;

O is oxygen;

OH is hydroxy;

a is a number greater than 0; and

b, c,d, e, f, xand y are each independently numbers of O or
greater, provided that at least one of x or y is greater than O..

In some embodiments, the foregoing OCM active catalyst comprises a
methane conversion of greater than 20% and a C2 selectivity of greater than
50% when the catalyst is employed as a heterogeneous catalyst in the

oxidative coupling of methane at a temperatures ranging from about 550 °C to
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about 750 °C, and wherein the OCM activity of the catalytic material is greater
than either (a) or (b) alone
In different embodiments, the second catalyst has the following formula:
Ln",Ln%,0,(OH),

wherein:

Ln1 and Ln2 are each independently different lanthanide
elements;

O is oxygen;

OH is hydroxy; and

n, X, y and z are each independently numbers of O or greater,
provided that at least one of x or y is greater than 0 and at least one of nor z is
greater than O.

In some embodiments, the OCM active catalyst is a bulk catalyst.
In other embodiments, the OCM active catalyst is a nanostructured catalyst,
such as a nanowire.

In some embodiments, the second catalyst is also an OCM active
catalyst. In some embodiments, the second catalyst comprises a
nanostructured catalyst. For example, in some embodiments the second
catalyst comprises catalytic nanowires. In various embodiments, the second
catalyst (e.g., catalytic nanowires) comprise a rare earth element. In other
embodiments, the second catalyst (e.g., catalytic nanowires) comprise
lanthanum, cerium, praseodymium, neodymium, samarium, europium,
gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, lutetium
or combination thereof. For example, in some embodiments the second
catalyst (e.g., catalytic nanowires) comprise a lanthanum/neodymium oxide, a
lanthanum/cerium oxide, a neodymium/cerium oxide, a lanthanum/samarium
oxide, a neodymium/samarium oxide, a europium/neodymium oxide, a
lanthanum/erbium oxide, a neodymium/erbium oxide or a europium/lanthanum
oxide.

In any of the foregoing embodiments, the OCM active catalyst

comprises a group 4 element, for example a compound comprising an alkaline
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earth metal and a group 4 element. For example, in some embodiments the
alkaline earth metal is magnesium, calcium, strontium or barium. In some other
embodiments, the group 4 element is titanium, zirconium or hafnium. For
example, in certain embodiments the OCM active catalyst comprises an
alkaline earth metal and titanium, zirconium or hafnium. The OCM active
catalyst may also further include optional dopants, for example alkaline earth
metal dopants such as magnesium, calcium, strontium or barium.

In any of the foregoing embodiments, the OCM active catalyst
comprises a group 6 element, for example a compound comprising an alkaline
earth metal and a group 6 element. For example, in some embodiments the
alkaline earth metal is magnesium, calcium, strontium or barium. In some other
embodiments, the group 6 element is tungsten. For example, in certain
embodiments the OCM active catalyst comprises an alkaline earth metal and
tungsten. The OCM active catalyst may also further include optional dopants,
for example alkaline earth metal dopants such as magnesium, calcium,
strontium or barium.

In any of the foregoing embodiments, the OCM active catalyst
comprises a group 13 element, for example a compound comprising an alkaline
earth metal and a group 13 element. For example, in some embodiments the
alkaline earth metal is magnesium, calcium, strontium or barium. In some other
embodiments, the group 13 element is aluminum. For example, in certain
embodiments the OCM active catalyst comprises an alkaline earth metal and
aluminum. The OCM active catalyst may also further include optional dopants,
for example alkaline earth metal dopants such as magnesium, calcium,
strontium or barium.

In any of the foregoing embodiments, the OCM active catalyst
comprises one or more lanthanide elements, for example a compound
comprising an alkaline earth metal and one or more lanthanide elements. For
example, in some embodiments the alkaline earth metal is magnesium,
calcium, strontium or barium. In some other embodiments, the lanthanide

element is Gd or Nd, or combinations thereof. For example, in certain
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embodiments the OCM active catalyst comprises an alkaline earth metal and
Gd or Nd, or combinations thereof. The OCM active catalyst may also further
include optional dopants, for example alkaline earth metal dopants such as
magnesium, calcium, strontium or barium.

The weight ratio of the OCM catalyst to the second catalyst (e.g.,
catalytic nanowires) can vary from about 1% to about 99%, for example from
about 90% to about 50%, from about 80% to about 60% or from about 75% to
about 65%. In some embodiments, the weight ratio of OCM active catalyst to
catalytic nanowires is about 70%.

The strength of the blended catalytic materials is improved
relative to the individual components. For example, in some embodiments the
catalytic material has a crush strength of greater than about 20 N/mm, greater
than about 25 N/mm, greater than about 30 N/mm, greater than about 35 N/mm
or even greater than about 40 N/mm when tested according to ASTM D4179.
In some embodiments, the strength of the blended catalytic materials is
determined for 6 mm diameter cylinders having an aspect ratio of 1, and which
have been prepared by pressing at 1 ton using a manual hydraulic pellet press.

The catalytic performance of the blended catalytic materials is
also surprisingly better than the individual components. In some embodiments,
the C2+ selectivity of the catalytic material in the OCM reaction is greater than
about 60%, 65%, 70% or even 75% when the OCM reaction is conducted at
temperatures of about 600 °C or lower and pressures ranging from about 6-10
bar, for example about bar.

In other embodiments, the invention provides a catalytic material
having enhanced physical properties, such as reduced shrinkage, while
maintaining the same or better catalytic properties. While not wishing to be
bound by theory, “shrinkage” as used herein is thought to be related to sintering
of the catalytic materials, which results in volume contraction. For example,
certain catalysts have excellent catalytic performance in OCM, ODH and/or
other reactions, but suffer from significant shrinkage when heated to

temperatures needed for these reactions. Such shrinkage can cause problems
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on large scale reactors by giving dead space at the top of the reactor resulting
in increased possibilities of auto-ignition of feed gas. Thus the commercial
applications of such catalysts are limited. However, experiments performed in
support of the present invention have shown that addition of certain elements,
such as group 4 elements (e.g., titanate, zirconates, and/or halfnates) can
reduce the shrinkage associated with some heterogeneous catalysts, while
improving (or at least not reducing) the catalytic performance of the catalyst. In
some embodiments the group 4 element is titanium, zirconium or hafnium and
the catalytic materials comprise calcium titanate, calcium hafnate, strontium
titanate, strontium hafnate, barium titanate, barium hafnate, barium zirconate
and/or strontium zirconate.

Other experiments performed in support of different embodiments
of the present invention have identified different additives which prevent or
reduce shrinkage of catalytic materials. For example, in some embodiments
group 13 elements are included in the catalytic materials, and such catalytic
materials show a reduced tendency to shrink at temperatures employed for
OCM. The group 13 elements can be used in addition to the group 4 element,
such as a titanate, zirconate or hafnate, or the group 13 element may be used
separately. In some embodiments, the group 13 element is boron, gallium or
aluminum.

In various embodiments of the foregoing catalytic material, the
catalytic material further comprises one or more dopant. In some
embodiments, the dopant is an alkaline earth metal such as magnesium,
calcium, strontium or barium. The one or more dopant of certain other
embodiments may be selected from the dopants provided in in co-pending U.S.
Application Nos. 13/115,082 (U.S. Pub. No. 2012/0041246); 13/479,767 (U.S.
Pub. No. 2013/0023709); 13/689,611 (U.S. Pub. No. 2013/0165728);
13/689,514 (U.S. Pub. No. 2013/0158322) and U.S. Provisional Application
Nos. 61/794,486; 61/909,840; and 61/988,063, the full disclosures of which are
incorporated herein by reference at least for the purpose of providing exemplary

dopants.
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In some different embodiments a catalytic material comprising a
group 4, 6 or 13 element, such as a tungstate, aluminate, titanate, zirconate
and/or hafnate compound, and an active catalyst (e.g., OCM active) are
provided. In some embodiments, the catalytic material comprises a group 4
element, such as a titanate, zirconate and/or hafnate compound, and an active
catalyst. In some embodiments, the group 4, 6 or 13 element is in combination
with an alkaline earth metal element. For example, in some embodiments, the
catalytic materials comprise an alkaline earth metal titanate, alkaline earth
metal zirconate or alkaline earth metal hafnate, and the active catalyst is an
OCM active catalyst.

In other embodiments, the catalytic materials comprise:

a) an alkaline earth metal aluminate, tungstate, titanate,
zirconate or hafnate; and

(b) a catalyst having the following formula:

Ln1,Ln2,LN3cLN44LNScLN6:Ox(OH)y
wherein:

Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different
lanthanide elements;

O is oxygen;

OH is hydroxy;

a is a number greater than 0; and

b, c,d, e, f, xand y are each independently numbers of O or
greater, provided that at least one of x or y is greater than 0.

In some embodiments, c is a number greater than 0. In other
embodiments, ¢ and d are each independently a number greater than 0. In still
more embodiments, ¢, d and e are each independently a number greater than
0.

In other different embodiments of the foregoing catalytic material,
the weight ratio of the alkaline earth metal aluminate, tungstate, titanate,
zirconate or hafnate to the catalyst ranges from about 80% to about 60%.

In some further embodiments, the catalytic materials comprise:
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(a) an alkaline earth metal titanate, zirconate or hafnate; and

(b)  a catalyst having the formula Ln1,Ln2,0,(OH)y.

In some embodiments of the above, the catalytic material
comprises a methane conversion of greater than 20% and a C2 selectivity of
greater than 50% when the catalytic material is employed as a heterogeneous
catalyst in the oxidative coupling of methane at a temperatures ranging from
about 550 °C to about 750 °C.

In some of the foregoing embodiments, the catalytic materials
comprise an alkaline earth metal tungstate or alkaline earth metal aluminate,
and the active catalyst is an OCM active catalyst. For example, in some
embodiments the catalytic materials comprise strontium aluminate, strontium
tungstate, barium tungstate, calcium titanate, calcium hafnate, strontium
titanate, strontium hafnate, barium titanate, barium hafnate, barium zirconate
and/or strontium zirconate. In certain embodiments, the active catalyst is a
nanostructured catalyst, such as a nanowire catalyst. In other embodiments,
the active catalyst is a bulk catalyst. In some of these embodiments, the
alkaline earth metal aluminate, tungstate, titanate, zirconate or hafnate is
nanostructured, such as a nanowire.

In some other specific embodiments, the catalytic material
comprises calcium titanate, calcium hafnate, strontium titanate, strontium
hafnate, barium titanate, barium hafnate, barium zirconate, calcium zirconate
and/or strontium zirconate, and an OCM active catalyst. In certain
embodiments, the OCM active catalyst (e.g., catalytic nanowires) has the
following formula:

Ln"Ln?,0,(OH),
wherein:

Ln1 and Ln2 are each independently different lanthanide
elements;

O is oxygen;

OH is hydroxy; and
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n, X, y and z are each independently numbers of O or greater,
provided that at least one of x or y is greater than 0 and at least one of nor z is
greater than O.

In some embodiments, the catalyst (e.g., an OCM active catalyst)
comprises lanthanum, cerium, praseodymium, neodymium, samarium,
europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium,
ytterbium, lutetium or combinations thereof. In some other embodiments the
OCM active catalyst comprises a lanthanum/neodymium oxide, a
lanthanum/cerium oxide, a neodymium/cerium oxide, a lanthanum/samarium
oxide, a neodymium/samarium oxide, a europium/neodymium oxide, a
lanthanum/erbium oxide, a neodymium/erbium oxide or a europium/lanthanum
oxide.

For example, in some embodiments, the OCM active catalyst
comprises catalytic nanowires. In some embodiments, the catalytic nanowires
comprise lanthanum, cerium, praseodymium, neodymium, samarium,
europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium,
ytterbium, lutetium or combinations thereof. In some other embodiments the
catalytic nanowires comprise a lanthanum/neodymium oxide, a
lanthanum/cerium oxide, a neodymium/cerium oxide, a lanthanum/samarium
oxide, a neodymium/samarium oxide, a europium/neodymium oxide, a
lanthanum/erbium oxide, a neodymium/erbium oxide or a europium/lanthanum
oxide.

The weight ratio of the group 4, 6 or 13 element-containing
compound (e.g., zirconate) to the catalytic nanowires can vary from about 1%
to about 99%, for example from about 90% to about 50%, from about 80% to
about 60% or from about 75% to about 65%. In some embodiments, the weight
ratio of the zirconate to catalytic nanowires is about 70%.

Although any group 4 element-containing compound may be used
in the foregoing catalytic materials, specific embodiments are directed to
catalytic materials comprising compounds of alkaline earth metals and group 4

elements. For example, in some embodiments the catalytic materials comprise
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strontium aluminate, strontium tungstate, barium tungstate, calcium titanate,
calcium hafnate, strontium titanate, strontium hafnate, barium titanate, barium
hafnate, barium zirconate, calcium zirconate and/or strontium zirconate. In
some other embodiments the catalytic materials comprise calcium titanate,
calcium hafnate, strontium titanate, strontium hafnate, barium titanate, barium
hafnate, barium zirconate and/or strontium zirconate. In any of the foregoing
embodiments, the catalyst is a lanthanum and/or neodymium-containing
catalyst.

Any morphology of group 4 element-containing compound may be
employed. For example, in some embodiments the group 4 element-containing
compound is bulk, and in other embodiments the group 4 element-containing
compound is nanostructured, such as a nanowire.

In various embodiments of the foregoing catalytic material, the
catalytic material further comprises one or more dopant. In some
embodiments, the dopant is an alkaline earth metal such as magnesium,
calcium, strontium or barium. The one or more dopant of certain other
embodiments may be selected from the dopants provided in in co-pending U.S.
Application Nos. 13/115,082 (U.S. Pub. No. 2012/0041246); 13/479,767 (U.S.
Pub. No. 2013/0023709); 13/689,611 (U.S. Pub. No. 2013/0165728);
13/689,514 (U.S. Pub. No. 2013/0158322) and U.S. Provisional Application
Nos. 61/794,486; 61/909,840; and 61/988,063, the full disclosures of which are
incorporated herein by reference at least for the purpose of providing exemplary
dopants.

As noted above, one particular advantage of the catalytic
materials comprising a group 4 element-containing compound (e.g., calcium
titanate, calcium hafnate, strontium titanate, strontium hafnate, barium titanate,
barium hafnate, barium zirconate and/or strontium zirconate) is the reduced
shrinkage at the temperatures required for many petrochemical catalytic
reactions, such as OCM. In various embodiments, the catalytic material has a
volume loss of less than 10%, less than 5%, less than 2% or even less than 1%

when heated to 900 °C in static air for 100 hours.
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Advantageously, the group 4 element-containing catalytic
materials are less susceptible to shrinkage, but their catalytic performance
remains substantially the same as the catalyst without the added group 4
element. Accordingly, in some embodiments, the C2+ selectivity of the group 4
element-containing catalytic material in the OCM reaction is greater than about
50%, 55%, 60%, 65%, 70% or even 75% when the OCM reaction is conducted
at temperatures of about 600 °C or lower. In various embodiments of the
foregoing, the C2+ selectivity of the group 4 element-containing catalytic
material in the OCM reaction is determined at about 6-10 barg, for example
about 8 barg.

In any of the foregoing embodiments of catalytic materials having
reduced shrinkage, the catalytic material comprises:

(a) an OCM active catalyst; and

(b) a second catalyst comprising the following formula:

Ln1,Ln2,LN3cLN44LNScLN6:Ox(OH)y
wherein:

Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different
lanthanide elements;

O is oxygen;

OH is hydroxy;

a is a number greater than 0; and

b, c,d, e, f, xand y are each independently numbers of O or
greater, provided that at least one of x or y is greater than O

wherein the catalytic material has a volume loss of less than 5%
when heated to 900 °C in air for 100 hours.

In certain embodiments of the foregoing, the OCM activity of the
catalytic material is greater than either (a) or (b) alone.

In various embodiments, of the foregoing a method for reducing
shrinkage of a catalytic material is provided. The method comprises including a

group 4 and/or group 13 element in the catalytic material. Exemplary group 4
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and/or group 13 elements include those described above with respect to the
catalytic material.

In other embodiments, a catalytic material comprising a first and
second catalyst is provided, wherein the first catalyst has activity for oxidative
coupling of methane and the second catalyst has activity for oxidation of carbon
monoxide.

In some embodiments, the second catalyst comprises a transition
metal oxide. For example in some embodiments the second catalyst comprises
an oxide of titanium, chromium, manganese, iron, cobalt, nickel, copper, zinc,
zirconium, molybdenum, palladium, silver, tungsten, platinum, gold, or any
combination thereof.

In various embodiments of the foregoing, the weight percent of
the second catalyst in the catalytic material ranges from about 0.1% to about
5%. For example, in some embodiments the weight percent of the second
catalyst in the catalytic material ranges from about 0.1% to about 3%.

In other embodiments, the first catalyst comprises a rare earth
oxide. In some embodiments, the rare earth oxide is an oxide of a lanthanide,
an actinide or combinations thereof. In some embodiments, the rare earth oxide
comprises lanthanum, cerium, praseodymium, neodymium, samarium,
europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium,
ytterbium, lutetium or combinations thereof. In some other embodiments the
rare earth oxide comprises a lanthanum/neodymium oxide, a lanthanum/cerium
oxide, a neodymium/cerium oxide, a lanthanum/samarium oxide, a
neodymium/samarium oxide, a europium/neodymium oxide, a
lanthanum/erbium oxide, a neodymium/erbium oxide or a europium/lanthanum
oxide. For example, in some embodiments the rare earth oxide is a lanthanum,
cerium or yttrium oxide, or combinations thereof.

In other embodiments, the first catalyst comprises a transition
metal, for example manganese. In some embodiments, the first catalyst

comprises a manganese tungstate.
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In other embodiments of the foregoing, the first catalyst further
comprises a dopant. For example, in some embodiments the dopant is silicon,
strontium or sodium, or combinations thereof. The dopant of certain other
embodiments may be selected from the dopants provided in in co-pending U.S.
Application Nos. 13/115,082 (U.S. Pub. No. 2012/0041246); 13/479,767 (U.S.
Pub. No. 2013/0023709); 13/689,611 (U.S. Pub. No. 2013/0165728);
13/689,514 (U.S. Pub. No. 2013/0158322) and U.S. Provisional Application
Nos. 61/794,486; 61/909,840; and 61/988,063, the full disclosures of which are
incorporated herein by reference at least for the purpose of providing exemplary
dopants.

A method for oxidative coupling of methane comprising use of the
foregoing catalytic material is also provided, the method comprising contacting
methane and oxygen with the foregoing catalytic material (i.e., comprising first
and second catalysts) at temperatures ranging from about 525 °C to about 825
°C to form a product gas comprising C2’s, carbon dioxide and substantially no
carbon monoxide.

In some embodiments of the foregoing method, the ratio of carbon
monoxide in the product gas relative to the concentration of carbon dioxide in
the product gas ranges from about 0.1 to 10 to about 0.2 to 1.0.

In other embodiments, the method further comprises converting
the carbon dioxide into methane. For example, in some embodiments the
carbon dioxide is converted into methane via a reverse water gas shift or

Sabatier reaction.

3. Catalytic Forms

The catalytic materials may also be employed in any number of
forms. In this regard, the physical form of the catalytic materials may contribute
to their performance in various catalytic reactions. In particular, the
performance of a number of operating parameters for a catalytic reactor that
impact its performance are significantly impacted by the form in which the
catalyst is disposed within the reactor. As noted elsewhere herein, the catalyst
may be provided in the form of discrete particles, e.g., pellets, extrudates or
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other formed aggregate particles, or it may be provided in one or more
monolithic forms, e.g., blocks, honeycombs, foils, lattices, etc. These operating
parameters include, for example, thermal transfer, flow rate and pressure drop
through a reactor bed, catalyst accessibility, catalyst lifetime, aggregate
strength, performance, and manageability.

In a certain embodiment, the form of the catalyst can directly
impact the flow rate and pressure drop through a catalyst bed. In particular, the
pressure drop across a catalyst bed, which can be estimated using the Ergun
equation, is a function of the bed void volume, where increased void spaces,
e.g., between catalyst particles, provides easier flow through the catalyst bed,
and thus a smaller pressure drop across the catalyst bed. Pressure drop
across the bed is also a function of size of the formed catalyst particles as
defined by the effective particle diameter: Dp,eq = 6Vp/Sp, where Vp is the
volume of formed catalyst and Sp is the surface area of the catalyst. As the
effective particle diameter increases the pressure drop decreases. With
reference to previously described OCM reactions, the issue of pressure drop
was of little importance since such reactions were carried out at relatively high
pressures and small scales. In accordance with preferred low pressure OCM
reactions described herein, however, it is desirable to maintain an entire reactor
system at pressures and other operating conditions, that are more
conventionally found in gas and other chemical processing systems. As such, it
is desirable to provide reactor systems that operate at inlet pressures of from
about 15 psig to about 150 psig with relatively controlled pressure drops across
the reactor bed. Thus, in accordance with certain embodiments, catalyst forms
are selected to provide the reactors that have inlet pressures of between about
15 and 300 psig, with pressure drops that average between about 0.1
psig/linear foot of reactor bed depth to about 10 psig/linear foot of reactor bed
depth. Typically the catalytic form is chosen such that the pressure drop across
a bed comprising the catalytic forms will range from about 0.05 bar/m to about
0.4 bar/m at gas head space velocities (GHSV) ranging from about 15,000 hr”’
at STP to about 50,000 h™" at STP. The pressure drop will typically increase as
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the aspect ratio of the catalyst bed increases and/or the diameter of the catalyst
bed decreases. Typical catalyst bed aspect ratios (length to diameter) range
from about 0.1 to about 3, 0.1 to about 2, from about 0.3 to about 1, for
example about 0.5 to about 0.75. Typical catalyst bed diameters range from
about 3 feet to about 20 feet, for example about 5 feet to about 15 feet.

A variety of catalyst forms may be used to achieve these
parameters as described herein. In particular, catalyst forms that provide void
fractions within the reactor of from about 35% to about 70%, and preferably
between about 45% and about 65%, will generally provide void fractions in an
advantageous range. In some embodiments, the void fraction ranges from 60%
to 70%, for example from 64% to 67%. Notwithstanding the foregoing, a range
of effective void fractions may be selected by selecting the appropriate particle
size, to meet the desired pressure drop while still providing the requisite
catalytic activity. In general, the catalyst particles will typically range from about
0.25 mm to about 50 mm in at least one cross sectional dimension, with some
embodiments having particle sizes for formed aggregates ranging from about
0.25 mm to about 50 mm or to about 40 mm, from about 4 mm to about 28 mm
or from about 6 mm to about 25 mm, or from about 2 mm to about 25 mm in at
least one cross sectional dimension. For example, in some embodiments the
catalyst particles will typically be between about 4 mm and about 28 mm in at
least one cross sectional dimension, with preferred particle sizes for formed
aggregates being between about 10 mm and about 25 mm in at least one cross
sectional dimension. In other embodiments, at least one cross sectional
dimension ranges from about 10 mm to about 16 mm, 14 mm to about 20 mm
or about 18 mm to about 25 mm.

In accordance with certain embodiments, the foregoing
parameters are adjusted in the context of maintaining other parameters in
desired ranges. In particular, adjustment of void fraction and pressure drop is
generally carried out in a manner that does not significantly adversely affect
catalytic activity, or catalyst lifetime. In particular, preferred catalyst forms will

provide desired pressure drops, while also providing desired performance
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activity. In general, catalyst forms that provide higher surface to volume ratios,
while maintaining desired void fractions are preferred. Surface to volume ratios
increase as the effective particle diameter decreases. Therefore, it is desirable
to have as small an effective diameter as possible while still meeting the
pressure drop requirements. Forms with smaller effective diameters can be
used but the void fraction must increase to meet pressure drop requirements.
In certain embodiments, catalyst forms that accomplish this include, e.g., rings,
pentagons, ovals, tubes, trilobes, trilobe rings, wagon wheels, monoliths,
quadralobes, quadralobe rings, shapes with fluted edges and the like. In
general, the surface area to volume ratio for the formed aggregate catalyst
particles of the invention will range from about 0.1 mm™ to 10 mm'1, and in
some embodiments from about 0.5 mm™ to about 5 mm™ and in other
embodiments from about 0.1 mm™" to about 1 mm™.

In a further aspect, it is also desirable that the catalyst forms used
will have crush strengths that meet the operating parameters of the reactor
systems. In particular, a catalyst crush strength should generally support both
the pressure applied to that particle from the operating conditions, e.g., gas inlet
pressure, as well as the weight of the catalyst bed. In general, it is desirable
that a catalyst particle has a crush strength that is greater than about 0.2
N/mm?, and in some embodiments greater than about 2 N/mm?, for example
greater than about 0.5 N/mm?, and preferably greater than about 2 N/mm?. In
some embodiments, the crush strength is greater than about 0.25 N/mm?, or
greater than about 1 N/mm?, such as about 10 N/mm?. As will be appreciated,
crush strength may generally be increased through the use of catalyst forms
that are more compact, e.g., having lower surface to volume ratios, or that have
a higher catalyst density. However, adopting such forms may adversely impact
performance. Accordingly, forms are chosen that provide the above described
crush strengths within the desired activity ranges, pressure drops, etc. Crush
strength is also impacted though use of binder and preparation methods (e.g.,

extrusion or pelleting).
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In addition, in particularly preferred embodiments, the use of
catalytic nanowire materials can enhance crush strength as they can operate as
binders themselves, and thus impart greater structural integrity and crush
strength to the catalyst particle.

Another catalyst form characteristic that can impact overall reactor
performance is the accessibility of the catalyst material within a catalyst particle.
This is generally a function of the surface to volume ratio of the catalytic portion
of a given catalyst particle. For a homogeneously dispersed catalyst, this
relates to the surface:volume ratio of the entire particle, while for catalyst
coated particles or forms, this would relate to the surface:volume ratio of the
coating porosity of the catalyst particle. While this ratio is a function of the
catalyst particle shape, e.g., spherical particles will have lower surface:volume
ratios than other shapes, it can also be substantially impacted by the porosity of
the catalyst particle. In particular, highly porous catalyst particles have larger
effective diffusivities allowing for greater utilization of the formed catalyst in the
reactor. Again, while highly porous catalyst particles may provide greater
accessibility, they should generally do so while maintaining desired crush
strengths, etc., which can be adversely impacted by increasing porosity. In
particularly preferred aspects, catalyst particles or other forms will include a
porosity of between about 10% and about 80% while maintaining the desired
crush strengths above about 0.2 N/mm?. In more preferred aspects, the
porosity will be between about 40% and about 60%.

For example, in some embodiments the catalytic materials are in
the form of an extrudate or pellet. Extrudates may be prepared by passing a
semi-solid composition comprising the catalytic materials through an
appropriate orifice or using molding or other appropriate techniques. Other
catalytic forms include catalysts supported or impregnated on a support
material or structure. In general, any support material or structure may be used
to support the active catalyst. The support material or structure may be inert or
have catalytic activity in the reaction of interest (e.g., OCM). For example,

catalysts may be supported or impregnated on a monolith support. In some
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particular embodiments, the active catalyst is actually supported on the walls of
the reactor itself, which may serve to minimize oxygen concentration at the
inner wall or to promote heat exchange by generating heat of reaction at the
reactor wall exclusively (e.g., an annular reactor in this case and higher space
velocities). Exemplary catalytic forms useful in the practice of the present
invention are described in more detail below.

The surface area to volume ratio of the catalytic form is an
important parameter in determining the maximal flux of reagents and product
molecules entering or leaving the catalytic form. This parameter also affects
the temperature gradient throughout the form since increase in relative surface
area tends to favor heat removal and minimize thickness of the form, hence
limiting peak temperatures at the core of the particle. In some cases, heat
removal from the catalyst particle is not favored, such that there is a large
temperature difference between the catalyst particle and surrounding gas. In
this case, a smaller catalytic form envelope surface area to catalytic form
envelope volume ratio is desired, ranging from 0.1 mm™ to about 4 mm™ or
from 0.1 mm™' to about 0.5 mm™. In the particular case of OCM active catalytic
forms, the catalytic form envelope surface area to catalytic form envelope
volume ratio ranges from about 0.5 to about 4 mm™ or from about 0.25 mm™ to
about 4 mm™. when the space velocities range from about 10,000 to about
200,000 hr, for example from 20,000 hr™' to 32,000 hr''. At ratios larger than 4
mm', the same catalytic forms may become mechanically weak, and in this
case a coated substrate might be preferable. At ratios lower than 0.5 only a
fraction of the catalyst is accessible to the reagent as the form gets too thick
and transport limitations can become a limiting factor.

In some cases, it will be particularly desirable to provide catalytic
materials in which the active catalyst material is substantially homogeneously
dispersed. As used herein, homogeneously dispersed means that across a
given catalyst particle, the concentration of active catalyst does not vary by
more than 25%, preferably not greater than 10%. For particularly preferred

materials, this is advantageously achieved through the use of catalytic nanowire
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materials, which provide a more uniform dispersion profile within catalyst
formulations, e.g., including diluents, binders etc.

For catalysts which are heterogeneously dispersed within the
catalytic form (e.g., catalysts disposed on the surface of a support), the above
mentioned ratio can become quite small (e.g., from about 0.1 to about 0.5) as
effective catalyst used can be maintained by preferentially concentrating the
active catalyst component at the surface of the form (e.g., adhered to surface of
a support).

The density of the formed catalytic material can affect various
factors such as the porosity, effective surface area, pressure drop, crush
strength, etc. In various embodiments, the density of the formed catalytic
material ranges from about 0.5 g/cm?® to about 5.0 g/cm® or to about 3.0 g/cm®.
For example, in some more specific embodiments, the density ranges from
about 1.50 g/cm® to about 3.5 g/cm?®, to about 3.0 g/cm?® or from about 2.0 g/cm®
to about 2.75 g/cm®, for example about 2.5 g/cm®. The foregoing densities refer
to the density of the catalytic material excluding the volume associated with the
catalytic material's porosity and void volume.

In certain preferred embodiments, the catalytic materials will
satisfy one, two, or more of the foregoing parameters. For example, the
catalyst particles (or catalytic materials made therefrom, e.g., formed
aggregate) may include one or more of a particle size and/or shape that yields
a bed void volume fraction of 35% to 70%, a crush strength of greater than
1N/mm?, a porosity ranging from 10% to 80% and a surface area to volume
ratio ranging from 0.1mm™ to 10mm™. In other embodiments, the catalyst
particles (or catalytic materials made therefrom, e.g., formed aggregate) may
include one or more of a particle size that yields a bed void volume fraction of
45% to 65%, a crush strength of greater than 1 N/mm?, a porosity ranging from
40% to 60% and a surface area to volume ratio ranging from 0.1mm’" to 5mm™.

In still more embodiments, the catalyst particles (or catalytic
materials made therefrom, e.g., formed aggregate) may include one or more of

a particle size that yields a bed void volume fraction of 40% to 60%, a crush
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strength of greater than 0.2 N/mm?, a porosity ranging from 10% to 80% and a
surface area to volume ratio ranging from 0.1mm™ to 10mm™. In some
embodiments, the catalyst particles (or catalytic materials made therefrom, e.g.,
formed aggregate) may include one or more of a particle size that yields a bed
void volume fraction of 35% to 70%, a crush strength of greater than 0.2
N/mm?, a porosity ranging from 10% to 80% and a surface area to volume ratio
ranging from 0.1mm™ to 10mm™. In other embodiments, the catalyst particles
(or catalytic materials made therefrom, e.g., formed aggregate) may include
one or more of a particle size that yields a bed void volume fraction of 35% to
70%, a crush strength of greater than 1N/mm?, a porosity ranging from 40% to
60% and a surface area to volume ratio ranging from 0.1mm™ to 10mm™. In
still other embodiments, the catalyst particles (or catalytic materials made
therefrom, e.g., formed aggregate) may include one or more of a particle size
that yields a bed void volume fraction of 35% to 70%, a crush strength of
greater than 0.2 /mm?, a porosity ranging from 10% to 80% and a surface area
to volume ratio ranging from 0.1mm’" to 5mm™.

In some of the foregoing embodiments, wherein the catalytic
materials satisfy one, two or more of the foregoing parameters, the catalyst
particles (or catalytic materials made therefrom, e.g., formed aggregate)
additionally comprise at least one cross sectional dimension ranging from 0.25
mm to 50 mm. In other embodiments, at least one cross sectional dimension
ranges from 4mm to 28mm. Any of the foregoing catalytic materials may also
comprise a BET surface area ranging from about 0.1 m?/g to about 50 m?/g.
BET (Brunauer/Emmett/Teller) refers to a technique for determining surface
area, which employs an inert gas, for example nitrogen, to measure the amount
of gas adsorbed on a material and can be used to determine the accessible
surface area of materials.

The total surface area (including pores) by weight of the catalytic
form is primarily determined by the composition (i.e., catalyst, binder, diluent,
etc.) of the form. When low surface area diluent is used then most of the

surface area of the solid comes from the OCM active catalyst. In certain

62



10

15

20

25

30

WO 2016/044428 PCT/US2015/050431

embodiments, the surface area of the catalytic materials ranges from about 0.1
m?/g to about 50 m?/g depending on catalyst dilution when using low surface
area diluent material.

One of the advantages of catalytic materials employing nanowire
structured catalysts is that they can form aggregates with large pore volume
presenting interconnected large pores. Typically pore volume fraction in
catalytic materials containing a nanowire catalyst ranges from 20 to 90%
(vol/vol) and in some embodiments can be modified by adjusting the ratio of
diluent (typically lower porosity and lower surface area) to nanowire
aggregates, and in other embodiments can be modified by selecting nanowires
with the appropriate aspect ratio. When the pore structure is mostly dominated
by the nanowire aggregates pores above 20 nm are the main source of pore
volume within the composite form. Some embodiments include catalytic forms
which have highly interconnected and large openings relative to reagent and
product molecules, thus promoting diffusion through the form. This property
can also be used when reactant flow is forced through the composite as for
example in wall through flow monoliths for diesel soot removal.

In some examples, the catalytic forms are chosen in order to
mitigate potential hot spots resulting from highly exothermic reactions. For
example, in some embodiments the heat conductivity of the form is increased
including material with high heat conductivity in the form. Examples of
materials used to increase the heat conductivity include, but are not limited to,
SiC. In other embodiments, the rate of heat generation per unit volume of form
can be decreased, for example by dilution of the form with an inactive material,
thus adjusting the catalyst surface area per form volume and form porosity. At
the same time the selection of the diluent to promote heat transfer through the
form can be beneficial in reducing temperature gradient through the form. In
this regard, any of the diluents described herein can be employed in the
catalytic form for the purpose of promoting heat transfer and reducing the

temperature gradient through the form.
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In another embodiment, the thermal transfer properties of the
catalytic form are controlled by heterogeneous loading of active catalyst
throughout the form. For example, in some embodiments OCM catalyst can be
coated upon a catalytically inert support resulting in an overall low catalyst
loading per form and limited temperature gradient through the form (since there
is no heat generation in the core of the particle). Again, the thickness of such
coating layers will depend upon the desired ratio of catalyst to inert support
and/or catalyst loading. In other embodiments, it may be desirable to increase
the temperature gradient through the form in some locations of the pack-bed
reactor. In this case active catalyst may be preferentially loaded in the core of
the form with an outer shell containing low active catalyst amounts. Such
strategies are discussed in more detail below.

In some embodiments a support (e.g., MgO, CaO, B,03, Gay0s,
Al2Os3, In203, SrAl204, B4SrO7, CaCOs, SrCOs, inorganic oxides, SiO2, TiOo,
SrO, Ba0, ZrOy, Zn0O, LiAIO2, MgAl,04, MNO, MnO_, Mn3O04, Laz0s, Ln2Os,
where Ln is a lanthanide element, AIPO4, SiO./Al,Os, activated carbon, silica
gel, zeolites, activated clays, activated AloOs, SiC, diatomaceous earth,
magnesia, aluminosilicates, calcium aluminate, support nanowires or
combinations thereof) may be used in the form of a pellet or extrudate or
monolith (e.g., honeycomb) structure, and the catalysts may be impregnated or
supported thereon. In other embodiments, a core/shell arrangement is
provided and the support material may form part of the core or shell. For
example, a core of MgO, Ca0O, CaCOs or SrCO3 may be coated with a shell of
catalyst.

In certain embodiments, the catalyst materials are provided as a
formed aggregate that comprises the underlying catalyst material, and in many
cases, one or more additional materials, including dopants, diluents, binders,
supports, or other different catalyst materials, as described elsewhere herein.
These formed aggregates may be prepared by a large number of different
forming processes, including for example, extrusion processes, casting

processes, press forming processes, e.g., tablet processes, free form
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aggregation processes (e.g., spray aggregation), immersion, spray, pan or
other coating or impregnation processes and/or agglomeration/granulation
techniques. These formed aggregates may range in size from small particles,
e.g., less than 1 mm in cross sectional dimension, to moderate size particles
ranging from 1 mm to 2 cm in cross sectional dimension, e.g., for typical pellet
or extrudate sized particles, to much larger forms, ranging from 2 cm to 1 or
more meters in cross sectional dimension, e.g., for larger formed aggregates
and monolithic forms.

In some embodiments, diluents or binders used for the purpose of
forming composite formed aggregates containing a heterogeneous catalyst
(e.g., an OCM active catalyst) are selected from Silicon Carbide, Magnesium
Oxide, Calcium Oxide, Alumina, aluminosilicates, carbonates, sulfates, low
acidity refractory oxides such as cordierite (Mg2Al4SisO15) and alkaline earth
metal aluminates (e.g., CaAl204, CasAl20g). In other embodiments, the
diluents are selected from one or more of the diluents described in the
foregoing section entitled “Catalytic Formulations.” The diluents are
preferentially of low surface area and low porosity in order to minimize potential
negative interaction between the diluent surface and the reaction product
intermediates.

Additional binders can also be used in order to improve the
mechanical strength (in particular crush strength) of the formed aggregates. In
some embodiments, such binders are inorganic precursors or inorganic clusters
capable of forming bridges between the particles in the aggregate, for example,
colloidal oxide binders such as colloidal silica, alumina or zirconia may be used.
In the particular case of an OCM catalyst however, inertness of the binder
toward reaction intermediates is generally desired. Since standard colloidal
silica and colloidal alumina have been found to interfere with the OCM
reaction, certain embodiments include catalytic materials which do not comprise
these types of binders, and in certain embodiments the catalytic materials
comprise a catalytic nanowire and substantially no binder (i.e., the nanowires

act as binder material). In some embodiments, the binder may comprise low
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concentration of CeO, provided the red-ox activity of the binder is much smaller
than the overall catalyst activity for OCM of the composite form.

Apart from the above mentioned components, further components
and auxiliaries are typically added to the mixture to be formed (e.g., extruded).
Water and, if appropriate, acids or bases may be employed. In addition,
organic and inorganic substances which contribute to improved processing
during formation of the catalytic form and/or to a further increase in the
mechanical strength and/or the desired porosity of the extruded catalytic
material can additionally be employed as auxiliaries. Such auxiliaries can
include graphite, stearic acid, methylstearate, silica gel, siloxanes, cellulose
compounds, starch, polyolefins, carbohydrates (sugars), waxes, alginates, and
polyethylene glycols (PEGs).

The ratios of active catalyst to binder to be used in the formed
aggregate varies depending upon the desired final catalyst form, the desired
catalytic activity and/or mechanical strength of the catalytic form and the identity
of the catalyst. With regard to extrudates, the rheology of the paste to extrude
can be varied to obtain the desired catalytic material.

In certain embodiments, the disclosed formed catalytic materials
for the OCM reaction are designed differently from catalytic materials employed
in common catalytic reactions involving the elementary steps of adsorption,
surface reaction, and desorption. While not wishing to be bound by theory, it is
believed that in certain embodiments the OCM reaction follows an Eley-Rideal
mechanism where methane is activated at a catalyst surface by collision,
generating methyl radicals that then react in the gas phase surrounding the
catalyst surface. Under such a mechanism, the pore volume within the catalytic
material can become filled with high methyl radical concentration, leading to
highly selective methyl radical coupling and ethane formation.

This mechanism leads to a catalyst that can produce very high
turnover rates and allows operation at higher gas hourly space velocities
relative to other catalytic reactions. Since reactor vessels with high aspect ratio

(length / diameter ratio for cylindrical reactor) are desirable at commercial scale,
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high gas linear velocity or superficial velocity is preferred in some embodiments
of OCM at commercial scale. As used herein, “high linear velocity” or “OCM
linear velocity” both refer to linear velocities which range from about 1 m/s to
about 10m/s, or in certain embodiments from about 2 m/s to about 8m/s and in
other embodiments from about 2 m/s to about 4 m/s. Typical commercial
reactor systems used for other catalytic reactions with similar dimensions run
lower space velocity and much lower linear velocities such as less than about
2m/s or less than about 1 m/s. These high linear flow rates result in increased
flow resistance for catalyst beds with small particle size and low void fraction.

Accordingly, one challenge associated with an OCM catalytic
material is to minimize mass transfer limitations within the reactor (and the
catalyst) to take advantage of the very rapid kinetics while meeting pressure
drop requirements for a practical commercial deployment. To minimize mass
transfer resistance, both external and internal mass transfer must be minimized.
In certain embodiments, the internal mass transfer resistance is minimized by
maintaining the catalytic material’'s diameter at a minimum and the pore size at
greater than about 10nm. In other embodiments, to minimize external mass
transfer resistance, the hydrodynamics are controlled such that the process is
operated at a gas velocity where the Reynolds number is high and the flow is
turbulent. The Reynolds numbers increases with increasing particle effective
diameter or gas velocity. In certain embodiments herein the OCM reaction is
operated under conditions such that the Reynolds number (based on particle)
exceeds 100, for example greater than 1,000 or greater than 2,000.

To meet both a small effective diameter to minimize internal mass
transfer resistance and a high Reynolds number, certain embodiments of the
catalytic material are chosen to have a shape that minimizes the effective
diameter but have a high void fraction to reduce the pressure drop generated
from high gas velocity. Thus, certain embodiments of the disclosed catalytic
materials are provided in high void forms such as rings, pentagons, ovals, and

the like, each having optional fluted edges and through holes.
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Accordingly, in some embodiments, the catalytic materials of the
invention are produced in various shapes and sizes. In this regard, extrudates
or tablets find particular utility in certain embodiments. Exemplary catalytic
materials include extruded or tableted cylinders, rods, stars or ribbed particles,
trilobes, hollow shapes, donut or ring-shaped particles, pellets, tubed, spherical,
fluted, honeycombs and irregular shapes. In various embodiments, catalyst
size and shape is chosen to meet selectivity, activity, and pressure drop
requirements for a particular reactor size and reactor operating conditions (e.g.,
temperature, pressure, linear velocity, etc.). The catalytic material size and
shape may be different depending on specific reactor type. Catalyst size is
typically chosen to provide the highest surface area possible (e.g., most contact
with reactant gases) while maintaining an acceptably low pressure drop.
Therefore, small reactors will typically use small size particles while large
reactors will typically use larger size particles. In some embodiments, small
extrudates or tablets have an outer diameter ranging in size from 0.5 to 10 mm,
preferably from 1 to 50 mm, particularly preferably from 6 to 25 mm. In other
embodiments, the mean ratio of length to outer diameter for small catalytic
materials is from 0.2:1 to 20:1, preferably from 0.7:1 to 10:1, particularly
preferably from 1:1 to 5:1. Exemplary embodiments of large catalytic materials
include extrudates or tablets ranging in size (effective diameter) from 10 to 50
mm, preferably from 10 to 30 mm, particularly preferably from 14 to 25 mm. In
certain other embodiments, the mean ratio of length to outer diameter for large
catalytic materials is from 0.1:1 to 20:1, preferably from 0.7:1 to 10:1,
particularly preferably from 0.5:1 to 2:1.

The shape of the catalytic materials may be selected to either
increase or decrease the active catalyst volumetric loading since the shape of
the form may have a significant impact on the void fraction between formed
particles. For example, one embodiment is directed to donut shaped particles
which have larger inter packbed void fraction because of the added void
contributed by the donut hole in this form when compared to a plain cylindrical

shape of the same diameter. In certain embodiments, a shape that gives
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acceptable pressure drop and surface area at commercial scale has a bed void
fraction between about 0.6 and 0.7 and an effective diameter between about 3
and 12mm. As used herein, effective diameter is calculated as
6*(volume)/(surface area).

Other aspects are directed to hollow catalytic forms (which are
typically prepared by extrusion or casting, but may be press formed as well).
Such embodiments allow separation of different gas domains by a porous and
catalytically active material. One implementation of such design is in hollow
tubes with walls made of nanowire catalyst with diluent material. The tubes
may be used to introduce reagents in separate streams. Another
implementation of such complex form can be wall flow through monoliths where
feed gases and product gases are on separate sides of the catalytic walls.

In certain other aspects, tube or ring shaped catalyst particles are
used. While not wishing to be bound by theory, it is believed that the wall or
ring thickness can have a significant impact on performance. In particular, a
larger wall or ring thickness is thought to promote lower light-off temperatures
for OCM reactions. Restated, ring or tube shaped catalyst forms or particles
having a higher ratio of the outer diameter to the inner diameter show lower
light-off temperatures for OCM reactions. In particularly preferred aspects, the
wall or ring thickness of an OCM catalyst particle, e.g., a nanowire OCM
catalyst containing particle as described elsewhere herein, is selected so that
the ratio of inner diameter to outer diameter is between about 0.3 and 0.7. For
example, in some cases, the wall thickness of the catalyst particle may be
between about 1 mm and about 10 mm, with particularly preferred catalyst
particles being between about 6 mm and about 2 mm, and more preferably
between about 4 mm and about 1.4 mm, with even more preferred wall
thicknesses being between about 1.5 and 1.9 mm for catalyst rings or tubes
that have an outer diameter of between about 1 mm and about 50 mm,
preferably between about 4 mm and about 10 mm.

Other embodiments of ring-shaped catalytic materials include

rings having an outer diameter from about 3 mm to about 50 mm. Inner
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diameters in certain embodiments range from about 1 mm to about 25 mm.
The outer diameter can be selected to be larger than the inner diameter.
Accordingly, various embodiments are directed to a catalytic material
comprising a plurality of OCM active catalysts, wherein the catalytic material is
in the shape of a ring (e.g., Figures 2D-F) having an outer diameter ranging
from about 3 mm to about 50 mm and an inner diameter ranging from about
1mm to about 25 mm, wherein the outer diameter is larger than the inner
diameter. In related embodiments, the ratio of inner to outer diameter of the
rings ranges from about 0.3 to about 0.9, for example from about 0.4 to about
0.8 or from about 0.65 to about 0.75. The aspect ratio of the rings (length
divided by outer diameter) varies in different embodiments. In certain
embodiments the aspect ratio ranges from about 0.5 to about 2, 0.5 to about 2
or from about 0.6 to about 1.2.

Different scale reactions will typically benefit from different sized
rings. For example, for smaller scale reactions (e.g., pilot, small commercial,
etc.), the rings will typically have an outer diameter ranging from about 3 mm to
about 15mm, from about 4 mm to about 10 mm or from about 5 to about 10
mm. In various embodiments, the inner diameter of these rings will vary from
about 1 mm to about 10 mm, for example from about 2 to about 7 mm or from
about 2 to about 5 mm. For example, in some embodiments the rings have an
outer diameter of about 6 mm and an inner diameter of about 3 mm.

In more specific embodiments, catalytic materials in the shape of
rings have an outer diameter ranging from about 5 mm to about 10 mm and an
inner diameter ranging from about 1 mm to about 4 mm. In other embodiments
the outer diameter ranges from about 5 mm to about 7 mm and the inner
diameter rangers from about 2 mm to about 4 mm. In some related
embodiments the outer diameter is about 6 mm and the inner diameter is about
3 mm.

For larger scale reactions (e.g., demonstration scale, commercial
scale, etc.) may benefit from larger ring sizes. Accordingly, in some

embodiments the outer diameter of the rings ranges from about 10 mm to about
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50 mm for example from about 15 to about 40 mm or from about 18 mm to 25
mm. The inner diameter of the rings in such embodiments ranges from about
10 mm to about 25 mm, for example from about 10 mm to about 20 mm or from
about 12 mm to about 18 mm.

In further embodiments of the above described rings, the rings
have an outer diameter ranging from about 17 mm to about 19 mm and an
inner diameter ranging from about 11 mm to about 13 mm. In other
embodiments, the rings have an outer diameter ranging from about 18 mm to
about 20 mm and an inner diameter ranging from about 12 mm to about 14
mm. In some other embodiments, the rings have an outer diameter ranging
from about 19 mm to about 21 mm and an inner diameter ranging from about
13 mm to about 15 mm. In some more embodiments, the rings have an outer
diameter ranging from about 21 mm to about 23 mm and an inner diameter
ranging from about 14 mm to about 16 mm. In even more embodiments, the
rings have an outer diameter ranging from about 21 mm to about 23 mm and an
inner diameter ranging from about 15 mm to about 17 mm. In yet more
embodiments, the rings have an outer diameter ranging from about 24 mm to
about 26 mm and an inner diameter ranging from about 16 mm to about 18
mm. Other embodiments include rings having an outer diameter ranging from
about 21 mm to about 26 mm and an inner diameter ranging from about 17 mm
to about 19 mm.

In more specific embodiments of the foregoing, the rings have an
outer diameter of about 18 mm and an inner diameter of about 12 mm. In other
embodiments, the rings have an outer diameter of about 20 mm and an inner
diameter of about 13 mm. In more embodiments, the rings have an outer
diameter of about 20 mm and an inner diameter of about 14 mm. In other
embodiments, the rings have an outer diameter of about 22 mm and an inner
diameter of about 15 mm. In more embodiments, the rings have an outer
diameter of about 22 mm and an inner diameter of about 16 mm. In more

embodiments, the rings have an outer diameter of about 25 mm and an inner
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diameter of about 17 mm. In yet more embodiments, the rings have an outer
diameter of about 25 mm and an inner diameter of about 18 mm.

In further embodiments of the above described rings, the rings
have an outer diameter ranging from about 13 mm to about 15 mm and an
inner diameter ranging from about 9 mm to about 11 mm. For example, in
some embodiments, the rings have an outer diameter of about 14 mm and an
inner diameter of about 10 mm.

In various embodiments of any of the foregoing formed catalytic
materials the catalytic material has a C2+ selectivity of greater than 50% when
the catalytic material is employed as a catalytic material in a method for the
oxidative coupling of methane to C2+ hydrocarbons, wherein the method
comprises passing a feed gas comprising methane though the catalytic material
at linear velocities ranging from about 1 m/s to about 10 m/s. In other
embodiments of the foregoing formed catalytic materials, the active catalyst is a
nanowire catalyst.

Other exemplary shapes for catalytic materials described herein
include “miniliths.” Miniliths are small monolithic materials having void volumes
therein. The miniliths can be provided in any number of various shapes and
sizes. For example, in certain embodiments minilith shapes range from cubic to
cylindrical and include non-regular shapes thereof. The void volume within the
miniliths can also vary in size and shape. In some embodiments, the void
volume is cylindrical. The number of void spaces in a typical minilith will also
vary from about 1 to about 10 per minilith, for example from about 3 to about 7
per minilith.

With respect to size of the disclosed miniliths, various
embodiments are directed to miniliths having an outside dimension ranging
from about 10 mm to about 50 mm for example from about 15 to about 40 mm
or from about 18mm to 25mm. With respect to “largest outside dimension” for a
minilith, this value is determined based on the smallest diameter pipe that the

minilith will fit in. For example, the largest outside dimension of a cylindrical
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minilith will be its diameter while for a cubic minilith this dimension will be a
diagonal of one of the cubic faces.

In certain embodiments, the minliths have a non-tessellating
shape. Non-tessellating shapes are advantageous in certain embodiments
since the formed catalytic materials cannot tightly pack together and void
spaces remains between the individual formed pieces. Accordingly, in some
embodiments a formed catalytic material comprising a catalyst and a binder or
diluent is provided, the catalytic material comprising:

a) a non-tessellating shape;

c) an effective diameter ranging from 1 mm to 20 mm; and

d) a void fraction of greater than 0.3.

In some embodiments, the catalyst is an OCM active catalyst. In
some embodiments, the effective diameter ranges from about 5 to about 50
mm, from about 15 mm to about 30 mm or from about 20 to about 28 mm.

The void fraction is optimized to result in optimal pressure drop
and contact of the active catalyst with the reactant gases. In some
embodiments, the void fraction ranges from about 0.4 to about 0.8, for example
from about 0.5 to about 0.7 or from about 0.6 to about 0.7. In more specific
embodiments, the void fraction ranges from about 0.64 to about 0.67 or from
about 0.54 to about 0.58.

The density is also optimized for such factors as crush strength
and porosity. For example, in certain embodiments the formed catalytic
materials have a total density ranging from about 0.5 g/cm? to about 2.0 g/cm?,
for example from about 0.8 g/cm? to about 1.5 g/cm® or from about 0.9 g/cm? to
1.2 g/cm3. As used herein, the term “total density” refers to the density of the
entire formed catalytic materials (i.e., including the total volume occupied by
any void volume and porosity). With respect to a catalyst bed (i.e., a plurality of
formed or extruded catalytic materials) the “total density” also includes inter-
catalyst void volume (void volume between individual extrudates or tablets,

etc.).
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Experiments performed in support of the present invention, and
described in more detail in the examples, have determined that sharp (i.e., 90
degree) edges on formed catalytic materials are a source of attrition for the
formed catalytic materials. Under the weight of the catalyst bed and/or during
various operations, including loading the catalytic materials into the reactor, the
sharp edges break down and produce fine materials. The fine materials can
interfere with the process in any number of ways, including increasing the
pressure drop through the catalyst bed (e.g., clogging the void volume). Based
on this finding, the present inventors have arrived at formed catalytic materials
which comprise rounded or chamfered edges (Figure 1). Such catalytic
materials solve the previously unrecognized problem associated with sharp-
edged catalytic materials.

Further, since pressure drop across a catalytic bed is an important
factor to consider, some of the formed catalytic materials comprise convex
surfaces, instead of the traditional flat surfaces. The convex surfaces allow for
more void volume in the packed catalyst bed (i.e., the formed catalytic materials
do not pack as tightly).

In some of the foregoing embodiments, the non- tessellating
shape is a pentagon (e.g., Figure 2B). The pentagon may be an irregular or a
regular pentagon. The size of the pentagon shaped catalytic materials is
typically selected based on the scale of the reaction. Larger scale reaction will
typically utilize larger formed catalytic materials. In some embodiments the
pentagon has an effective diameter ranging from about 5 mm to about 50 mm,
for example from about 10 mm to about 30 mm or from about 20 to 30 mm. In
some more specific embodiments, the effective diameter ranges from about 22
to 26 mm.

In other embodiments, the non- tessellating shape is an ellipse
(e.g., Figure 2A). Again, the size of the ellipse will generally be selected based
on the scale of the desired reaction. In some embodiments, the ellipse has a
major diameter ranging from about 10 mm to 30 mm and a minor diameter

ranging from about 5 mm to about 20 mm. In other embodiments, the major
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diameter ranges from about 20 mm to about 30 mm and the minor diameter
ranges from about 6 mm to about 18 mm. For example, in some more specific
embodiments the major diameter ranges from about 22 mm to about 26 mm
and the minor diameter ranges from about 10 mm to about 14 mm.

In various embodiments the void space of a catalyst bed is
controlled by including grooves and/or flutes on the edges of the formed
catalytic materials (e.g., Figure 2C). The flutes are typically a convex shape
(circular) cut into the outer edge of the formed catalytic materials. In some
embodiments, the catalytic materials comprise one or more fluted edge. In
some other embodiments, the one or more flutes have a diameter ranging from
about 2 to about 10 mm, for example about 6 mm.

In any of the foregoing embodiments, the OCM catalyst comprises
a rare earth oxide. In some embodiments, the catalyst is a nanowire catalyst,
and in other embodiments the catalyst is a bulk catalyst.

The void volume in a minilith ranges (e.g., ring or non-tessellating
shape) from about 10% to about 50% or from about 25% to about 35% of the
total volume of minilith. The aspect ratio of the disclosed miniliths (length
divided by outside dimension) ranges from about 0.5 to about 2 or from about
0.6 to about 1.2.

In certain embodiments, the miniliths (e.g., rings, pentagons,
ellipses) comprise 3 void spaces. In other embodiments the miniliths comprise
4 void spaces. In more embodiments, the miniliths comprise 5 void spaces. In
some other embodiments, the miniliths comprise 6 void spaces. In yet other
embodiments, the miniliths comprise 7 void spaces. In certain embodiments,
the void spaces are cylindrical.

The dimension of a void space will vary and is determined based
on the largest cross-sectional dimension of the void space. The void space
dimension will typically range from about 2 to about 10 mm, for example from
about 3 to about 8 mm or from about 3 to about 5 mm or about 5 mm.

In various other embodiments, the miniliths comprise an outer

dimension ranging from about 15 mm to about 17 mm and void space
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dimensions ranging from about 4 to about 6 mm. In other embodiments, the
miniliths comprise an outer dimension ranging from about 17 mm to about 19
mm and void space dimensions ranging from about 4 to about 6 mm. In more
embodiments, the miniliths comprise an outer dimension ranging from about 15
mm to about 17 mm and void space dimensions ranging from about 3 to about
5 mm. In other embodiments, the miniliths comprise an outer dimension
ranging from about 21 mm to about 23 mm and void space dimensions ranging
from about 4 to about 6 mm. In still more embodiments, the miniliths comprise
an outer dimension ranging from about 17 mm to about 19 mm and void space
dimensions ranging from about 3 to about 5 mm. In yet more embodiments, the
miniliths comprise an outer dimension ranging from about 19 mm to about 21
mm and void space dimensions ranging from about 3 to about 5 mm. In other
embodiments, the miniliths comprise an outer dimension ranging from about 21
mm to about 23 mm and void space dimensions ranging from about 4 to about
6 mm. In more embodiments, the miniliths comprise an outer dimension
ranging from about 17 mm to about 19 mm and void space dimensions ranging
from about 3 to about 4 mm. In still more embodiments, the miniliths comprise
an outer dimension ranging from about 19 mm to about 21 mm and void space
dimensions ranging from about 4 to about 5 mm. In more embodiments, the
miniliths comprise an outer dimension ranging from about 21 mm to about 23
mm and void space dimensions ranging from about 4 to about 5 mm.

In various embodiments of the foregoing, the miniliths comprise
from 3 to 7 void spaces. For example, in some embodiments the miniliths
comprise 3 void spaces. In other embodiments the miniliths comprise 4 void
spaces. In more embodiments, the miniliths comprise 5 void spaces. In some
other embodiments, the miniliths comprise 6 void spaces. In yet other
embodiments, the miniliths comprise 7 void spaces. In some embodiments, the
catalytic material is in the form of a straight long shape (i.e., rod or cylinder),
which may be formed in a manner similar to other extrudates or cast, molded or
pressed particles. In some embodiments, these catalytic materials are

assembled as a stack of parallel cylinders to create an area of channels similar
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to the area of channels through a monolith with a larger solid to void ratio.
Reducing the void ratio can be advantageous in increasing the gas linear
velocity through these channels and potentially provide a better reactor volume
utilization.

Other forms that have a much longer length than their other
dimensions can also be used to form self-assembled monolith like structures.
In some embodiments, catalytic materials in the shape of straight non-nesting
helicoidal ribbons are used to form a monolith type structure with hybrid
properties between a monolith and a foam (interconnected void and radial
mixing, but lower pressure drop and preferential heat flux direction).

In a variant of certain embodiments of the invention, shaped
catalytic materials having a defined porosity in the range of large mesopores or
small macropores are used. These catalytic materials have a porosity of >10%,
>30%, >40%, >50% or even >60% for pore diameters greater than 5 nm.

Active catalyst loading in the above catalytic forms ranges from 1
to 500 mg per cm® of support component, for example from 5 to 100 mg per
cm® of catalytic material.

In still other embodiments, the invention provides a formed
catalytic material for performing oxidative coupling of methane at linear
velocities ranging from about 0.1 m/s to about 10 m/s, the catalytic material
comprising:

a) a catalyst

b) a non-tessellating shape;

c)a binder or diluent;

d) a crush strength of greater than about 2 N/mm after exposure
to air comprising water at temperatures between about 20 °C and 30 °C for
greater than 50 hours; and

d) a bed void fraction of greater than 0.3.

The formed catalytic material for performing OCM may have any
of the shapes, sizes and other properties described above. Specific

embodiments are also provided below. For example, in some embodiments,
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the catalytic material has an effective diameter ranging from 1 mm to 30 mm,
for example, from about 15 mm to about 30 mm.

In other embodiments, the void fraction of the catalytic material
ranges from about 0.5 to about 0.7 or from about 0.6 to about 0.7.

In other embodiments, the catalytic material has a density ranging
from about 0.8 g/cm® to about 3.0 g/cm?.

With regard to the physical shape of the foregoing catalytic
material, in some embodiments the catalytic materials have at least one
rounded or chamfered edge, for example all rounded or chamfered edges.

In other embodiments, the non- tessellating shape is a pentagon,
for example a regular pentagon. In some embodiments, the pentagon has an
effective diameter ranging from about 10 mm to about 30 mm, for example from
about 20 to 30 mm or from about 22 to 26 mm.

In other embodiments, the non- tessellating shape is an ellipse.

In some of these embodiments, the ellipse has a major diameter ranging from
about 10 mm to 30 mm, and a minor diameter ranging from about 5 mm to
about 20 mm. In other embodiments, the major diameter ranges from about 20
mm to about 30 mm, and the minor diameter ranges from about 6 mm to about
18 mm. in still more embodiments, the major diameter ranges from about 22
mm to about 26 mm, and the minor diameter ranges from about 10 mm to
about 14 mm.

In some different embodiments, the catalytic materials further
comprise one or more fluted edge. For example, in some embodiments the one
or more flute has a diameter ranging from about 2 to about 10 mm.

In other embodiments, the catalytic material further comprises
void spaces. For example, in some embodiments the void spaces are circular
and have a diameter ranging from about 2 to about 10 mm.

In other embodiments of the foregoing catalytic material, the
catalyst comprises a rare earth oxide. In some different embodiments, the

catalyst is a nanostructured catalyst, for example a nanowire catalyst.
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Other embodiments provide a formed catalytic material
comprising a plurality of nanostructured catalysts (e.g., nanowires) tableted or
extruded into a form, the catalytic material having a density ranging from about
2.0 g/mL to about 5.0 g/mL, a porosity ranging from about 0.7 to about 0.2 and
a surface area ranging from about 30 m%g to about 0.2 m%g. In some
embodiments, the formed catalytic material further comprises a crush strength
ranging from about 3N/mm to about 30 N/mm. In other embodiments, the
formed catalytic material is an extrudate. In still different embodiments, the
formed catalytic material is a tableted catalytic material.

Still other embodiments provide a formed catalytic material
comprising an OCM active catalyst, wherein the catalytic material comprises a
non-tessellating shape having a plurality of penetrating holes therethrough. In
some of these embodiments, the OCM catalyst is a nanostructured catalyst,
such as a nanowire.

In some embodiments of the any of the foregoing catalytic
materials, the catalytic material has a C2+ selectivity of greater than 50% when
the catalytic material is employed as a catalytic material in a method for the
oxidative coupling of methane to C2+ hydrocarbons, wherein the method
comprises passing a feed gas comprising methane through the catalytic
material at linear velocities ranging from about 0.1 m/s to about 10 m/s.

In still other embodiments is provided a formed catalytic material
comprising a plurality of OCM active catalysts, wherein the catalytic material
has a C2+ selectivity of greater than 50% when the catalytic material is
employed as a catalytic material in a method for the oxidative coupling of
methane to C2+ hydrocarbons, wherein the method comprises passing a feed
gas comprising methane though the catalytic material at linear velocities
ranging from about 0.1 m/s to about 10 m/s. Catalytic materials useful in
various embodiments are as defined herein.

In some other embodiments of the foregoing catalytic material, the
linear velocity ranges from about 2 m/s to about 10 m/s, or from about 2 m/s to

about 4 m/s.

79



10

15

20

25

30

WO 2016/044428 PCT/US2015/050431

In other embodiments, the C2+ selectivity is greater than about
55% or greater than about 60%.

In another embodiments, a formed catalytic material for
performing oxidative coupling of methane at linear velocities ranging from about
0.1 m/s to about 10 m/s is provided, the catalytic material comprising (a) a
catalyst and a binder or diluent; (b) a non-tessellating shape; and (c) at least
one rounded or chamfered edge, at least one convex surface or both, wherein
the catalytic material comprises a methane conversion of greater than 20% and
a C2 selectivity of greater than 50% when the catalytic material is employed as
a heterogeneous catalyst in the oxidative coupling of methane at a
temperatures ranging from about 550 °C to about 750 °C.

In some embodiments, the formed catalytic material has an
effective diameter ranging from 1 mm to 30 mm.

In other embodiments, the formed catalytic material has a void
fraction of greater than 0.3.

In still more embodiments, the catalytic material has a density
ranging from about 0.8 g/cm® to about 3.0 g/cm®.

In still other embodiments, the catalytic material has at least one
rounded or chamfered edge, for example all chamfered edges.

In still more embodiments, the catalytic material has at least one
convex surface, for example all convex surfaces.

In some embodiments, the non- tessellating shape is a pentagon.
Or an ellipse.

In still different embodiments, the catalytic material comprises
plurality of penetrating holes therein.

In other embodiments of the foregoing catalytic material, the
catalyst comprise a rare earth oxide. In other embodiments, the catalyst is a
nanostructured catalyst, such as a nanowire catalyst.

In other embodiments, the exotherm of the OCM reaction may be
at least partially controlled by blending the active catalytic material with

catalytically inert material, and forming (e.g., by pressing or extruding) the
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mixture into the desired shape, for example shaped pellets or extrudates as
discussed above. In some embodiments, these mixed particles may then be
loaded into a pack-bed reactor. The formed aggregates comprise from about
30% to 70% pore volume and from about 1% (or lower) to 99% active catalyst
(by weight). In some embodiments, the formed aggregates comprise from
about 5-95% active catalyst, from about 5-90% active catalyst, from about 5-
75% active catalyst or from about 5-50% active catalyst. Useful inert materials
in this regard include, but are not limited to those described herein above. In
certain specific embodiments the inert materials are selected from SiC and
cordierite.

In addition to reducing the potential for hot spots within the
catalytic reactor, another advantage of using a structured ceramic with large
pore volume as a catalytic support is reduced flow resistance at the same gas
hourly space velocity versus a pack-bed containing the same amount of
catalyst.

Nanowire shaped catalysts are particularly well suited for
incorporation into formed aggregates, such as pellets or extrudates, or
deposition onto structured supports, for example structured supports having a
thickness ranging from about 1 to about 100 microns. Nanowire aggregates
forming a mesh type structure can have good adhesion onto rough surfaces.
Accordingly, various embodiments of the foregoing formed catalytic materials
comprise nanowire catalyst as described herein and incorporated by reference.

The mesh like structure can also provide improved cohesion in
composite ceramic improving the mechanical properties of pellets or extrudates
containing the nanowire shaped catalyst particles.

Alternatively, such nanowire on support or in pellet form
approaches can be used for other reactions besides OCM, such as ODH, dry
methane reforming, Fischer-Tropsch, and all other catalytic reactions.

In yet another embodiment, the catalysts are packed in bands
forming a layered reactor bed. Each layer is composed by either a catalyst of a

particular type, morphology or size or a particular blend of catalysts. In one
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embodiment, the catalysts blend may have better sintering properties, i.e. lower
tendency to sinter, than a material in its pure form. Better sintering resistance is
expected to increase the catalyst’s lifetime and improve the mechanical
properties of the reactor bed.

In yet other embodiments, the disclosure provides a catalytic
material comprising one or more different catalysts. The catalysts may be a
nanowire as disclosed herein and a different catalyst for example a bulk
catalysts. Mixtures of two or more nanowire catalysts are also contemplated.
The catalytic material may comprise a catalyst, for example a nanowire
catalyst, having good OCM activity and a catalyst having good activity in the
ODH reaction. Either one or both of these catalysts may be nanowires as
disclosed herein.

In various embodiments of any of the foregoing catalytic
materials, the catalytic materials is a catalytic material comprising a plurality of
OCM active catalysts, wherein the catalytic material has a C2+ selectivity of
greater than 50% when the catalytic material is employed as a catalytic material
in a method for the oxidative coupling of methane to C2+ hydrocarbons,
wherein the method comprises passing a feed gas comprising methane though
the catalytic material at linear velocities ranging from about 1 m/s to about 10
m/s. In some embodiments, the linear velocity ranges from about 2 m/s to
about 10 m/s, for example from about 2 m/s to about 4 m/s. In various other
embodiments of the foregoing, the C2+ selectivity is greater than about 55%,
for example greater than about 60%. In still more embodiments, the catalytic
material is a ring, pentagon or ellipse-shaped catalytic material as described
above (e.g., a catalytic material comprising a plurality of OCM active catalysts,
wherein the catalytic material is in the shape of a ring, pentagon or ellipse
having an effective diameter ranging from about 3 mm to about 50 mm and an
inner diameter ranging from about 1mm to about 25 mm, wherein the outer
diameter is larger than the inner diameter, and sub-embodiments thereof). In
the case of pentagon and ovals, the effective inner diameter refers to the

diameter of any void spaces.
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Catalyst beds comprising a plurality of any of the foregoing
formed catalytic materials are also provided. In some embodiments, such
catalytic beds comprise an aspect ratio ranging from about 0.3 to about 1.0 and
a pressure drop ranging from about 0.05 bar/m to about 0.50 bar/m for gas
head space velocities of 15,000 to 30,000 hr'' at STP. In some embodiments,
the catalyst bed comprises an aspect ratio ranging from about 0.3 to about 0.75
and a pressure drop ranging from about 0.05 bar/m to about 0.50 bar/m for gas
head space velocities of 15,000 to 45,000 hr' at STP.

A method for the oxidative coupling of methane is also provided,
the method comprising contacting a mixture comprising methane and oxygen
with the any of the foregoing catalyst beds at gas linear velocities ranging from

about 0.1 m/s to about 10 m/s.

4. Physical Properties

Embodiments of the present invention are directed to catalysts in
combination with diluents or binders and/or catalysts in discreet forms such as
extrudates or monoliths and the like. In this regard, the physical properties of
the catalyst employed for preparation of the final catalyst formulation or form
can be important to impart the desired properties of the catalyst formulation or
form. The physical properties of the catalyst may also contribute to improved
methods for preparation of the catalyst forms and formulations.

Uniformity in formed catalyst compositions is a highly desirable
characteristic. This uniformity includes uniformity as between manufactured
lots of formed catalysts, uniformity as between different formed catalyst
structures or particles within a given manufacturing lot, and uniformity within a
particular formed catalyst particle. As will be clear, uniformity in manufacturing
over time is a critical component to ensuring predictability as to catalyst
performance for customers. Such uniformity is highly dependent upon having
well characterized and uniform catalyst precursors.

While the processes described herein contribute to uniformity in

manufacturing processes, certain embodiments are directed to improving
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uniformity within a given manufacturing lot, e.g., uniformity as between different
formed catalyst particles and uniformity within and across an individual formed
catalyst particle. In particular, it is highly desirable to provide formed catalysts
having uniform compositional and structural characteristics in order to ensure
optimal catalyst performance. Such optimal performance includes both
uniformity in catalyst activity, e.g., providing consistent and uniform access of
reactants to catalytic surfaces within formed catalyst particles, as well as
providing uniform structural characteristics within individual formed catalyst
particles, as well as among populations of formed catalyst particles, e.g., crush
strength, porosity, size, density, thermal capacity and conductivity, and the like.

Formed catalysts are typically prepared from catalyst powders
that are formulated and formed into the desired larger forms, e.g., through
extrusion, pelleting, or the like. Ensuring uniformity within powdered
compositions that is transferred to the formed catalyst can present a number of
challenges. These challenges are further accentuated when the formed
catalyst is prepared from mixed powders of two or more different powdered
materials. In particular, catalyst materials are typically blended with a number
of other non-catalytic materials, or differently catalytic materials, to be co-
formed into a unified formed catalyst. These additional materials include
binders, diluents, supports, co-catalysts, and the like.

It is generally desirable to provide a consistent and uniform
structure and composition across a formed catalyst, whether that structure and
formulation is prepared from a single powdered composition or a mixture of
different powdered compositions. In particular, mixtures of different materials
will desirably be relatively evenly and uniformly distributed throughout a given
formed catalyst. Likewise, other aspects of the formed catalyst would desirably
be uniform throughout the formed catalyst. For example, the relative density
and porosity of the formed catalyst should be substantially uniform throughout a
given catalyst particle, in order to provide efficient use of the catalytic material

in the formed catalyst, to provide consistent performance of the formed catalyst,
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and to provide uniform performance between formed catalyst components,
whether derived from the same or different manufacturing process lots.

Non-uniformity may be desirable in some embodiments by
keeping the OCM reaction confined to certain regions comprising a higher
concentration of active catalyst. For example, in some embodiments the active
catalyst is classified to larger particles sizes and formed within a matrix of
another material that acts as a support. In this approach there are “pockets” of
catalyst dispersed within the formed catalyst, which minimize interaction of
catalyst and support material.

Catalyst materials used in hydrocarbon processing are generally
provided as powdered or particulate/granular formulations of dried materials.
Examples of such formulations include simple dry powder compositions, as well
as specially configured dry formulations. In certain examples, catalyst materials
are specially configured as structured nanoparticle materials, and particularly as
nanowire catalyst materials as described above. These catalyst materials
include catalysts that are particularly useful in hydrocarbon processing,
generally, and in OCM or ODH processes in particular. For ease of discussion,
these dry granular or particulate catalyst materials are generally referred to
herein as powders, while catalyst materials formed into larger robust forms are
referred to as “formed catalysts”. Although discussed with reference to the
foregoing catalyst examples, it will be appreciated that a wide variety of
different known and future developed catalyst compositions will benefit from the
processes and compositions of the invention.

In providing formed catalysts, these catalyst powder materials are
generally subjected to additional processes to form them into the ultimately
desired shape, size and structure. A number of processes may be used to
create the formed catalysts, including, for example, extrusion processes,
aggregation processes, coating processes, and pelleting processes. In a
number of these processes, the catalyst powders are combined with liquids and
other components of the desired formed catalyst, in order to extrude, press or

aggregate catalyst powders into formed catalysts. Despite the introduction of
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liquids, e.g., water or other solvents, the catalyst powders are typically
processed as substantially dry mixtures, e.g., as powders or pastes, which are
then further processed.

As will be appreciated, there are a number of challenges
associated with ensuring uniformity of formed catalyst particles prepared from
initial powdered compositions. For example, unlike fluid compositions, it is
more challenging to provide homogeneous powdered compositions that will
yield the uniform formed catalyst particle structure that is desired. Likewise,
process elements may additionally introduce non-uniformity into a formed
catalyst particle, through the formation or creation of fine particles or
unintended aggregates.

Homogeneity of powders will depend upon a number of
characteristics of the powder, or in the case of combined materials, powders
being combined, including, for example, the relative particle size of the powder,
the relative density of the different powder’s component particles, as well as the
surface properties of the particles within a powder. These attributes are
likewise of significant consequence when combining two or more different
powders into a desired homogeneous powder formulation that is to be formed
into a formed catalyst particle.

In accordance with the present invention, one or more of these
characteristics are selected to provide a desired level of uniformity within a
finished formed catalyst. Furthermore, these characteristics may be likewise

selected to afford improved manufacturing processes.

A. Particle Size

In certain aspects, the processes used to produce formed
catalysts provide for powders that have relatively well defined and relatively
narrow particle size distributions. In particular, the defined and narrow nature of
the particle size distribution applies to both single powder compositions as well
as to discrete powder compositions that are to be mixed or blended in preparing

formed catalysts. Providing narrow particle size distributions within a powdered
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composition ensures greater homogeneity for that powdered composition, by
ensuring that larger and smaller particle sizes to not become stratified within a
composition or otherwise segregated based upon particle size. Likewise, by
selecting optimal particle sizes along with narrow size distributions, one can
improve overall processing of powders during the formulation and forming
processes. For example, powdered compositions that include higher
concentrations of very fine particles may be disposed to forming uncontrolled
aggregates, packing, or otherwise interfering with powder flowability, making
processing more difficult, and potentially impacting overall compositional
uniformity.

In some embodiments, at least 50% of the particles in a given
powder composition for preparation of a tableted or extruded catalytic material
are within about a 20 %, a 10%, a 5%, a 2% or even a 1% deviation from the
average particle size of particles in the composition. In other embodiments, at
least 80% of the particles in a given powder composition for preparation of a
tableted or extruded catalytic material are within a 20%, a 10%, a 5%, a 2% or
even a 1% deviation from the average particle size of particles in the
composition. In some more embodiments, at least 90% of the particles in a
given powder composition for preparation of a tableted or extruded catalytic
material are within about a 20 %, a 10%, a 5%, a 2% or even a 1% deviation
from the average particle size of particles in the composition. In still other
embodiments, at least 95% of the particles in a powder composition for
preparation of a tableted or extruded catalytic material are within a 20%, 10%, a
5%, a 2% or even a 1% deviation of the average particle size of particles in the
composition, for example in some cases, at least 99% of the particles are within
about a 20%, 10%, a 5%, a 2% or even a 1% deviation of the average particle
size of particles in the composition.

In addition to size distribution, in preferred aspects, the powdered
compositions used in preparing the formed catalysts described herein will
typically range from about 1 um in average particle diameter to about 1,000 um

or to about 500 um in average particle diameter. As will be appreciated,
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average diameter refers to an average cross-sectional dimension of particles,
but does not require a particle that is necessarily spherical or substantially
spherical.

In many cases, the parameters of particle size and particle size
distribution may refer both to singular powder compositions, as well as to
separate powdered compositions that are to be combined in order to produce
the formed catalysts described herein. In particular, where two or more
powdered compositions are to be combined into a combined powder
composition to be used in producing a formed catalyst material, and those two
or more powdered compositions are of approximately equivalent density, it will
generally be desirable to have the above described particle size and particle
size distributions apply to each of the separate powders, in order to ensure

homogeneity within the final combined powder composition.

B. Flowability

In addition to providing greater homogeneity of the powdered
compositions, both the particle size and size distribution are generally selected
to ensure sufficient flowability of the powders for ease of handling in the forming
process. In particular, by selecting particle sizes and distributions as described
above, the powdered compositions used in the forming processes of the
invention will generally have better flow characteristics. Improved flowability is
provided, at least in part, by providing narrow size distributions around
preferred particle size ranges. The particle size can be obtained in the
granulation process can be controlled by varying several factors, e.g. amount of
water or other liquids added to the formulation, granulation time, granulator
blades speed, the particle size distribution of the components, i.e. catalysts
(e.g., nanowires), dopants, diluents, binders.

In particular, by providing uniform size distributions around a
selected particle size range, one can ensure more uniform flow characteristics
of the flowing particles. For example, if a powdered composition includes a

large population of fine particles or dust, it can present adherence points in a
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flow stream, in turn resulting in blockage, aggregate formation, or the like.
Likewise, the presence of larger particles may lead to abrasions within a flow
process, which can in turn, lead to generation of finer particulates and powders,
leading to the above noted issues.

In addition to providing narrow particle size distributions and
particle size ranges as described above, flowability may also be enhanced
through the provision of flow enhancing materials to the particulate
compositions. These flow enhancing material additives, also referred to as
“lubricants” may be provided as dry, liquid or powder admixtures to the overall
powder or particulate composition or they may be added into the formulation of
one or more of the other powdered constituents to the overall composition, e.g.,
provided in the original creation and formulation of a catalyst or diluent powder.

A number of lubricants for powdered compositions can be used,
and include, e.g., stearate-based moieties and polymers, specific examples of
which are provided herein. In the context of the present invention, preferred
lubricants will be selected so as not to negatively impact the performance,
lifetime, structure, etc. of a resulting formed catalyst. In particular, such
lubricants will typically be selected so as to not introduce any catalytic poisons
into the finished catalyst compositions, as such material can be detrimental to

catalyst performance.

C. Porosity

It is also desirable to provide formed catalysts having a uniform
porosity. In particular, the porosity of the formed catalyst can directly impact
the efficiency of the catalyst by providing accessibility of the reactants to the
catalysts surfaces where the reaction of interest is catalyzed. Where the
porosity of the formed catalyst varies, either within a single formed catalyst
particle, or as between different catalyst particles, it can impact the overall
efficiency of the catalyst material, e.g., by providing regions of low activity and
regions of high activity, which in turn can lead to additional issues, such as

thermal non-uniformity in catalyst particles or catalyst beds. Likewise, relative
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porosity of a catalyst particle can also directly impact its structural
characteristics, e.g., crush strength, leading to catalyst particles that have
relatively lower crush strength in one portion of the particle or in one particle
relative to another. This difference in structural properties may again, impact
catalytic processes by altering handling and processing ability, generation of
fines, etc., which can again lead to additional problems.

In accordance with the present invention, formed catalytic
materials having uniform porosity may generally be provided, at least in part,
through the use of powdered compositions having uniform particle size

distributions and/or uniform porosity used to prepare the formed catalyst.

D. Crush Strength
The crush strength is an important physical property of catalysts

for commercial applications. In general, the crush strengths of the presently
described catalysts and catalytic materials formed therefrom will vary from
about 1 N/mm to about 30 N/mm or more as determined by ASTM D4179 for 6
mm cylinders formed at 1 ton pressure using a manual hydraulic pellet press.
In other embodiments, the crush strengths of the presently described catalysts
and catalytic materials formed therefrom will vary from about 1 N/mm to about
50 N/mm as determined by ASTM D4179 for 13 mm tablets formed at
pressures ranging from about 2 tons to about 10 tons pressure using a manual
hydraulic pellet press. In other embodiments, the crush strengths of the
presently described catalysts and catalytic materials formed therefrom exceed
30 N/mm for 2 mm extrudates. Certain methods described herein result in
catalytic materials (e.g., formed catalytic materials having improved crush
strengths relative to other catalytic materials. For example, as described in
more detail below, use of carbonate salts during the doping process allows for
lower calcination temperatures and thus catalytic materials which are more
stable at ambient conditions. While not wishing to be bound by theory, it is

believed this stronger catalytic formed results from the absence of metal oxides
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(e.g., rare earth oxides) which are formed at the higher calcination
temperatures, and which revert to the hydroxide at ambient temperatures.

Accordingly, in one embodiment the disclosure herein provides a
catalyst comprising a base catalyst material and a dopant, wherein the catalyst
has a crush strength of greater than about 2 N/mm, greater than about 6 N/mm
or even greater than about 10 N/mm after exposure to air at temperatures
between about 20 C and 30 C for greater than 50 hours, for example between
about 50 and 100 hours.

For example, in some embodiments is provided a formed catalyst
comprising a nanostructured catalyst base material and a dopant, wherein the
catalyst has a crush strength of greater than about 2 N/mm after exposure to air
comprising water at temperatures between about 20 °C and 30 °C for greater
than 50 hours. In exemplary embodiments of the foregoing, the catalyst
comprises a methane conversion of greater than 20% and a C2 selectivity of
greater than 50% when the catalyst is employed as a heterogeneous catalyst in
the oxidative coupling of methane at a temperatures ranging from about 550 °C
to about 750 °C.

In certain embodiments of the foregoing, the base catalyst
comprises a rare earth oxide. In some embodiments, the rare earth oxide
comprises lanthanum, cerium, praseodymium, neodymium, samarium,
europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium,
ytterbium, lutetium or combinations thereof

The catalyst in this regard is not limited by morphology, but in
some embodiments the catalyst is a nanowire catalyst. In other embodiments,
the dopant is an alkaline earth metal dopant, such as magnesium, calcium,

strontium or barium.

4. Preparation

The catalysts and catalytic materials can be prepared according
to any number of methods. Exemplary procedures for preparing nanowire
based catalysts are provided in co-pending U.S. Application Nos. 13/115,082
(U.S. Pub. No. 2012/0041246); 13/479,767 (U.S. Pub. No. 2013/0023709);
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13/689,611 (U.S. Pub. No. 2013/0165728); 13/689,514 (U.S. Pub. No.
2013/0158322) and U.S. Provisional Application Nos. 61/794,486; 61/909,840;
and 61/988,063. Briefly, some embodiments of nanowire catalysts can be
prepared using a bacteriophage template. A phage solution is first prepared, to
which metal salt precursor comprising metal ions is added. Thereafter, an
anion precursor is added. Under appropriate conditions (e.g., pH, molar ratio of
the phage and metal salt, molar ratio of the metal ions and anions, addition
rate, etc.), the metal ions and anions become bound to the phage, nucleate and
grow into a nanowire. Following calcinations, nanowires are optionally calcined
to form a metal oxide. An optional step of doping incorporates a dopant in the
nanowires. Template other than phage may also be employed.

Non-template directed methods for preparation of nanowire
catalysts may also be employed. For example, hydrothermal or sol gel
methods described in the foregoing co-pending applications may be used.
Other methods, such as those described in U.S. Pub. No. 2013/0270180, the
full disclosure of which is incorporated herein by reference, may also be
employed. For example, a slurry of a metal isopropoxide in ethanol is first
prepared and filtered. The wet cake is then treated with aqueous hydroxide at
temperatures of about 230 C for 24 hours, thus resulting in nanowires.

The catalytic materials can be prepared after preparation of the
individual components (i.e., catalyst, diluent, binder, support, etc.) by mixing the
individual components in their dry form, e.g. blend of powders, and optionally,
milling, such as ball milling, grinding, granulating, or other similar size reduction
processes can be used to reduce particle size and/or increase mixing. Each
component can be added together or one after the other to form layered
particles. The individual components can be mixed prior to calcination, after
calcination or by mixing already calcined components with uncalcined
components. The catalytic materials may also be prepared by mixing the
individual components in their dry form and optionally pressing them together
into a “pressed pellet” or extrudate followed by calcination to above 400 °C.

In other examples, the catalytic materials are prepared by mixing
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the individual components with one or more solvents into a suspension or
slurry, and optional mixing and/or milling can be used to maximize uniformity
and reduce particle size. Examples of slurry solvents useful in this context
include, but are not limited to: water, alcohols, ethers, carboxylic acids, ketones,
esters, amides, aldehydes, amines, alkanes, alkenes, alkynes, aromatics, etc.
In other embodiments, the individual components are deposited on a supporting
material such as silica, alumina, magnesia, activated carbon, and the like, or by
mixing the individual components using a fluidized bed granulator.
Combinations of any of the above methods may also be used.

Other methods for preparation of catalytic materials include use of
a wet filter cake isolated via the method described in copending U.S. App. No.
13/757,036 (U.S. Pub. No. 2013/0253248), which application is hereby incorporated by
reference in its entirety for all purposes. For example, a wet filter cake (i.e., still
containing some solvent and/or wash solution) can be extruded to form
extrudates directly. An optional binder may be included in the wet cake prior to
extrudation. Further, the wet cake may also optionally be washed with a
solution containing a dopant or a solid dopant may be added to the wet cake,
and the resulting wet cake can be extruded to prepare doped catalytic
materials. The solvent content of the wet cake can be controlled to control the
rheology of the wet cake to obtain desirable extrudate properties.

In some embodiments, methods for preparation of extruded
catalytic materials comprise predation of a solution(s) comprising the desired
dopants (e.g., as a soluble salt such as nitrate or carbonate). This solution is
then combined with a composition comprising the base catalyst material or a
precursor thereof. For example, in some embodiments the dopant solution is
combined with a metal hydroxide. This mixture is then dried in an oven to
approximately 1-20 % (e.g., about 2 %) moisture content, and the dried
composition is milled and passed through a sieve (e.g., 1.0 mm). Optional
binders, diluents, lubricants, peptizing agents and/or extruding agents and DI
water are added to reach the desired water content (e.g., 10-40%). This paste

is then extruded in the desired shape, dried to remove water and then calcined.
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In some embodiments for preparation of pressed catalysts (e.g.,
tablets and other shapes), the base catalyst material and optional binders,
diluents, lubricants, peptizing agents and/or extruding agents are mixed and
pressed into the desired form using a tablet press (e.g., Specac® hydraulic
pellet press) or other similar instrument. Pressure applied during tableting
typically ranges from about 1 ton to about 20 tons, for example from about 2
tons to about 10 tons. Dopants may be included in the pre-formed composition
(before tableting) or incorporated via any other means.

As noted above, various processing aids may be employed for the
extrusion or tableting process. For example, in some embodiments the method
for preparation of pressed catalytic materials comprises forming a composition
comprising the base catalyst material (which may be optionally doped before,
after or during the tableting process) and a processing agent (the “pre-formed
composition”). In some embodiments, the processing aid is an organic acid,
water or a carbohydrate-based polymer, such as a polymer comprising
methylcellulose. Combinations of these processing aids may also be used. In
various embodiments, the organic acid is acetic acid. In other embodiments,
the carbohydrate based polymer is methylcellulose and/or hydroxypropyl methyl
cellulose. The concentration of processing aid can vary from about 0% to about
10%. For example, in some embodiments the processing aid is present in the
pre-formed composition at concentration ranging from about 0% to about 5%,
for example about 5 %. In some more specific embodiments, the processing
aid is a carboxylic acid, such as citric acid, acetic acid, succinic acid, or stearic
acid, which is present at about 5% by weight of the pre-formed composition. In
other embodiments, the processing aid comprises both citric acid and
methylcellulose and/or hydroxypropyl methyl cellulose.

In some other embodiments, the tableting processes include use
of a lubricant in the pre-formed composition. When present, the lubricant may
be present in amount ranging from about 1% to about 5%, for example about
1% to about 3%. In some embodiments, the lubricant is a stearate-based

moiety or a polymer. Exemplary stearate based moieties include, but are not
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limited to: magnesium stearate, calcium stearate, strontium stearate, methyl
stearate, stearic acid and Acrawax®. In some different embodiments, the
polymer is polyethylene glycol having a molecular weight of about 2,000 or
about 20,000, polyvinyl alcohol having a molecular weight of about 23,000 or
about 146,000 or carboxymethyl cellulose.

The particle size distribution of the base catalyst material and/or
preformed composition can have an effect on the final properties, such as crush
strength and density, of the tableted catalysts. In general, finer particles (such
as those produced by milling) result in catalytic materials having higher density
and crush strength relative to larger particles (such as those produced by
oscillating granulation).

Particle size distributions can be controlled using specific size
reduction operations and/or classification of the powders using mechanical
separation. Size reduction operations include crushers (jaw crushers, gyratory
crushers, crushing rolls), grinders (hammer mills, impactors, rolling-
compression mills, attrition mills, tumbling mills), ultrafine grinders (hammer
mills with classification, fluid energy mills, agitated mills), and cutting machines
(knife cutters, dicers, slitters). The type of size reduction operation depends on
the desired particle size. The particles can be separated and classified using
sieve trays.

The catalytic materials may optionally comprise a dopant. In this
respect, doping material(s) may be added during preparation of the individual
components, after preparation of the individual components but before drying of
the same, after the drying step but before calcinations or after calcination.
Dopants may also be impregnated into, or adhered onto formed aggregates, or
as layers applied upon supports for formed aggregates, prior to addition of one
or more different materials, e.g., catalyst materials, diluents, binders, other
dopants, etc. If more than one doping material is used, each dopant can be
added together or one after the other to form layers of dopants.

Doping material(s) may also be added as dry components and

optionally ball milling can be used to increase mixing. In other embodiments,

95



10

15

20

25

30

WO 2016/044428 PCT/US2015/050431

doping material(s) are added as a liquid (e.g. solution, suspension, slurry, etc.)
to the dry individual catalyst components or to the blended catalytic material.
The amount of liqguid may optionally be adjusted for optimum wetting of the
catalyst, which can result in optimum coverage of catalyst particles by doping
material. Mixing, grinding and/or milling can also be used to maximize doping
coverage and uniform distribution. Alternatively, doping material(s) are added
as a liquid (e.g. solution, suspension, slurry, etc.) to a suspension or slurry of
the catalyst in a solvent. Mixing and/or milling can be used to maximize doping
coverage and uniform distribution. Incorporation of dopants can also be
achieved using any of the methods described elsewhere herein.

Because nitrate salts are typically soluble, dopants have
previously been incorporated into catalyst base materials by contacting the
catalyst base material with a solution of a metal nitrate salt (e.g., an alkaline
earth metal nitrate such as strontium nitrate). Once the catalyst base material
has been impregnated with the nitrate salt it is formed (e.g., into extrudate,
pellet, etc.) and then calcined at temperatures of about 800°C. The calcination
results in decomposition of the nitrate leading to a loss in mass, leaving voids in
the catalyst form and, hence, a loss of density and strength. The calcination of
nitrate containing catalysts results in a number of problems:

1. A loss of strength of the catalyst form.

2. The decomposition of nitrates is formation of NOx which

must be dealt with by scrubbing, adding both complexity and cost

to the catalyst manufacturing process.

3. Catalysts may be rendered highly susceptible to moisture

uptake due to the formation of highly hygroscopic metal oxides.

This uptake of water has the effect of significantly reducing the

strength of the catalyst form. In some cases, the reduction in

strength is so severe that the forms must be stored under nitrogen
to prevent them from picking up atmospheric moisture, failure to
do so results in the forms disintegrating in a matter of days under

ambient conditions.
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The present inventors have unexpectedly found that these
problems may be averted if the nitrate salt is replaced with a salt that doesn’t
require a high temperature calcination or significant loss of mass resulting in
large void formation upon calcination. This replacement precursor must also
provide the excellent OCM performance achieved when nitrate salts are used
as the precursor. Experiments performed in support of certain embodiments of
the invention show that carbonate salts alleviate the concerns outlined in points
1-3 above and also produces a catalyst with comparable OCM performance.

Accordingly, in certain embodiments, a method for preparing a
catalyst comprising a dopant is provided, the method comprising preparing a
mixture comprising a catalyst base material and a carbonate, sulfate,
phosphate or halide salt of the dopant, and calcining the mixture at

temperatures below about 400 °C or even as low as 350 °C.
In other embodiments, an alternative method for preparing a

catalyst comprising a dopant is provided, the method comprising: (a) preparing
a mixture comprising a nanostructured catalyst base material and a salt of the
dopant, wherein the salt comprises at least 95% w/w of a carbonate salt of the
dopant; and (b) calcining the mixture above about 300 °C, and (c) forming the
formed catalyst by tableting or extrusion, wherein the catalyst has a crush
strength of greater than about 2 N/mm after exposure to air comprising water at
temperatures between about 20 °C and 30 °C for greater than 50 hours.

In some embodiments, the catalyst prepared according to the
foregoing methods comprises a methane conversion of greater than 20% and a
C2 selectivity of greater than 50% when the catalyst is employed as a
heterogeneous catalyst in the oxidative coupling of methane at a temperatures

ranging from about 550 °C to about 750 °C.
In some embodiments of the foregoing methods, the catalyst base

material comprises a rare earth oxide or hydroxide. For example, in some
embodiments the rare earth oxide comprises lanthanum, cerium,

praseodymium, neodymium, samarium, europium, gadolinium, terbium,
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dysprosium, holmium, erbium, thulium, ytterbium, lutetium or combinations
thereof.

In other embodiments, the carbonate, sulfate, phosphate or halide
salt is an alkaline earth metal carbonate, sulfate, phosphate or halide. For
example, in some embodiments the alkaline earth metal is magnesium,
calcium, strontium or barium. In some specific embodiments, the salt is a
carbonate salt, for example an alkaline earth metal carbonate salt such as
calcium carbonate, strontium carbonate, barium carbonate or a combination
thereof.

In various embodiments of the foregoing methods, the catalyst
base material is a nanostructured catalyst, such as a nanowire.

In still other embodiments of the foregoing methods, the mixture
further comprises a nitrate salt.

Different embodiments for preparation of a formed catalytic
material for the oxidative coupling of methane, comprise:

a) admixing a nanostructured catalytic base material;

b) extruding or tableting the mixture of (a) to prepare a formed
catalytic material; and

c) calcining the formed catalytic material at temperatures ranging
from about 600 °C to about 1200 °C.

In some embodiments, the calcining temperature ranges from
about 800 °C to about 1200 °C.

In other embodiments, the nanostructured catalytic base material
further comprises a porogen, for example a cellulosic fiber, an organic polymer
or combinations thereof.

In some embodiments, the nanostructured catalytic base material
comprises nanowires.

In some further embodiments of the foregoing, the catalytic base
material is formed by: (a) admixing a nanostructured catalyst with a dopant; (b)
drying the doped nanostructured catalyst of (a); (c) milling the dried

nanostructured catalyst of (b); and (d) calcining the milled nanostructured
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catalyst of (c) at temperatures ranging from about 600 °C to about 1200 °C to
produce the catalytic base material.

In different embodiments, the nanostructured catalyst is crushed
into a fine powder prior to step (a).

In still other embodiments, the formed catalytic material is
calcined in an atmosphere comprising at least about 1% carbon dioxide (CO,),
for example, in some embodiments the formed catalytic material is calcined in
an atmosphere comprising at least about 5%, at least about 10%, at least about
15%, at least about 20%, at least about 25%, at least about 30%, at least about
35%, at least about 40%, at least about 45%, or at least about 50% carbon
dioxide (COo).

Still other embodiments for preparation of a formed catalytic
material for the oxidative coupling of methane comprise:

a) forming a nanostructured catalytic base material by: (i)
admixing a nanostructured catalyst with a dopant; (ii) drying the doped
nanostructured catalyst of (i); (iii) milling the dried nanostructured catalyst of (ii);
and (iv) calcining the milled nanostructured catalyst of (iii) at temperatures
ranging from about 600 °C to about 1200 °C to produce the nanostructured
catalytic base material,

b) extruding or tableting the mixture of (a) to prepare a formed
catalytic material; and

c) calcining the formed catalytic material at temperatures ranging
from about 600 °C to about 1200 °C, for example from about 800 °C to about
1200 °C.

In some embodiments, the method further comprises admixing a
porogen with the nanostructured catalytic base material before (b), for example
the porogen may comprise a cellulosic fiber, an organic polymer or
combinations thereof. In other embodiments, the nanostructured catalytic base
material comprises nanowires.

In the methods described herein, an optional calcination step may

follow an optional drying step at T < 200 °C (typically 60-120 °C) in a regular

99



10

15

20

25

30

WO 2016/044428 PCT/US2015/050431

oven or in a vacuum oven. Calcination may be performed on the individual
components of the catalytic material or on the blended catalytic material. In
some embodiments, calcination is performed in an oven/furnace at a
temperature higher than the minimum temperature at which at least one of the
components decomposes or undergoes a phase transformation and can be
performed in inert atmosphere (e.g. N2, Ar, He, etc.), oxidizing atmosphere (air,
O,, etc.) or reducing atmosphere (Hz, Ho/N2, Ho/Ar, etc.). The atmosphere may
be a static atmosphere or a gas flow and may be performed at ambient
pressure, at p < 1atm, in vacuum or at p > 1atm. High pressure treatment (at
any temperature) may also be used to induce phase transformation including
amorphous to crystalline. Calcinations may also be performed using

microwave heating.
Calcination is generally performed in any combination of steps

comprising ramp up, dwell and ramp down. For example, ramp to 500 °C, dwell
at 500 °C for 5h, ramp down to RT. Another example includes ramp to 100 °C,
dwell at 100 °C for 2h, ramp to 300 °C, dwell at 300 °C for 4h, ramp to 550 °C,
dwell at 550 °C for 4h, ramp down to RT. Calcination conditions (pressure,
atmosphere type, etc.) can be changed during the calcination. In some
embodiments, calcination is performed before preparation of the blended
catalytic material (i.e., individual components are calcined), after preparation of
the blended catalytic material but before doping, after doping of the individual
components or blended catalytic material. Calcination may also be performed
multiple times, e.g. after catalyst preparation, after aggregate formation, and/or
after doping, as well as upon any or all of the individual components that are
added to the formed aggregate, e.g., dopants, catalysts, diluents, supports, etc.

In some embodiments of the foregoing methods calcining is
performed at temperatures below about 350 °C.

The calcination conditions can have an effect on the mechanical
properties of the final catalytic materials. Experiments performed in support of
embodiments of the present invention having shown that the calcination hold

temperature, the final calcination cool-down temperature, the calcination
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atmosphere and storage conditions of the calcined material can have an impact
on the mechanical properties of the final catalytic materials. Accordingly, in
some embodiments the catalytic materials are calcined at temperatures ranging
from about 600 C to about 900 C in a substantially dry atmosphere. In some
embodiments, the calcination temperature is about 650 C. After holding at the
calcination temperature, the catalytic materials are cooled down and stored in a
sealed container. In various embodiments, the cooled down temperature is
about 250 C to 350 C, for example about 300 C. In other embodiments, the
structural integrity of the catalytic materials does not substantially degrade upon
storage in dew point air at around room temperature (about 20 F to 40 F) for up
to 16 hours or more.

Metal oxides, particularly those used in OCM, are sensitive to
water, both at room temperature and at OCM reaction conditions (500-1000
°C). At room temperature, an increased concentration of water in the
atmosphere can cause rehydroxylation, promoting cracking and weakening in
the formed catalyst pellets. At process conditions, having water in the
atmosphere can promote sintering and densification of the catalyst tablets.

This increased sintering reduces the active surface area of the catalyst,
negatively impacting the activity, and also reduces the size of the catalyst,
which has a negative effect on pressure drop and creates bed shrinkage and
flow deviations. The catalyst shrinkage will result in volume/height changes of
the catalyst bed during operation. Gas mixing at the top of the bed and
autoignition can be impacted by the distance between the top of the bed and
the gas mixer. Thus, it is desirable to prevent volume changes of the catalyst
bed.

A typical industrial strategy for a material that sinters under
reaction conditions would be to adhere this material to an inert support.
However, for the OCM reaction, this strategy would also cause the coating to
break down due to the high concentration of water present and the sensitivity of
the material to water. Another strategy would be to minimize the concentration

of water present in the OCM reactor. However, the OCM reaction creates
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water (at a concentration of about 8 mol%), and there is also water in the OCM
feed (at a concentration of about 3 mol%) that would be impractical and costly
to remove. Carbon dioxide appears to preferentially adsorb to the surface of
the formed catalyst and thereby inhibit this sintering. Carbon dioxide can also
stabilize carbonates and oxycarbonate phases within the catalyst, improving
catalytic activity.

Accordingly, in some embodiments, the invention provides a
method comprising introducing carbon dioxide into the environment surrounding
an OCM catalyst in order to inhibit sintering and water uptake. The carbon
dioxide can be contacted with the catalytic material at any point, for example
during calcination, after calcination (e.g., during storage), in a reactor or even
during the OCM reaction.

Accordingly, in some embodiments carbon dioxide is introduced
into the OCM reaction mixture at the reactor inlet. Introduction of carbon
dioxide in this manner improves the durability of the catalyst surface area at the
front of the bed, inhibits bed shrinkage, and/or improves catalytic performance.
Embodiments of this method serve to improve the lifetime of the OCM catalyst
and increase the amount of time that a plant can be operated between shutting
down and switching out the catalyst.

In other embodiments, the catalytic materials are aged in carbon
dioxide. Aging the catalytic materials in carbon dioxide allows the catalyst to be
aged at a higher temperature with less densification. This allows accelerated
catalyst aging at higher temperatures without a major loss of catalyst stability,
facilitating pilot-scale research.

In still other embodiments, after forming the catalyst, the catalyst
is calcined in an atmosphere containing an increased concentration of carbon
dioxide (e.g., about 10% carbon dioxide). As with the OCM reaction, aging the
catalyst in a carbon dioxide atmosphere can reduce sintering and surface area
loss. This can produce catalysts with lower light-off temperatures and higher
activity. Incorporating dopants in the form of metal carbonates as discussed

above, rather than metal nitrates or metal oxides, into the formed catalyst can
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also produce this effect to an extent.

Calcination conditions have also been found to affect the porosity,
density, crush strength and/or surface area of the catalytic materials. Thus, in
addition to the pressure applied during the tableting process (e.g., from about 1
to about 20 tons, about 1 to about 10 tons or about 1 to about 5 tons), the
calcination temperature can be varied to control physical properties of the
catalytic materials. In general, the crush strength increases, while the porosity
and surface area both decrease as the calcination temperature increases. In
some embodiments the calcination temperature ranges from about 600 C to
about 1200 C. In other embodiments, the calcination temperature does not
exceed about 800 C. Catalytic materials (e.g., tableted or pressed catalytic
materials) formed under these calcination conditions generally have a crush
strength ranging from about 5 N/mm to about 30 N/mm, a porosity ranging from
about 0.7 to about 0.4 and/or a surface area ranging from about 30 m%g to
about 0.5 m%/g.

Furthermore, in other embodiments the density and/or porosity of
the catalytic materials can be controlled by varying the compression applied
during tableting. For example, the density can range from about 2 g/ml to about
3 g/ml or about 5 g/ml or more by applying compression forces ranging from
about 2 ton to about 10 ton during the tableting process using a manual
hydraulic pellet press. The porosity can range from about 0.7 to about 0.2 or
less and the surface area can range from about 25 m%g to about 1 m%g or less
when these same ranges of compression are used. These same densities and
porosities may be obtained by calcining at various temperatures, for example
temperatures ranging from about 600 C to about 1200 C, for example about
800 C. Both tableting compression and calcining temperature may be varied
within the above ranges to obtain the desired density, surface area and/or
porosity.

In other embodiments, the porosity, density and/or surface area of
the catalytic materials can be controlled, and optimized, by use of a porogen in

the pre-formed composition. Specifically, certain embodiments comprise
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including a porogen into the composition before formation of the extrudate or
pressed tablet. In this regard, a porogen is a material which is removed upon
heating, typically during the calcination process. Exemplary porogens include
organic material, such as organic polymers and cellulose, which decompose
upon heating at high temperatures. Upon decomposing the porogen, the
catalytic materials comprise increased porosity since pores are formed in the
volume formerly occupied by the porogen.

Accordingly, in some embodiments the methods for preparation of
the catalytic materials include preparing a composition comprising the base
catalyst material and at least one porogen; forming a catalytic material by
extrusion or pressing (e.g., tableting); and calcining the catalytic material at
temperatures above the decomposition temperature of the porogen. In some
embodiments, the base catalyst material comprises nanowires. In some
embodiments, the calcination temperature is at or exceeds 800 C. For
example, about 600 C to about 1200 C or about 800 C to about 1200 C. The
higher calcination temperature increase the crush strength of the formed
catalytic material (e.g., because of sintering of the components), but because of
the presence of the porogen the porosity is increased relative to other catalytic
materials calcined at similar temperatures.

The catalytic materials may be incorporated into a reactor bed for
performing any number of catalytic reactions (e.g., OCM, ODH and the like).
Accordingly, in one embodiment the present disclosure provides a catalytic
material as disclosed herein in contact with a reactor and/or in a reactor bed.
For example, the reactor may be for performing an OCM reaction (i.e., an OCM
reactor), may be a fixed bed reactor and may have a diameter greater than 1
inch. In this regard, the catalytic material may be packed neat (without diluents)
or diluted with an inert material (e.9., sand, silica, alumina, etc.) The catalyst
components may be packed uniformly forming a homogeneous reactor bed.

The particle size of the individual components within a catalytic
material may also alter the catalytic activity, and other properties, of the same.

Accordingly, in one embodiment, the catalyst is milled to a target average
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particle size and may be optionally sieved to select a particular particle size
range. In some aspects, the catalyst powder is further processed into
extrudates or pellets and the extrudates or pellets are optionally milled and/or
sieved to obtain the desired particle size distribution.

In some embodiments, the catalyst materials, alone or with
binders and/or diluents, can be configured into larger aggregate forms, such as
pellets, extrudates, or other aggregations of catalyst particles. Such larger
aggregate forms may optionally include a binder and/or support material;
however, the present inventors have surprisingly found that certain nanowire
catalysts are particularly suited to use in the form of a pellet without a binder
and/or support material. Accordingly, one embodiment of the disclosure
provides a catalytic material in the absence of a binder. In this regard, the
morphology of certain catalytic nanowires (either bent or straight, etc.) is
believed to contribute to the nanowires’ ability to be pressed into extrudates
without the need for a binder. Catalytic materials without binders are simpler,
less complex and may be cheaper than corresponding materials with binders
and thus offer certain advantages such as the ability to load the catalyst in
pack-beds with a low pressure drop under operating conditions.

In some instances, catalytic materials may be prepared using a
binder or support to maintain the catalyst formulation as a cohesive structure.
A variety of materials may be employed as a binder. For example, in some
embodiments catalytic materials in the form of extrudates comprising catalytic
nanowires can be prepared without the use of a separate binder. In other
words, because of their unique properties, nanowire materials, including the
nanowire catalysts described elsewhere herein, can function to provide the
requisite structural cohesion of a binder material. Certain bulk catalysts are
also useful in this regard.

In some cases, a sacrificial binder (also referred to herein as a
porogen) may be used. A sacrificial binder can be used in order to create
unique microporosity in formed aggregates (e.g., pellets or extrudates). After

removing the sacrificial binder, the structural integrity of the catalyst is ensured
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by the special binding properties of the catalyst (e.g., nanowires). For example,
in some embodiments a catalytic material may be prepared with a binder and
then the binder removed by any number of techniques (e.g., combustion,
calcinations, acid erosion, etc.). This method allows for design and preparation
of catalytic materials having unique microporosity (i.e., the microporosity is a
function of size, etc. of the sacrificial binder). The ability to prepare different
form aggregates (e.g., pellets) of catalysts, such as nanowires, without the use
of a binder is not only useful for preparation of catalytic materials from
nanowires, but also allows the nanowires to be used as support materials (or
both catalytic and support material). Sacrificial binders and techniques useful in
this regard include sacrificial cellulosic fibers or other organic polymers that can
be easily removed by calcination. In some embodiments, sacrificial binders are
added to increase macro-porosity (pores larger than 20nm diameter) of the
catalytic materials. Accordingly, in some embodiments the catalytic materials
comprise pores greater than 20 nm in diameter, greater than 50 nm in diameter,
greater than 75 nm in diameter, greater than 100 nm in diameter or greater than
150 nm in diameter.

The methods described herein for preparation of various catalytic
forms may optionally include use of processing aids such as lubricants, binders,
peptizing agents and/or extrusion aids.

The catalytic forms in the form of formed aggregates can be
obtained, for example, by kneading or pan-milling of the starting compounds
with the binder, for example any of the binders described herein, forming (e.g.,
extruding, casting, molding and the like) and subsequently calcining. The
binder can be pretreated prior to extrusion. This is preferably carried out by
means of acid, for example formic acid or nitric acid. Other auxiliaries, for
example pore formers such as carboxymethylcellulose, potato starch or stearic
acid, can be additionally added prior to or during extrusion.

Generally, the role of the peptizing agent is to enable the
formation of a stable colloidal solution/suspension by charging the surface of

the particles, thus providing repulsive force. Accordingly, in some embodiments
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a peptizing agent is included in a suspension/solution of a catalyst (e.g.,
nanowires) and/or dopant to form a more uniform paste or a paste with the
desirable rheology for preparing an extruded catalytic material. The peptizing
agent used for preparation of the catalytic materials may also affect the strength
of the final material (e.g., higher crush strengths). Exemplary peptizing agents
include salts, such as sodium chloride and the like, and acids, such as nitric
acid, acetic acid, citric acid, hydrochloric acid and the like.

Other processes for preparing catalytic forms include drying a
composite wet “cake” obtained by filtration or centrifugation before fragmenting
such dry cake into mm size pieces, e.g., through grinding, milling or the like.
The composite wet cake generally comprises the active catalyst and a binder
and/or diluents/carrier material. Casting of a catalyst containing paste is also
be used to create complex forms prior to drying and calcination. The catalytic
materials may also be isolated and/or doped according to the procedures
described in co-pending U.S. App. No. 13/757,036 (U.S. Pub. No. 2013/02532),
which application is hereby incorporated by reference in its entirety for all
purposes.

In another embodiment, formed aggregates are prepared by
sequential addition of the components of the final catalytic form. In this case
forming or pelletizing the diluent or carrier component with inactive binders as
needed is performed first. The inactive form is then calcined at elevated
temperature to provide a mechanically strong object. The active catalyst is then
contacted with the form. In certain embodiments, soluble salt precursors of the
catalyst are used in this step with a high surface area carrier (or diluent or
support) to promote the formation of dispersed catalyst on the support.

In embodiments wherein the catalyst is a nanowire, the catalyst is
typically synthesized separately through controlled precipitation or
crystallization, and in some further embodiments the support does not need to
have a high surface area. However, if a homogeneous distribution of the
catalytic solids is to be obtained, large pores within the form are needed to

enable diffusion of the nanowire shape solid into the form. Pores on the order a
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few microns (e.g., about 1-10, or 1-100 microns) are desirable in this case.
Dispersed nanowire suspensions in a liquid that easily wets the diluent (or
carrier) are used to deposit the active component into the pores of the pre-
calcined form. For example, the nanowire catalyst is coated on the inactive
form by conventional methods such as dip-coating, spray-coating, and related
methods. In certain embodiments, nanowire or nano-colloids may be
advantageous compared to traditional bulk catalyst in this post impregnation
process by enabling the addition of a large amount of catalyst by impregnation
iteration onto a form with micron size pores.

In other embodiments, catalytic materials comprising nanowire
catalysts can also be formed within a porous form by adding the selected form
to the nanowire synthesis solution.

In yet other embodiments, separate calcinations of the catalytic
material can be used at different stage of the synthesis. In this manner, strong
bonds between carrier grains and/or carrier grains and binder can be formed in
a first calcination step without degrading the active catalyst component.

In other examples, wet impregnation of the form containing an
active catalyst (e.g., OCM catalyst) component can also be used to further
promote activity or selectivity of the formed material. For example, in some
embodiments the catalyst form is impregnated with a soluble salt comprising a
dopant, thus producing a doped catalytic material. Methods for impregnating or
coating a dopant on or in a catalytic form include dip-coating or immersion
coating, and/or spray coating as described above. In certain embodiments, a
low surface area carrier (or diluent) is used and most of the surface area within
the catalytic form comes from the active catalyst itself. This high surface area
ratio between catalytic and non-catalytic components within the form favors
interaction between the active catalyst component and the doping element
added to the form.

After shaping, the formed aggregates are typically dried and if
appropriate calcined. The usual calcination temperatures for the catalytic
materials are from 300 to 1000 °C., from 400 to 800 C, from 500 to 700 °C or
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from 550 to 650 °C., at calcination times of from 5 minutes to 5 hours, for
example from 10 minutes to 5 hours or about 4 hours.

Deposition of the catalyst on a support, such as a monolith, can
be performed by wash-coating which is contacting a slurry containing the
catalyst with the monolith walls and removing the excess slurry prior to drying
and calcination of the monolith.

Deposition of the catalyst on supports can also be performed by
growing the nanowire within the monolith channel by immersing the monolith
into the solution used to grow the catalyst (e.g., nanowires). In this case the
wire mesh is likely to be filling all the volume of the channel with low density
mesh prior to drying. During drying the gel can contract leaving mostly open
channels or dry without pulling the solid mesh toward the walls (depending on
surface tension of liquid and adhesion to the walls) leaving an inorganic aerogel
in the channel.

In some other embodiments, the catalytic material is in the form of
a monolith and the active catalyst comprises a nanowire. In such
embodiments, the monoliths may be prepared from a nanowire containing
composite mixture by extrusion or casting.

For ease of illustration, the above description of catalytic materials
often refers to OCM; however, such catalytic materials find utility in other
catalytic reactions including but not limited to: oxidative dehydrogenation (ODH)
of alkanes to their corresponding alkenes, selective oxidation of alkanes and
alkenes and alkynes, oxidation of CO, dry reforming of methane, selective
oxidation of aromatics, Fischer-Tropsch, combustion of hydrocarbons, etc. as
discussed in more detail below.

One skilled in the art will recognize that various combinations or
alternatives of the above methods are possible, and such variations are also

included within the scope of the present disclosure.
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Catalytic Reactions and Methods

The present disclosure provides for the use of the disclosed
catalytic materials in catalytic reactions and related methods. In some
embodiments, the catalytic reaction is any of the reactions described herein.
The morphology and composition of the catalysts in the catalytic materials is
not limited. For example the catalysts may be a nanowire having a bent
morphology or a straight morphology and may have any molecular composition
or the catalyst may be a bulk catalyst, or any combination thereof.

The disclosed catalytic materials may be useful in any number of
reactions catalyzed by a heterogeneous catalyst. Examples of reactions
wherein the disclosed catalytic materials may be employed are disclosed in in
co-pending U.S. Application Nos. 13/115,082 (U.S. Pub. No. 2012/0041246);
13/479,767 (U.S. Pub. No. 2013/0023709); 13/689,611 (U.S. Pub. No.
2013/0165728); 13/689,514 (U.S. Pub. No. 2013/0158322) and U.S.
Provisional Application Nos. 61/794,486; 61/909,840; and 61/988,063, and in
Farrauto and Bartholomew, “Fundamentals of Industrial Catalytic Processes”
Blackie Academic and Professional, first edition, 1997, which is hereby
incorporated in its entirety. Non-limiting examples of reactions wherein the
disclosed catalytic materials may be employed include: the oxidative coupling of
methane (OCM) to ethane and ethylene; oxidative dehydrogenation (ODH) of
alkanes to the corresponding alkenes, for example oxidative dehydrogenation
of ethane or propane to ethylene or propylene, respectively; selective oxidation
of alkanes, alkenes, and alkynes; oxidation of CO, dry reforming of methane,
selective oxidation of aromatics; Fischer-Tropsch, hydrocarbon cracking;
combustion of hydrocarbons and the like. Some of the reactions catalyzed by
the disclosed catalytic materials are discussed in more detail below.

The disclosed catalytic materials are generally useful in methods
for converting a first carbon-containing compound (e.g., a hydrocarbon, CO or
COy) to a second carbon-containing compound. In some embodiments the
methods comprise contacting a catalytic material disclosed herein with a gas

comprising a first carbon-containing compound and an oxidant to produce a
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carbon-containing compound. In some embodiments, the first carbon-
containing compound is a hydrocarbon, CO, CO2, methane, ethane, propane,
hexane, cyclohexane, octane or combinations thereof. In other embodiments,
the second carbon-containing compound is a hydrocarbon, CO, CO», ethane,
ethylene, propane, propylene, hexane, hexene, cyclohexane, cyclohexene,
bicyclohexane, octane, octene or hexadecane. In some embodiments, the
oxidant is oxygen, ozone, nitrous oxide, nitric oxide, carbon dioxide, water or
combinations thereof.

In other embodiments of the foregoing, the method for conversion
of a first carbon-containing compound to a second carbon-containing
compound is performed at a temperature below 100 °C, below 200 °C, below
300 °C, below 400 °C, below 500 °C, below 550 °C, below 600 °C, below 700
°C, below 800 °C, below 900 °C or below 1000 °C. In other embodiments, the
method for conversion of a first carbon-containing compound to a second
carbon-containing compound is performed at a pressure above 0.5 ATM, above
1 ATM, above 2 ATM, above 5 ATM, above 10 ATM, above 25 ATM or above
50 ATM.

In certain embodiments of the foregoing method, the catalytic
materials comprise a catalytic nanowire. In other embodiments, the catalytic
materials comprise a bulk catalyst.

The catalytic reactions described herein can be performed using
standard laboratory equipment, for example as described in U.S. Patent No.
6,350,716, which is incorporated herein by reference in its entirety.

Many catalyzed chemical transformations involve tri-phase
reactions with a liquid, a gas and a solid heterogeneous catalyst. These
reactions typically operate at moderate temperatures. Experiments performed
in support of various embodiments of the invention show that molten salt can be
used as a liquid media to enable increased temperature operation for triphase
catalyzed reaction. The liquid carrier or solvent also has benefits for thermal

management of the heat generated or removed by the reaction by allowing fast

111



10

15

20

25

30

WO 2016/044428 PCT/US2015/050431

heat transport in or out of the reactor. These embodiments, also allow for
introduction of feed gases at lower temperatures.

Accordingly, in various embodiments, the invention is directed to a
method for performing a catalytic reaction, the method comprising contacting a
composition comprising a molten salt and a catalyst with a reactant gas,
thereby converting the reactant gas to a product gas. In some embodiments,
the catalytic reaction is any of the reactions described herein or known in the
art. In other embodiments, the reaction is a partial oxidation of a hydrocarbon.
In more specific examples, the reaction is oxidative coupling of methane or
oxidative dehrydrogenation of ethane.

In different embodiments of the foregoing method, the catalyst is
suspended in the molten salt.

In some different embodiments of the foregoing molten salt
method, the catalyst comprises a transition metal oxide or a rare earth oxide. In
some embodiments the rare earth oxide is a lanthanide oxide. In other
embodiments, the rare earth oxide is an actinide oxide. In still other
embodiments, the rare earth oxide is a scandium or yttrium oxide.

In some embodiments the catalyst is a bulk catalyst. In other
embodiments, the catalyst is a nanostructured catalyst, such as a nanowire. In
some even more embodiments, the catalyst is any one of the catalyst disclosed
herein or in U.S. Application Nos. 13/115,082 (U.S. Pub. No. 2012/0041246),
13/479,767 (U.S. Pub. No. 2013/0023709); 13/689,611 (U.S. Pub. No.
2013/0165728); 13/689,514 (U.S. Pub. No. 2013/0158322) and U.S.
Provisional Application Nos. 61/794,486; 61/909,840; and 61/988,063, the
disclosures of which are hereby incorporated by reference in their entireties.
Advantageously, the present inventors have discovered that nanostructured
(e.g., nanowire) catalysts remain suspended, and substantially evenly
dispersed, in the molten salt, even in the absence of stirring.

In some different embodiments of the foregoing, the reactant gas

is methane and the product gas comprises a C2 hydrocarbon. In some other
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different embodiments, the reactant gas is ethane and the product gas
comprises ethylene.

The molten salt may also serve as a co-catalyst in the reaction. In
these embodiments, the molten salt serves as an intermediate carrier of
oxidative or reducing potential (is redox reactive). In these embodiments, it is
also possible to feed reactant gas and oxidant gas separately (since the salt
carries some of the oxidative potential). Accordingly, in some embodiments the
method further comprises contacting the composition with the reactant gas in a
first zone of a reactor, and contacting the composition with an oxidant gas in a
second zone of the reactor

In certain embodiments the molten salt comprises an oxygen-
containing anion. In other embodiments, the molten salt comprises an alkali
metal cation. In still more embodiments, the molten salt comprises nitrates or
nitrites of sodium or potassium, or combinations thereof. In other
embodiments, the anion is a sulfate or phosphate. In some other
embodiments, the molten salt is redox active with respect to the catalyst.

In some different embodiments, the molten salt composition is
maintained at temperatures ranging from about 400 C to About 700 C. In some
other embodiments, the reactant gas is added to the composition at an inlet
temperature ranging from about 20 C to about 500 C.

Compositions comprising a molten salt and a catalyst suspended
therein are also provided. For example, the catalyst may be any of the catalyst
described herein or incorporated by reference. In some embodiments, the
catalyst comprises a transition metal oxide or a lanthanide oxide. In other
embodiments, the catalyst is a bulk catalyst. In different embodiments, the

catalyst is a nanostructured catalyst, such as a nanowire.

1. Oxidative Coupling of Methane (OCM)

The present disclosure provides catalytic materials for improving

the yield, selectivity and/or conversion of any number of catalyzed reactions,

including the OCM reaction. Reactors useful in practice of the OCM methods

described herein are described in U.S. App. No. 13/900,898, which application is
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hereby incorporated by reference in its entirety. As mentioned above, there
exists a tremendous need for catalyst technology capable of addressing the
conversion of methane into high value chemicals (e.g., ethylene and products
prepared therefrom) using a direct route that does not go through syngas.
Accomplishing this task will dramatically impact and redefine a non-petroleum
based pathway for feedstock manufacturing and liquid fuel production yielding
reductions in GHG emissions, as well as providing new fuel sources.

Ethylene has the largest carbon footprint compared to all
industrial chemical products in part due to the large total volume consumed into
a wide range of downstream important industrial products including plastics,
surfactants and pharmaceuticals. In 2008, worldwide ethylene production
exceeded 120 M metric tons while growing at a robust rate of 4% per year. The
United States represents the largest single producer at 28% of the world
capacity. Ethylene is primarily manufactured from high temperature cracking of
naphtha (e.g., oil) or ethane that is separated from natural gas. The true
measurement of the carbon footprint can be difficult as it depends on factors
such as the feedstock and the allocation as several products are made and
separated during the same process. However, some general estimates can be
made based on published data.

Cracking consumes a significant portion (about 65%) of the total
energy used in ethylene production and the remainder is for separations using
low temperature distillation and compression. The total tons of CO, emission
per ton of ethylene are estimated at between 0.9 to 1.2 from ethane cracking
and 1 to 2 from naphtha cracking. Roughly, 60% of ethylene produced is from
naphtha, 35% from ethane and 5% from others sources (Ren, T.; Patel, M. Res.
Conserv. Recycl. 53:513, 2009). Therefore, based on median averages, an
estimated amount of CO, emissions from the cracking process is 114M tons per
year (based on 120M tons produced). Separations would then account for an
additional 61M tons COg per year.

The disclosed catalytic materials provide an alternative to the

need for the energy intensive cracking step. Additionally, because of the high
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selectivity of the catalytic materials, downstream separations are dramatically
simplified, as compared to cracking which yields a wide range of hydrocarbon
products. The reaction is also exothermic so it can proceed via an autothermal
process mechanism. Overall, it is estimated that up to a potential 75%
reduction in CO2 emission compared to conventional methods could be
achieved. This would equate to a reduction of one billion tons of CO, over a
ten-year period and would save over 1M barrels of oil per day.

The catalytic materials also permit converting ethylene into liquid
fuels such as gasoline or diesel, given ethylene’s high reactivity and numerous
publications demonstrating high yield reactions, in the lab setting, from ethylene
to gasoline and diesel. On a life cycle basis from well to wheel, recent analysis
of methane to liquid (MTL) using F-T process derived gasoline and diesel fuels
has shown an emission profile approximately 20% greater to that of petroleum
based production (based on a worst case scenario) (Jaramillo, P., Griffin, M.,
Matthews, S., Env. Sci. Tech 42:7559, 2008). In the model, the CO2
contribution from plant energy was a dominating factor at 60%. Thus,
replacement of the cracking and F-T process would be expected to provide a
notable reduction in net emissions, and could be produced at lower CO,
emissions than petroleum based production.

Furthermore, a considerable portion of natural gas is found in
regions that are remote from markets or pipelines. Most of this gas is flared, re-
circulated back into oil reservoirs, or vented given its low economic value. The
World Bank estimates flaring adds 400M metric tons of CO» to the atmosphere
each year as well as contributing to methane emissions. The nanowires of this
disclosure also provide economic and environmental incentive to stop flaring.
Also, the conversion of methane to fuel has several environmental advantages
over petroleum-derived fuel. Natural gas is the cleanest of all fossil fuels, and it
does not contain a number of impurities such as mercury and other heavy
metals found in oil. Additionally, contaminants including sulfur are also easily

separated from the initial natural gas stream. The resulting fuels burn much
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cleaner with no measurable toxic pollutants and provide lower emissions than
conventional diesel and gasoline in use today.

In view of its wide range of applications, the catalytic materials of
this disclosure can be used to not only selectively activate alkanes, but also to
activate other classes of inert unreactive bonds, such as C-F, C-Cl or C-O
bonds. This has importance, for example, in the destruction of man-made
environmental toxins such as CFCs, PCBs, dioxins and other pollutants.
Accordingly, while the invention is described in greater detail below in the
context of the OCM reaction and other the other reactions described herein, the
catalytic materials are not in any way limited to these particular reactions.

The selective, catalytic oxidative coupling of methane to ethylene

(i.e. the OCM reaction) is shown by the following reaction (1):

2CH4 + O2 2 CH2CH2 + 2 HO (1)

The OCM reaction on the surface of a heterogeneous catalyst is schematically
depicted in Figure 3. This reaction is exothermic (Heat of Reaction -
67kcals/mole) and usually occurs at very high temperatures (> 700°C). During
this reaction, it is believed that the methane (CHy) is first oxidatively coupled
into ethane (C2Hs), and subsequently the ethane (C2Hs) is oxidatively
dehydrogenated into ethylene (C2H4). Because of the high temperatures used
in the reaction, it has been suggested that the ethane is produced mainly by the
coupling in the gas phase of the surface-generated methyl (CHs) radicals.
Reactive metal oxides (oxygen type ions) are apparently required for the
activation of CH4 to produce the CHs radicals. The yield of CoH4 and CoHg is
limited by further reactions in the gas phase and to some extent on the catalyst
surface. A few of the possible reactions that occur during the oxidation of

methane are shown below as reactions (2) through (8):

CH4 = CHs radical (2)

CH3 radical - Csz (3)
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CHas radical + 2.5 O, > CO2 + 1.5 HO
CoHg 2 CoH4 + Ho
CoHe + 0.5 02> CoHs + HO
CoHs +3 O2 2 2C02 + 2H0

CHps radical + CxHy +O2 = Higher HC’s -Oxidation/ CO, +H,O

With conventional heterogeneous catalysts and reactor systems,
the reported performance is generally limited to < 25% CH4 conversion at <
80% combined C2+ selectivity, with the performance characteristics of high
selectivity at low conversion, or the low selectivity at high conversion. In
contrast, the catalytic materials of this disclosure are highly active and can
optionally operate at a much lower temperature. In one embodiment, the
catalytic materials disclosed herein enable efficient conversion (i.e., high yield,
conversion, and/or selectivity) of methane to ethylene at temperatures of less
than 900 °C, less than 800 °C, less than 700 °C, less than 600 °C, less than
550 °C, or less than 500 °C. In other embodiments, the use of staged oxygen
addition, designed heat management, rapid quench and/or advanced
separations may also be employed.

Accordingly, one embodiment of the present disclosure is a
method for the preparation of ethane and/or ethylene, the method comprising
converting methane to ethane and/or ethylene in the presence of a catalytic
material as disclosed herein. In certain embodiments of the foregoing method,
the catalytic materials comprise a catalytic nanowire. In other embodiments,
the catalytic materials comprise a bulk catalyst.

The exothermic heats of reaction (free energy) follow the order of
reactions depicted above and, because of the proximity of the active sites, will
mechanistically favor ethylene formation while minimizing complete oxidation
reactions that form CO and CO,. Representative catalyst compositions useful
for the OCM reaction include, but are not limited to: highly basic oxides
selected from the early members of the Lanthanide oxide series; Group 1 or 2

ions supported on basic oxides, such as Li/MgO, Ba/MgO and Sr/LayOj3; and
117
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single or mixed transition metal oxides, such as VO, and Re/Ru that may also
contain Group 1 ions. Other compositions useful for the OCM reaction
comprise any of the compositions disclosed herein, for example MgO, LaxOs,
NaxWO4, Mn203, Mn304, MgsMnOg, ZroMo20g, NaMnOg4, Mn2O3s/NazxWO4,
Mn304/Na;WO4 or Na/MnO4/MgO, Mn/WO4, Nd20s, Sm203, Eu,O3 or
combinations thereof. Specific examples of OCM catalysts, including nanowire
catalysts are described in co-pending U.S. Application Nos. 13/115,082 (U.S.
Pub. No. 2012/0041246); 13/479,767 (U.S. Pub. No. 2013/0023709);
13/689,611 (U.S. Pub. No. 2013/0165728); 13/689,514 (U.S. Pub. No.
2013/0158322) and U.S. Provisional Application Nos. 61/794,486; 61/909,840;
and 61/988,063. Activating promoters (i.e., dopants), such as chlorides,
nitrates and sulfates, or any of the dopants described above may also be
employed.

Important performance parameters used to measure the catalytic
materials’ performance in the OCM reaction are selected from single pass
methane conversion percentage (i.e., the percent of methane converted on a
single pass over the catalyst or catalytic bed, etc.), reaction inlet gas
temperature, reaction operating temperature, total reaction pressure, methane
partial pressure, gas-hour space velocity (GHSV), O, source, catalyst stability
and ethylene to ethane ratio.

Typical temperatures for operating an OCM reaction according to
the present disclosure are 800 °C or lower, 750 °C or lower, 700 °C or lower,
650 °C or lower, 600 °C or lower and 550 °C or lower. As used herein, the
operation temperatures presented typically refer to the temperature immediately
adjacent to the reactor inlet. As will be appreciated, with no integrated
temperature control system, the exothermic nature of the OCM reaction can
result in a temperature gradient across the reactor indicative of the progress of
the reaction, where the inlet temperature can range from about 400°C to about
600°C, while the outlet temperature ranges from about 700°C to about 900°C.
Typically, such temperature gradients can range from about 100°C to about

500°C. By staging adiabatic reactors, with interstage cooling systems, one can
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step through a more complete catalytic reaction without generating extreme
temperatures, e.g., in excess of 900°C.

In certain embodiments, the inlet gas temperature in an OCM
reaction catalyzed by the disclosed catalytic materials is <700 °C, <675 °C,
<650 °C, <625 °C, <600 °C, <593 °C, <580 °C, <570 °C, <560 °C, <550 °C,
<540 °C, <530 °C, <520 °C, <510 °C, <500 °C, <490 °C, <480 °C or even
<470 °C. In certain embodiments, the reaction operating temperature (i.e.,
outlet temperature) in an OCM reaction catalyzed by the disclosed catalytic
materials is <950 °C, <925 °C, <900 °C, <875 °C, <850 °C, <825 °C, <800 °C,
<775 °C, <750 °C, <725 °C, <700 °C, <675 °C, <650 °C, <625 °C, <600 °C,
<593 °C, <580 °C, <570 °C, <560 °C, <550 °C, <540 °C, <530 °C, <520 °C,
<510 °C, <500 °C, <490 °C, <480 °C, <470 °C.

The single pass methane conversion in an OCM reaction
catalyzed by the catalytic materials is generally >5%, >10%, >15%, >20%,
>25%, >30%, >35%, >40%, >45%, >50%, >55%, >60%, >65%, >70%, >75% or
even >80%.

In certain embodiments, the inlet reaction pressure in an OCM
reaction catalyzed by the catalytic materials is >1atm, >1.1atm, >1.2atm,
>1.3atm, >1.4atm, >1.5atm, >1.6atm, >1.7atm, >1.8atm, >1.9atm, >2atm,
>2.1atm, >2.1atm, >2.2atm, >2.3atm, >2.4atm, >2.5atm, >2.6atm, >2.7atm,
>2.8atm, >2.9atm, >3.0atm, >3.5atm, >4.0atm, >4.5atm, >5.0atm, >5.5atm,
>6.0atm, >6.5atm, >7.0atm, >7.5atm, >8.0atm, >8.5atm, >9.0atm, >10.0atm,
>11.0atm, >12.0atm, >13.0atm, >14.0atm, >15.0atm, >16.0atm, >17.0atm,
>18.0atm, >19.0atm or >20.0atm.

In some embodiments, the methane partial pressure in an OCM
reaction catalyzed by the catalytic materials is >0.3atm, >0.4atm, >0.5atm,
>0.6atm, >0.7atm, >0.8atm, >0.9atm, >1atm, >1.1atm, >1.2atm, >1.3atm,
>1.4atm, >1.5atm, >1.6atm, >1.7atm, >1.8atm, >1.9atm, >2.0atm, >2.1atm,
>2.2atm, >2.3atm, >2.4atm, >2.5atm, >2.6atm, >2.7atm, >2.8atm, >2.9atm,
>3.0atm, >3.5atm, >4.0atm, >4.5atm, >5.0atm, >5.5atm, >6.0atm, >6.5atm,
>7.0atm, >7.5atm, >8.0atm, >8.5atm, >9.0atm, >10.0atm, >11.0atm, >12.0atm,
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>13.0atm, >14.0atm, >15.0atm, >16.0atm, >17.0atm, >18.0atm, >19.0atm or
>20.0atm.

In some embodiments, the GSHV in an OCM reaction catalyzed
by the catalytic materials is >5,000/hr, >10,000/hr, >15,000/hr, >20,000/hr,
>50,000/hr, >75,000/hr, >100,000/hr, >120,000/hr, >130,000/hr, >150,000/hr,
>200,000/hr, >250,000/hr, >300,000/hr, >350,000/hr, >400,000/hr, >450,000/hr,
>500,000/hr, >750,000/hr, >1,000,000/hr, >2,000,000/hr, >3,000,000/hr,
>4,000,000/hr.

The present inventors have discovered that OCM reactions
catalyzed by the disclosed catalytic materials can be performed (and still
maintain high C2 yield, C2+ selectivity, conversion, etc.) using O, sources other
than pure O2. For example, in some embodiments the O, source in an OCM
reaction catalyzed by the disclosed catalytic materials is air, oxygen enriched
air, pure oxygen, oxygen diluted with nitrogen (or another inert gas) or oxygen
diluted with COs. In certain embodiments, the O, source is O, diluted by >99%,
>98%, >97%, >96%, >95%, >94%, >93%, >92%, >91%, >90%, >85%, >80%,
>75%, >70%, >65%, >60%, >55%, >50%, >45%, >40%, >35%, >30%, >25%,
>20%, >15%, >10%, >9%, >8%, >7%, >6%, >5%, >4%, >3%, >2% or >1% with
COg; or an inert gas, for example nitrogen.

The disclosed catalytic materials are also very stable under
conditions required to perform any number of catalytic reactions, for example
the OCM reaction. The stability of the catalytic materials is defined as the
length of time a catalyst will maintain its catalytic performance without a
significant decrease in performance (e.g., a decrease >20%, >15%, >10%,
>5%, or greater than 1% in C2 yield, C2+ selectivity or conversion, etc.). In
some embodiments, the catalytic materials have stability under conditions
required for the OCM reaction of >1 hr, >5 hrs, >10 hrs, >20 hrs, >50 hrs, >80
hrs, >90 hrs, >100 hrs, >150 hrs, >200 hrs, >250 hrs, >300 hrs, >350 hrs, >400
hrs, >450 hrs, >500 hrs, >550 hrs, >600 hrs, >650 hrs, >700 hrs, >750 hrs,
>800 hrs, >850 hrs, >900 hrs, >950 hrs, >1,000 hrs, >2,000 hrs, >3,000 hrs,
>4,000 hrs, >5,000 hrs, >6,000 hrs, >7,000 hrs, >8,000 hrs, >9,000 hrs,
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>10,000 hrs, >11,000 hrs, >12,000 hrs, >13,000 hrs, >14,000 hrs, >15,000 hrs,
>16,000 hrs, >17,000 hrs, >18,000 hrs, >19,000 hrs, >20,000 hrs, >1 yrs, >2
yrs, >3 yrs, >4 yrs or >5 yrs.

In some embodiments, the ratio of ethylene to ethane in an OCM
reaction catalyzed by the catalytic materials is >0.3, >0.4, >0.5, >0.6, >0.7,
>0.8,>0.9, >1,>1.1,>1.2,>1.3,>14,>1.5,>1.6, >1.7,>1.8, >1.9, >2.0, >2.1,
>2.2,>2.3,>2.4,>2.5,6>2.6,>2.7,>2.8, >2.9, >3.0,>3.5, >4.0, >4.5, >5.0, >5.5,
>6.0, >6.5, >7.0, >7.5, >8.0, >8.5, >9.0, >9.5, >10.0.

In other embodiments, the conversion of methane in an OCM
reaction catalyzed by the catalytic materials is greater than 5%, greater than
10%, greater than 20%, greater than 30%, greater than 50%, greater than 75%,
or greater than 90%. In other embodiments, the conversion of methane to
ethylene in an OCM reaction catalyzed by the catalytic materials is greater than
5%, greater than 10%, greater than 20%, greater than 30%, greater than 50%,
greater than 75%, or greater than 90%. In some other embodiments the yield
of ethylene in an OCM reaction catalyzed by the catalytic materials is greater
than 10%, greater than 20%, greater than 30%, greater than 50%, greater than
75%, or greater than 90%. In some other embodiments the C2 yield in an OCM
reaction catalyzed by the catalytic materials is greater than 5%, greater than
10%, greater than 20%, greater than 30%, greater than 50%, greater than 75%,
or greater than 90%.

In some other embodiments, a method for converting methane
into ethane and/or ethylene comprising use of catalytic material comprising two
or more catalysts is provided. For example, the catalyst mixture may be a
mixture of a catalyst having good OCM activity and a catalyst having good ODH
activity. Such catalyst mixtures are described in more detail above.

Typically, the OCM reaction is run in a mixture of oxygen and
nitrogen or other inert gas. Such gasses are expensive and increase the
overall production costs associated with preparation of ethylene or ethane from
methane. However, the present inventors have now discovered that such

expensive gases are not required and high yield, conversion, selectivity, etc.
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can be obtained when air is used as the gas mixture instead of pre-packaged
and purified sources of oxygen and other gases. Accordingly, in one
embodiment the disclosure provides a method for performing the OCM reaction
in air by contacting the disclosed catalytic materials with methane and air.

In various embodiments of the foregoing methods for the oxidative
coupling of methane, a method for the oxidative coupling of methane to C2+
hydrocarbons under adiabatic conditions is provided, the method comprising
passing a feed gas comprising methane at a linear velocity of 1 m/s or higher
through a packed catalyst bed, the packed catalyst bed comprising any of the
catalytic materials described herein. In some of these embodiments, the
catalytic material is in the shape of a ring having an outer diameter ranging from
about 3 mm to about 50 mm and an inner diameter ranging from about 1 mm to
about 25 mm, wherein the outer diameter is larger than the inner diameter.

In any of the embodiments described herein, the linear velocity in
an OCM method ranges from about 0.1 m/s to about 10 m/s, for example about
1 m/s to about 10 m/s or about 1 to about 5 m/s. In some embodiments, the
linear velocity ranges from about 2 m/s to about 10 m/s, for examples from
about 2 m/s to about 4 m/s.

In other embodiments, a C2+ selectivity for the conversion of
methane to C2+ hydrocarbons is greater than about 50%, for example greater
than about 55% or even greater than about 60%. In even other embodiments,
the catalytic material employed in such methods is a ring-shaped catalytic
material as described herein (e.g., a catalytic material comprising a plurality of
OCM active catalysts, wherein the catalytic material is in the shape of a ring
having an outer diameter ranging from about 3 mm to about 50 mm and an
inner diameter ranging from about 1mm to about 25 mm, wherein the outer
diameter is larger than the inner diameter, and sub-embodiments thereof.

Methods for conducting OCM in the presence of catalyst blends
comprising at least a first catalyst which is an OCM active catalyst and at least

a second catalyst which is selective for oxidation of carbon monoxide are also
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provided. Such catalyst blends are described in more detail above. In some
embodiments the method for oxidative coupling of methane comprises:

a) contacting methane and oxygen with the foregoing catalyst
blend at temperatures ranging from about 525 °C to about 825 °C to form a
product gas comprising C2’s, carbon dioxide and substantially no carbon
monoxide.

In certain embodiments, the ratio of carbon monoxide in the
product gas relative to the concentration of carbon dioxide in the product gas
ranges from about 0.1 to 10 to about 0.2 to 1.0.

In other embodiments, the method further comprises converting
the carbon dioxide into methane. For example the carbon dioxide may be
converted into methane via a methanation reaction.

In other embodiments, the method for OCM comprises:

a) contacting methane and oxygen with an OCM active catalyst to
form a product gas; and

b) contacting the product gas in a downstream reactor with a
second catalyst that has activity for oxidation of carbon monoxide. In some
specific embodiments the second catalyst the second catalyst is an oxide of a
transition metal. For example, in some embodiments the transition metal is
titanium, chromium, manganese, iron, cobalt, nickel, copper, zinc, zirconium,
molybdenum, palladium, silver, tungsten, platinum, gold, or any combination
thereof.

In other embodiments, the invention is directed to an OCM
process comprising two stages. While not wishing to be bound by theory, it is
believed that conducting the OCM reaction in two stages can result in a higher
methane conversion, and thus higher yield of desired products (e.g., ethane
and/or ethylene). For example, in some embodiments the method comprises
use of an OCM process unit process comprising a two-stage adiabatic,
catalytic, axial fixed bed reactor. In exemplary processes oxygen and methane,
from natural gas and a downstream supplement from a methanation reactor,

are pre-heated to achieve the OCM reactor inlet temperature of about 400 C to

123



10

15

20

25

30

WO 2016/044428 PCT/US2015/050431

600 C (e.g., about 450-550 C ) and from 6 bar to 20 bar (e.g., about 8-12 bar).
It is then fed to the first stage of the OCM reactor to undergo OCM conversion
to ethylene. Catalysts useful for this first stage include, but are not limited to,
any of the catalysts or catalytic materials describe herein, including those
incorporated by reference. In some embodiments, the mixed feed flows over
the OCM catalytic bed, and leaves the first stage at a temperature of
approximately from 800 C to 900 C (e.g., about 850°C). The reaction heat
generated in the 1% stage is typically recovered in a steam generator by
generating high pressure steam. In various embodiments, the effluent from the
first stage is then again mixed with oxygen and fed to the 2" stage of the OCM
reactor at temperatures ranging from about 450 C to about 700 C (e.g., about
450-550 C) and pressures ranging from about 4 bar to about 8 bar (e.g., about
6 bar). The lower pressure in the second stage results from pressure drop
generated in first stage of the OCM reactor. Further embodiments comprise a
postbed-cracking step of the hot OCM effluent after the second stage and
separations.

In some embodiments of the foregoing, the method produces
ethylene which is employed as starting material to make downstream products
of ethylene, for example one or more of the products illustrated in Figure 8. In
other embodiments of the foregoing method, the final product is polymer-grade
ethylene product (greater than 99 wt% ethylene, e.g. 99.96 wt% or greater).

A challenge in the OCM process can be the reactivity of methane
relative to its products. The products ethane and ethylene may undergo
efficient partial or full oxidation, which may or may not be catalytic. At high
temperature and pressure, both homogeneous and heterogeneous reactions
may occur during oxidative coupling of methane, and some undesired side
products may be produced in the gas phase. Accordingly, some embodiments
of the present invention include catalysts, catalyst forms and catalytic materials
which perform optimally even with a higher concentration of ethylene and
ethane in the feed stream (a second stage catalyst, catalyst form or catalytic

material), and which for example may be used in the above described two-
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stage process.

For second stage catalyst screening purposes, the product
composition of a typical first OCM stage was simulated by employing a gas mix
(“first stage gas mix”) based on the gas composition resulting from a typical
OCM reaction performed with an OCM catalyst as described or incorporated by
reference herein with air as the oxidant. Typical first stage gas mixes comprise
various concentrations of one or more of: hydrogen; nitrogen; methane; CO;
COgy; ethylene; ethane; and propylene. Water is a by-product of the OCM
process, and may be added accordingly.

Several hundred catalyst formulations were tested as second
stage catalysts first in an isothermal reactor (primary screening second stage),
followed by testing of selected catalysts in a more adiabatic bench top reactor
(secondary screening second stage). A simplified methodology was developed
that allowed to draw correlations between the isothermal high through put
bench top reactor and larger scaled more adiabatic reactors. With this
methodology it was possible to predict performance ranking in between the
different reactor types; even though gas phase chemistry —significant in OCM-
may be different in both different reactor types.

Based on the above studies, the present inventors have identified
OCM catalysts useful in the second stage of a two-stage OCM process
(referred to herein collectively as “second stage OCM catalysts) which result in
an overall performance of about 40%-60% overall selectivity at 10%-30%
overall conversion (over both: the hypothetical first stage of optimal
performance and a measured second stage). In some embodiments, the
second stage OCM catalyst is the same as the catalyst used for the first stage
(e.g., any of the OCM catalysts described herein and as described in co-
pending U.S. Application Nos. 13/115,082 (U.S. Pub. No. 2012/0041246);
13/479,767 (U.S. Pub. No. 2013/0023709); 13/689,611 (U.S. Pub. No.
2013/0165728); 13/689,514 (U.S. Pub. No. 2013/0158322) and U.S.
Provisional Application Nos. 61/794,486; 61/909,840; and 61/988,063, the full

disclosures of which are hereby incorporated by reference in their entirety for
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their disclosure of catalysts, and methods for use of the same, disclosed
therein. In some other embodiments, the second stage catalyst is different than
the catalyst used for the first stage and it comprises any OCM catalyst
described herein and in co-pending U.S. Application Nos. 13/115,082 (U.S.
Pub. No. 2012/0041246); 13/479,767 (U.S. Pub. No. 2013/0023709);
13/689,611 (U.S. Pub. No. 2013/0165728); 13/689,514 (U.S. Pub. No.
2013/0158322) and U.S. Provisional Application Nos. 61/794,486; 61/909,840;
and 61/988,063.

In other embodiments, the second stage OCM catalyst comprises
NaMnW supported in SiO,. Catalysts of this type generally have an extremely
high light-off temperature (>800C), but due to its unique set-up the light-off
temperature in a second reactor according to the above two-stage method can
be higher than in a one-stage process, this making this catalyst an attractive
choice for the novel two-stage method. In various embodiments, the SiO,
support is fully or partially replaced with AloOs and/or TiO2 support. In particular
embodiments, the NaMnW catalyst comprises a support comprising SiO2 and
TiO2. While not wishing to be bound by theory, it is believed that the presence
of such controlled impurities in the SiO, support stabilizes the OCM-active
cristobalite phase of SiO2. The presence of alkali in NaMnW-SiO is believed to
inhibit the gas phase oxidation of ethylene. In other embodiments, similar
effects were observed when comparing pure perovskite catalysts and
perovskite catalysts treated with Na2COs in the second stage, where the
treatment with the alkali carbonate resulted in a better second stage
performance.

In still other embodiments, the second stage OCM catalyst
comprises a perovskite compound or perovskite-like oxide, for example as
described herein. In some embodiments, the perovskite or perovskite-like
oxide comprises the following formula:

ABO3
wherein:

A is an element from the lanthanides or group 2, 3, 4, 6 or 13;
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B is a metal; and
O is an oxygen anion that bonds.

The perovskite or perovskite-like oxide optionally contain
additional elements (e.g., dopants). In some embodiments, the perovskite or
perovskite-like oxide comprise a metal from group 4 and an element from group
2. For example, in some embodiments the metal from group 4 is Ti, Zr or Hf
and the element from group 2 is Ba, Sr or Ca, for example Sr.

In some embodiments, the perovskite or perovskite-like oxide
comprise a metal from group 13 and an element from group 2. For example, in
some embodiments the metal from group 13 is Al and the element from group 2
is Ba, Sr or Ca, for example Sr.

In some embodiments, the perovskite or perovskite-like oxide
comprise a metal from the lanthanides and an element from group 2. For
example, in some embodiments the metal from the lanthanides is Ce, Sm or Tb
and the element from group 2 is Ba, Sr or Ca, for example Sr. In some
embodiments, the lanthanide is Sm and the element from group 2 is Ca. In
other embodiments, the element from the lanthanides is Ce or Tb and the
element from group 2 is Sr or Ba.

In some embodiments, the perovskite or perovskite-like oxide
comprise a metal from the lanthanides and an element from group 13. For
example, in some embodiments the metal from the lanthanides is Pr and the
element from group 13 is Ga.

In certain other embodiments, the perovskite or perovskite-like
oxide is BaZrOs, SrZrOs, SrAlO3, SrCe0Os, SrHfO3, CaHfO3, SrTbOs3 or BaTiOs.

In certain embodiments, the perovskite or perovskite-like oxide is
doped with a dopant from any one of groups 2, 3 or the lanthanides. For
example, in some embodiments the dopant is selected from Sr, Y, La, Nd, Ca,
Mg, Ce and combinations thereof. In certain embodiments, the perovskite or
perovskite-like oxide is doped with a dopant from group 2, for example Sr, Mg,
Ca or combinations thereof. In other embodiments the perovskite or

perovskite-like oxide is doped with an element from group 3, for example Y. In
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yet other embodiments the perovskite or perovskite-like oxide is doped with an
element from the lanthanides, for example La, Nd, Ce or combinations thereof.
In still different embodiments, the second stage OCM catalyst is a
mixed perovskite having the following formula:
A',A%A% BB B%,0;
wherein:
A', A% and A® are each independently an element from the lanthanides or
group 2, 3, 4,6 or 13;
B', B and B® are each independently a metal;
O is an oxygen anion;
o, B and y are each independently numbers ranging from 0 to 1, wherein
the sum of o, B and y does not exceed 1; and
X, y and z are each independently numbers ranging from 0 to 1, wherein
the sum of x, y and z does not exceed 1.
In some embodiments, the sum of o, B and  is 1. In other
embodiments, the sum of x, yand z is 1.
In still different embodiments, the second stage OCM catalyst is a
mixed perovskite having the following formula:
A'15)A% B 1 5B%03
wherein:
A" and A? are each independently an element from the lanthanides or
group 2, 3,4, 6 or 13;
B' and B? are each independently a metal;
O is an oxygen anion; and
d and A are each independently numbers ranging from 0 to 1.
In some embodiments, & and A are each independently numbers
ranging from greater than O to less than 1.
The mixed perovskites can optionally contain dopants selected
from metal and non-metal elements, for example lanthanide and/or alkaline

earth metal dopants. In some embodiments, A" and A? are each independently
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an alkaline earth metal, for example Ca or Sr. In other embodiments, B' and B?
are each independently a group 3 or group 4 element, for example Y or Zr.

In some embodiments, the perovskite or perovskite-like catalyst
comprises Er/Ca/BaZrOs, Nd/Ca/BaZrOs, Eu/Ca/BaZrOs, Ca(15)Sr.Y (1-5) 2103,
Sr.Y (1-5Zr503, Ca/Nd/Ca(1)Sr.Y (1-5Zr503, Ca/Nd/SrY (1.5 Zr;0s, Ca/Nd20s/Cas-
2)9N.Y (1521503, Lao oSro.1Gap sMgo 203, BaCeq 7Y 2Pro 103, Ca/BaZrOs, BaZrOs,
Cal/Sr/BaZrOs, SrCe0s, Sr.Y (1.5 21503, SrZrOz, SrHfO3, Mg/SrHfO3, CaHfOs3,
SrTbOs, BaTiOs, Y/SrZrOs, Ce/GaPrOs, SrCeOs/SrCex04, Cegslag4Srg 103,
BaCeOs, BaY,Ce O3 BaY,Zr,Ce,03, BaY,Ln,Ce,Os, BaZr,Y«Ln,Ce,O3, wherein
9, A, W, X, y and z are numbers ranging from greater than 0 to 1, and Ln is a
lanthanide element such as Gd or Nd. In some embodiments the sum of x and
yis1,orthesumofx,yandzis 1, orthe sumofw, x,yand zis 1. Other

perovskite compounds are useful in various different embodiments.

2. Oxidative Dehydrogenation

Worldwide demand for alkenes, especially ethylene and
propylene, is high. The main sources for alkenes include steam cracking, fluid-
catalytic-cracking and catalytic dehydrogenation. The current industrial
processes for producing alkenes, including ethylene and propylene, suffer from
some of the same disadvantages described above for the OCM reaction.
Accordingly, a process for the preparation of alkenes, which is more energy
efficient and has higher yield, selectivity, and conversion than current
processes is needed. Applicants have now found that the presently disclosed
catalytic materials fulfill this need and provide related advantages.

In one embodiment, the catalytic materials are useful for
catalyzing the oxidative dehydrogenation (ODH) of hydrocarbons (e.g. alkanes
and alkenes). For example, in one embodiment the catalytic materials are
useful for catalysis of an ODH reaction for the conversion of ethane or propane
to ethylene or propylene, respectively. Reaction scheme (9) depicts the

oxidative dehydrogenation of hydrocarbons:
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CiH, + % 0, > C,Hy. +H,0 (9)

Representative catalysts useful for the ODH reaction include, but
are not limited to catalysts (e.g., nanowires) comprising Zr, V, Mo, Ba, Nd, Ce,
Ti, Mg, Nb, La, Sr, Sm, Cr, W, Y or Ca or oxides or combinations thereof.
Activating promoters (i.e. dopants) comprising P, K, Ca, Ni, Cr, Nb, Mg, Au, Zn,
or Mo, or combinations thereof, may also be employed.

In some embodiments, the conversion of hydrocarbon to alkene in
an ODH reaction catalyzed by the catalytic materials is greater than 10%,
greater than 20%, greater than 30%, greater than 50%, greater than 75%, or
greater than 90%. In some other embodiments the yield of alkene in an ODH
reaction catalyzed by the catalytic materials is greater than 10%, greater than
20%, greater than 30%, greater than 50%, greater than 75%, or greater than
90%. In other embodiments, the selectivity for alkenes in an ODH reaction
catalyzed by the catalytic materials is greater than 50%, greater than 60%,
greater than 70%, greater than 80%, greater than 90%, or greater than 95%. In
another embodiment, the catalytic materials disclosed herein enable efficient
conversion (i.e. high yield, conversion, and/or selectivity) of hydrocarbon to
alkene at temperatures of less than 800 °C, less than 700 °C, less than 600 °C,
less than 500 °C, less than 400 °C, or less than 300 °C.

The stability of the catalytic materials is defined as the length of
time the catalytic materials will maintain its catalytic performance without a
significant decrease in performance (e.g., a decrease >20%, >15%, >10%,
>5%, or greater than 1% in ODH activity or alkene selectivity, etc.). In some
embodiments, the catalytic materials have stability under conditions required for
the ODH reaction of >1 hr, >5 hrs, >10 hrs, >20 hrs, >50 hrs, >80 hrs, >90 hrs,
>100 hrs, >150 hrs, >200 hrs, >250 hrs, >300 hrs, >350 hrs, >400 hrs, >450
hrs, >500 hrs, >550 hrs, >600 hrs, >650 hrs, >700 hrs, >750 hrs, >800 hrs,
>850 hrs, >900 hrs, >950 hrs, >1,000 hrs, >2,000 hrs, >3,000 hrs, >4,000 hrs,
>5,000 hrs, >6,000 hrs, >7,000 hrs, >8,000 hrs, >9,000 hrs, >10,000 hrs,
>11,000 hrs, >12,000 hrs, >13,000 hrs, >14,000 hrs, >15,000 hrs, >16,000 hrs,
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>17,000 hrs, >18,000 hrs, >19,000 hrs, >20,000 hrs, >1 yrs, >2 yrs, >3 yrs, >4
yrs or >5 yrs.

Oxidative coupling of methane into ethane/ethylene is generally
understood to comprise a number of elementary reactions taking place in series
or in parallel. While not wishing to be bound by theory, a close look at the OCM
mechanism suggests that auto-thermal cracking of the ethane produced during
the OCM reaction may contribute to the formation of olefins from the higher
alkanes produced through OCM. The importance of this mechanism has been
verified for the OCM process fed by relatively dry natural gas (i.e. with limited
amount of high hydrocarbons in the natural gas), but processing very wet
natural gas (above 5% higher hydrocarbon content) with an OCM fixed bed
reactor is problematic as preferential combustion of C2+ hydrocarbon at the
inlet of the fixed bed competes with the OCM process leading to reduced olefin
selectivity. However, by using a catalytic fluid bed reactor the present
inventors have found that it is possible to avoid some of the limitations of fix bed
reactors when feeding wet natural gas as well as enabling the use of OCM
active catalysts for oxidative dehydrogenation of higher hydrocarbons (C2+
alkanes). This discovery allows for use of natural gas with high C2+ content
feed gas to be used effectively in a OCM-ODH-steam cracking combined
function fluid bed reactor. The fluidized catalyst bed performs the role of a
heat exchanger for the inlet gas to enable feeding gas at temperatures below
the light off temperature of the catalyst once the oxidation reaction is initiated
and produce sufficient heat to maintain a fluid bed temperature above the light
off temperature of the catalytic particles.

Accordingly, in one embodiment a method for the preparation of
alkenes, such as ethylene, propene, butene, and the like, from alkanes is
provided. In one embodiment the method is for preparation of ethylene from
ethane, for example wherein the ethane is produced by oxidatively coupling a
methane feed gas by OCM.

In some embodiments of the foregoing method for preparation of

alkenes, the method comprises charging a feed gas comprising an alkane and

131



10

15

20

25

30

WO 2016/044428 PCT/US2015/050431

oxygen through an inlet to a reactor comprising a fluidized catalyst bed, and
contacting the feed gas with the fluidized catalyst bed for a period of time
sufficient to convert the alkane to the alkene, wherein the temperature of the
feed gas at the inlet is maintained at or below 550 °C, and the fluidized catalyst
bed is maintained at temperatures ranging from 650 °C to 950 °C.

In some embodiments, the method is for preparation of ethylene
and the alkane is ethane. When ethylene is the desired product, such
embodiments typically include maintaining the fluidized catalyst bed at
temperatures above about 800 C, for example above 820 C or above 850 C. In
other embodiments of the method when ethylene is the desired product, the
ethane is produced by oxidatively coupling methane present in the feed gas.

In some other embodiments, the method is for preparation of
propylene and the alkane is propane. When propylene is the desired product,
such embodiments typically include maintaining the fluidized catalyst bed at
temperatures above about 700 C, for example above 740 C or above 780 C. In
other embodiments of the method when propylene is the desired product, the
propane is produced by oxidatively coupling methane present in the feed gas.

The catalyst may be any of the catalysts described herein or
incorporated by reference. In some embodiments, the fluidized catalyst bed
comprises a rare earth catalyst. In other embodiments, the catalyst is a
nanostructured catalyst, such as a nanowire catalyst.

In other embodiments, it is advantageous to include methane in
the feed gas, and thus the feed gas further comprises methane and in some
embodiments the methane is oxidatively coupled to form the alkane. In some
of these embodiments, the molar % of methane relative to ethane ranges from
about 25% to about 90%. In some of these embodiments wherein methane is
included, the alkene is produced by OCM reaction of the methane.

In some of the foregoing embodiments, the alkylene (e.g.,
ethylene) selectivity is 60% or higher, 65% or higher, 70% or higher or even
75% or higher.
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In other embodiments, the alkane (e.g., ethane) conversion is
50% or higher, 55% or higher, 60% or higher, 65% or higher or even 70% or
higher.

The ODH methods described herein above is particularly well
suited to integration with downstream process, and in some embodiments the
method further comprises one or more steps of oligomerizing the ethylene. An
embodiment for integration of the OCM+ODH+cracking catalytic fluidized bed
reactor with separation of the olefin products is presented in Figures 4 and 5.

In these embodiments, the high ethylene content of the natural gas processing
reactor couples well with desirable ETL reactor inlet composition. Water may
be removed before or after the ETL reactor (Figures 4 and 5, respectively). The
light hydrocarbon gas after separation of the C5+ fraction can be then
processed through a CO, removal unit and a methanation reactor to utilize the
H2 and CO content in this gas stream before being recycled back to the fluid
bed OCM + ODH + cracking reactor with additional OSBL natural gas and/or
Ethane and O2. In this embodiment, the ability to crack the light hydrocarbon
byproduct of the ethylene to liquid reactor in the fluid bed reactor simplifies the
handling of the product stream with only three output streams, a small purge for
removing inert looping coming from the natural gas feed, a C5+ liquid stream
and a waste water stream.

In some embodiments, ethane and the O2 source may be fed
together or separately in different sections of the fluid bed. If the O, and fuel
source are fed separately, multiple exhaust may also be used to capture stream
with different compositions in order to minimize downstream separation needed
in some applications.

One benefit of using a fluid bed combined OCM - ODH — steam
cracking reactor versus a traditional Ethane cracker is the reduced reactor
complexity and the potential of enabling economical small scale deployment as
well as some fuel flexibility. Another benefit of using fluid bed catalytic reactor
versus fix bed catalytic reactor is the difference in catalyst temperature profile.

The more isothermal profile in the fluid bed reactor may be advantageous in
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improving the catalytic material tolerance to feed impurity. For example water
vapor in the feed may be detrimental at reduced temperature because of the
formation of oxy-hydroxide phases. In a fluid bed catalytic reactor this
temperature range may be entirely avoided. Similarly formation of stable
sulfates or sulfites due to sulfur compound in the natural gas may be avoid in a
similar fashion by keeping the entirety of the catalyst bed above 650 °C to 700
°C. Continuous mixing of the catalyst solid also enables cycling of the aging
atmosphere for individual particles within the bed. This can be advantageous
when for example carbon deposits are formed in O, deprived zone of the
reactor, carbon deposit carried back to the front end of the reactor would get
removed through oxidative process. Undesirable minor species can also be
preferentially removed from the product stream thanks to better temperature
control of the bed. Oxidative potential carried by the solid may also contribute to
the ability to oxidized highly reactive secondary products as acetylene and
dienes.

In various other embodiments, auto-thermal cracking of ethane as
described above is integrated with downstream units (such as oligomerization
reaction, compression and separation) for commercial production of either
polymer grade ethylene or liquid hydrocarbon products (such as RBOB
gasoline or aromatics). Block flow diagrams that illustrate different
embodiments for the conversion of ethane into ethylene (Figure 6) or liquid
hydrocarbon products (Figure 7) employing auto-thermal cracking of ethane are
provided herein.

In support of various embodiments of the present invention,
experiments were performed to evaluate the selectivity of the production of
olefins from ethane using air as the oxidizer source as a function of
carbon:oxygen (C/O) ratio in the feed. These experiments demonstrated that,
as C/O ratio is reduced the heat generated by the reaction increases per unit of
time resulting in an increase of the operating temperature of the fluid bed
catalyst. The data indicate that above about 800 °C in the bed, some of the

ethylene formed is obtained through steam cracking as illustrated by an
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increase of Haz production measured at the reactor outlet. This synergetic ODH
and steam cracking within a single reactor has the very desirable effect of
increasing both selectivity and yield of ethylene through the process.
Homogeneous feed reactivity of the mixture ethane + O2 was also avoided by
running the feed gas at temperature under 550 °C while the catalyst bed
temperature varied from 700 °C to 850 °C.

Ethane conversion and ethylene selectivity as high as 65% and
70%, respectively, were obtained from the aforementioned experiment. The
selectivity and yield can be further improved by increasing the residence time in
the fluid bed or increasing the temperature of the reactor by reducing heat
losses to the environment.

Methods for preparation of higher alkenes, such as propene or
butane are analogous to the above described processes, except the

corresponding alkane is used in place of ethane.

3. Evaluation of Catalytic Properties

To evaluate the catalytic properties of the catalytic materials in a
given reaction, for example those reactions discussed above, various methods
can be employed to collect and process data including measurements of the
kinetics and amounts of reactants consumed and the products formed. In
addition to allowing for the evaluation of the catalytic performances, the data
can also aid in designing large scale reactors, experimentally validating models
and optimizing the catalytic process.

As an example, in a laboratory setting, an Altamira Benchcat 200
can be employed using a 4 mm ID diameter quartz tube with a 0.5 mm ID
capillary downstream. Quartz tubes with 2 mm, 6 mm or 8 mm ID, which
optionally comprise a metal jacket for pressurized reactions (e.g., up to 12 barg
or more) can also be used. Catalytic materials are tested under a number of
different conditions.

In a typical procedure, 50 mg of catalytic material is charged to a
2 mm tube. On either side of the catalytic materials, a small plug of glass wool
is loaded to keep the catalytic materials in place. A thermocouple is placed on
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the inlet side of the catalytic materials bed into the glass wool to get the
temperature in the reaction zone. Another thermocouple can be placed on the
downstream end into the catalyst bed itself to measure the exotherms, if any.

Once loaded into the reactor, the reactor is inserted into the
Altamira instrument and furnace and then a temperature and flow program is
started. In some embodiments, the total flow is 50 to 100 sccm of gases but
this can be varied and programmed with time. In one embodiment, the
temperatures range from 400 °C to 900 °C. The reactant gases comprise air or
oxygen (diluted with nitrogen or argon) and methane in the case of the OCM
reaction and gas mixtures comprising ethane and/or propane with oxygen for
oxidative dehydrogenation (ODH) reactions. Other gas mixtures can be used
for other reactions.

The primary analysis of these oxidation catalysis runs is the Gas
Chromatography (GC) analysis of the feed and effluent gases. From these
analyses, the conversion of the oxygen and alkane feed gases can easily be
attained and estimates of yields and selectivities of the products and by-
products can be determined.

The GC method developed for these experiments employs 4
columns and 2 detectors and a complex valve switching system to optimize the
analysis. Specifically, a flame ionization detector (FID) is used for the analysis
of the hydrocarbons only. It is a highly sensitive detector that produces
accurate and repeatable analysis of methane, ethane, ethylene, propane,
propylene and all other simple alkanes and alkenes up to five carbons in length
and down to ppm levels.

There are two columns in series to perform this analysis, the first
is a stripper column (alumina) which traps polar materials (including the water
by-product and any oxygenates generated) until back-flushed later in the cycle.
The second column associated with the FID is a capillary alumina column
known as a PLOT column, which performs the actual separation of the light

hydrocarbons. The water and oxygenates are not analyzed in this method.
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For the analysis of the light non-hydrocarbon gases, a Thermal
Conductivity Detector (TCD) may be employed which also employs two
columns to accomplish its analysis. The target molecules for this analysis are
COg,, ethylene, ethane, hydrogen, oxygen, nitrogen, methane and CO. The two
columns used here are a porous polymer column known as the Hayes Sep N,
which performs some of the separation for the CO,, ethylene and ethane. The
second column is a molecular sieve column, which uses size differentiation to
perform the separation. It is responsible for the separation of Hy, Oz, No,
methane and CO.

There is a sophisticated and timing sensitive switching between
these two columns in the method. In the first 2 minutes or so, the two columns
are operating in series but at about 2 minutes, the molecular sieve column is
by-passed and the separation of the first 3 components is completed. At about
5-7 minutes, the columns are then placed back in series and the light gases
come off of the sieve according to their molecular size.

The end result is an accurate analysis of all of the aforementioned
components from these fixed-bed, gas phase reactions. Analysis of other
reactions and gases not specifically described above is performed in a similar

manner.

4. Downstream Products

As noted above, in one embodiment the present disclosure is
directed to catalytic materials useful in reactions for the preparation of a number
of valuable hydrocarbon compounds. For example, in one embodiment the
catalytic materials are useful for the preparation of ethylene from methane via
the OCM reaction. In another embodiment, the catalytic materials are useful for
the preparation of ethylene or propylene via oxidative dehydrogenation of
ethane or propane, respectively. Ethylene and propylene are valuable
compounds, which can be converted into a variety of consumer products. For
example, as shown in Figure 8, ethylene can be converted into many various
compounds including low density polyethylene, high density polyethylene,
ethylene dichloride, ethylene oxide, ethylbenzene, linear alcohols, vinyl acetate,
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alkanes, alpha olefins, various hydrocarbon-based fuels, ethanol and the like.
These compounds can then be further processed using methods to obtain other
valuable chemicals and consumer products (e.g. the downstream products
shown in Figure 8). Propylene can be analogously converted into various
compounds and consumer goods including polypropylenes, propylene oxides,
propanol, and the like.

Accordingly, in one embodiment the invention is directed to a
method for the preparation of C2 hydrocarbons via the OCM reaction, the
method comprises contacting a catalyst as described herein with a gas
comprising methane. In some embodiments the C2 hydrocarbons are selected
from ethane and ethylene. In other embodiments the disclosure provides a
method of preparing downstream products of ethylene. The method comprises
converting ethylene into a downstream product of ethylene, wherein the
ethylene has been prepared via a catalytic reaction employing a catalyst
disclosed herein (e.g., OCM). In some embodiments, the downstream product
of ethylene is low density polyethylene, high density polyethylene, ethylene
dichloride, ethylene oxide, ethylbenzene, ethanol or vinyl acetate. In other
embodiments, the downstream product of ethylene is natural gasoline. In still
other embodiments, the downstream product of ethylene comprises 1-hexene,
1-octene, hexane, octane, benzene, toluene, xylene or combinations thereof.

In another embodiment, a process for the preparation of ethylene
from methane comprising contacting a mixture comprising oxygen and methane
at a temperature below 900 °C, below 850 °C, below 800 °C, below 750 °C,
below 700 °C or below 650 °C with a catalytic material as disclosed herein is
provided.

In another embodiment, the disclosure provides a method of
preparing a product comprising low density polyethylene, high density
polyethylene, ethylene dichloride, ethylene oxide, ethylbenzene, ethanol or vinyl
acetate, alkenes, alkanes, aromatics, alcohols, or mixtures thereof. The method
comprises converting ethylene into low density polyethylene, high density

polyethylene, ethylene dichloride, ethylene oxide, ethylbenzene, ethanol or vinyl
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acetate, wherein the ethylene has been prepared via a catalytic reaction
employing the catalytic materials disclosed herein.

In more specific embodiments of any of the above methods, the
ethylene is produced via an OCM or ODH reaction or combinations thereof.

In one particular embodiment, the disclosure provides a method of
preparing a downstream product of ethylene and/or ethane. For example, the
downstream product of ethylene may be a hydrocarbon fuel such as natural
gasoline or a C4-C14 hydrocarbon, including alkanes, alkenes and aromatics.
Some specific examples include 1-butene, 1-hexene, 1-octene, hexane, octane,
benzene, toluene, xylenes and the like. The method comprises converting
methane into ethylene, ethane or combinations thereof by use of a catalytic
material disclosed herein, and further oligomerizing the ethylene and/or ethane
to prepare a downstream product of ethylene and/or ethane. For example, the
methane may be converted to ethylene, ethane or combinations thereof via the
OCM reaction as discussed above. The catalytic materials may comprise any
catalyst, and the catalyst is not limited with respect to morphology or
composition. The catalyst may be an inorganic catalytic polycrystalline
nanowire, the nanowire having a ratio of effective length to actual length of less
than one and an aspect ratio of greater than ten as measured by TEM in bright
field mode at 5 keV, wherein the nanowire comprises one or more elements
from any of Groups 1 through 7, lanthanides, actinides or combinations thereof.
Alternatively, the catalyst may be an inorganic nanowire comprising one or
more metal elements from any of Groups 1 through 7, lanthanides, actinides or
combinations thereof and a dopant comprising a metal element, a semi-metal
element, a non-metal element or combinations thereof. In other embodiments,
the catalytic materials comprise a bulk catalyst. The catalysts may additionally
comprise any number of doping elements as discussed above.

As depicted in Figure 9, the method begins with charging
methane (e.g., as a component in natural gas) into an OCM reactor. The OCM

reaction may then be performed utilizing a catalytic material under any variety
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of conditions. Water and CO, are optionally removed from the effluent and
unreacted methane is recirculated to the OCM reactor.

Ethylene is recovered and charged to an oligomerization reactor.
Optionally the ethylene stream may contain CO,, H20, N2, ethane, C3's and/or
higher hydrocarbons. Oligomerization to higher hydrocarbons (e.g., C4-C14)
then proceeds under any number of conditions known to those of skill in the art.
For example oligomerization may be effected by use of any number of catalysts
known to those skilled in the art. Examples of such catalysts include catalytic
zeolites, crystalline borosilicate molecular sieves, homogeneous metal halide
catalysts, Cr catalysts with pyrrole ligands or other catalysts. Exemplary
methods for the conversion of ethylene into higher hydrocarbon products are
disclosed in the following references: Catalysis Science & Technology (2011),
1(1), 69-75; Coordination Chemistry Reviews (2011), 255(7-8), 861-880; Eur.
Pat. Appl. (2011), EP 2287142 A1 20110223; Organometallics (2011), 30(5),
935-941; Designed Monomers and Polymers (2011), 14(1), 1-23; Journal of
Organometallic Chemistry 689 (2004) 3641-3668; Chemistry--A European
Journal (2010), 16(26), 7670-7676; Acc. Chem. Res. 2005, 38, 784-793;
Journal of Organometallic Chemistry, 695 (10-11): 1541-1549 May 15 2010;
Catalysis Today Volume 6, Issue 3, January 1990, Pages 329-349; U.S. Patent
No. 5,968,866; U.S. Patent No. 6,800,702; U.S. Patent No. 6,521,806; U.S.
Patent No. 7,829,749; U.S. Patent No. 7,867,938; U.S. Patent No. 7,910,670;
U.S. Patent No. 7,414,006 and Chem. Commun., 2002, 858—859, each of
which are hereby incorporated in their entirety by reference.

In certain embodiments, the exemplary OCM and oligomerization
modules depicted in Figure 9 may be adapted to be at the site of natural gas
production, for example a natural gas field. Thus the natural gas can be
efficiently converted to more valuable and readily transportable hydrocarbon
commodities without the need for transport of the natural gas to a processing
facility.

Referring to Figure 9, “natural gasoline” refers to a mixture of

oligomerized ethylene products. In this regard, natural gasoline comprises
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hydrocarbons containing 5 or more carbon atoms. Exemplary components of
natural gasoline include linear, branched or cyclic alkanes, alkenes and
alkynes, as well as aromatic hydrocarbons. For example, in some
embodiments the natural gasoline comprises1-pentene, 1-hexene,
cyclohexene, 1-octene, benzene, toluene, dimethyl benzene, xylenes,
naphthalene, or other oligomerized ethylene products or combinations thereof.
In some embodiments, natural gasoline may also include C3 and C4
hydrocarbons dissolved within the liquid natural gasoline. This mixture finds
particular utility in any number of industrial applications, for example natural
gasoline is used as feedstock in oil refineries, as fuel blend stock by operators
of fuel terminals, as diluents for heavy oils in oil pipelines and other
applications. Other uses for natural gasoline are well-known to those of skill in

the art.

EXAMPLE 1

OXIDATIVE COUPLING OF METHANE IN MOLTEN SALT MEDIA

0.4 g of catalytic nanowires comprising alkaline earth metals,
transition metals and/or rare earth metals, which had been previously crushed
to a fine powder, was suspended in 1.3 g of deionized water and 3.44 g of
Hitec® Solar Salt (a mixture of sodium and potassium nitrite and nitrate salts,
available from Coastal Chemical Co., LLC, Houston TX). The water was
removed by heating on a hot plat at 240 °C followed by heating at 300 °C
overnight.

The nanowire/salt suspension was heated to 500 °C. No phase
separation of the nanowires and salt was observed with or without stirring.
Methane and air were bubbled through the suspension and the product gases

were evaluated by gas chromatography.
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EXAMPLE 2

Preparation and Analysis of a Blended Catalytic Material

Perovskite powder (1-2 microns) was blended with nanowires
5 comprising lanthanide oxide and water. The water was removed and the
blended catalytic material was formed into 6 mm diameter cylinders by pressing
with 1 tonne of pressure. As a comparison, the same process was used to form
6 mm cylinders of perovskite without the lanthanide oxide nanowires. The
strength and catalytic properties of the blended catalytic material and the
10 perovskite were tested using 8 mm reactor tube at temperatures between about

500 °C to 650 °C and 0-8 barg. The results are summarized in Table 1 below.

Table 1. Properties of Blended Catalytic Materials

Perovskite Lanthanide Perovskite with
Nanowires Lanthanide
Crush N/mm 16.6 25.1 22.6
C2+ selectivity at 600 °C 40% 55% 59%
15
EXAMPLE 3

Blended Catalytic Materials Having Reduced Shrinkage

Perovskite powder (1-2 microns) was blended with nanowires
20 comprising lanthanide oxide and water. The water was removed, and the
blended catalytic material was formed into 6 mm diameter cylinders by pressing
with 1 tonne of pressure. As a comparison, the same process was used to form
6 mm cylinders of lanthanide oxide nanowires without the perovskite. Catalytic
performance in the OCM reaction was tested using an 8 mm reactor tube at
25 temperatures between about 500 to 650 C and 0-8 barg. Shrinkage was

determined based on volume lost for the 6 mm diameter cylinders upon
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exposure to 900 °C in static air for 48 hours. Volume was measure using digital

calipers and averaged for 5 cylinders. The data is presented in Table 2.

Table 2. Properties of Catalytic Materials

Lanthanide | Perovskite | Perovskite with
Nanowires Lanthanide
Volume Loss (48 h @ 900 6% 0% 0.5%
C)
C2+ selectivity at 600 °C 55% 40% 59%
EXAMPLE 4

Preparation of Doped Catalyst with Carbonate Precursor

A nanowire catalyst comprising alkaline earth metals, transition
metals and/or rare earth metals was doped with either alkaline earth nitrate or
alkaline earth carbonate and formed into 6 mm rings by pressing at 1 ton. The
nitrate-doped catalyst was calcined at 800 °C, while the carbonate-doped
catalyst was calcined at 350 °C. The crush strength was determined at
different time points after storage at ambient conditions (exposure to air at
temperatures ranging from about 20 °C to 30 °C). The carbonate-doped
catalyst had a significantly better crush strength after storage in ambient
conditions (e.g., a decrease in crush strength of no more than about 20% after
100 hours), while the nitrate-doped catalyst rapidly decomposed. The OCM

performance (i.e., C2+ selectivity) of both catalysts is essentially the same.

EXAMPLE 5
Preparation of Catalytic Materials with Grind and Fire (GNF) Method

Solutions of the desired dopants were prepared and combined

with catalytic nanowires comprising alkaline earth metals, transition metals
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and/or rare earth metals, which had been previously crushed to a fine powder.
This mixture was dried in an oven at 120 °C and then milled. The dried powder
was calcined at 800 °C.

For forming extrudates, the calcined powder was blended with a
cellulosic porogen, an acidic peptizing agent, an inorganic binder, an extrusion
aid and optionally an inorganic diluent. DI water was added until the moisture
content reached about 15-25% (w/w). This paste was extruded to form rings
and dried in an oven at 120 °C followed by calcination at 800 °C.

For forming tablets, the calcined powder was blended with a
cellulosic porogen, an acidic peptizing agent, a lubricant, an inorganic binder
and optionally an inorganic diluent. The amount of water containing ingredients
was controlled so that the final moisture content stayed below 5% (w/w). This
mixture was tableted using a tablet press and dried in an oven at 120 °C

followed by calcination at 800 °C.

EXAMPLE 6

Effect of Processing Parameters on Physical Properties of Catalytic Materials

Many factors have been found to contribute to the final density,
porosity, crush strength and surface area of the extruded or tableted catalytic
materials. To determine the effect of calcination temperature on the crush
strength, surface area and porosity of the catalytic materials, the following
experiment was performed.

An extrudate comprising catalytic nanowires comprising alkaline
earth metals, transition metals and/or rare earth metals was prepared according
to the general procedures described herein. Samples of the extrudates were
calcined at a range of temperatures. The crush strength, surface area, porosity
and density of the catalytic materials as a function of calcination temperature
are provided in Figures 10 - 13, respectively. As can be seen, the crush
strength and the density generally increase as calcination temperature

increases. While not being bound by theory, it is believed that this increase in
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crush strength is related to an increase in density owing to sintering of the
catalyst material.

In contrast to the crush strength and density, the porosity and
surface area of the catalytic materials both decrease with increasing calcination
temperature. A significant decrease in porosity is observed at increasing
temperatures. At higher temperatures, the catalytic materials become very

dense and strong.

EXAMPLE 7

Evaluation of Bifunctional Catalysts

A catalyst comprising nanowires comprising alkaline earth metals,
transition metals and/or rare earth metals (a “standard catalyst”) was prepared
according to the procedures described herein. A bifunctional catalyst was
prepared by physically blending the standard catalyst with Fe,O3. The standard
catalyst and the bifunctional catalyst were used as catalysts for OCM at
temperatures ranging from about 550 °C to about 800 °C, and the product
gases were analyzed. As can be seen in Figures 14 and 15, the bifunctional
catalyst decreased the CO/CO; concentration ratio compared with the standard

catalyst while maintaining the same C2 yield.

EXAMPLE 8

EVALUATION OF CATALYST COMPOSITIONS AND FORMS

Identical OCM catalyst material compositions were formed into
tube shaped particles having cross sectional diameters of 5.3 mm and lengths
of approximately 8 mm. Three different inside diameter extrudates were
prepared so as to yield three different wall thicknesses for the tubes: 1.14 mm,
1.41 mm, and 1.8 mm. A control form of 2 mm extrudate pellets was also
prepared. All of the extrudates were prepared by identical methods other than

the resulting inside diameters. Each of the three forms and the control pellets
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was tested in an adiabatic pilot scale OCM reactor operating between 350°C

and 550°C feed gas temperature.

EXAMPLE 9

ExEMPLARY OCM REACTION WITH FORMED CATALYTIC MATERIAL

In an exemplary reaction, a catalytic nanowire described herein
was formed into a ring-shaped catalytic material as described herein including
addition of binders and diluents. The rings had outer diameters of about 6 mm
and inner diameters of about 3 mm. The rings were packed into a catalytic bed
and a mixture of air and methane was passed through the catalytic bed at linear
velocities ranging from less than 1 m/s up to about 3.5 m/s. The C2+ selectivity
was determined as a function of gas linear velocity. Data is presented in Figure
16. From this data it is apparent that C2+ selectivities range from about 50% to
about 60% for linear velocities of gas ranging from about 0.2 m/s to about 4
m/s.

The various embodiments described above can be combined to
provide further embodiments. All of the U.S. patents, U.S. patent application
publications, U.S. patent applications, foreign patents, foreign patent
applications and non-patent publications referred to in this specification and/or
listed in the Application Data Sheet, including but not limited to U.S. Provisional
Application No. 62/051,779, filed September 17, 2014, are incorporated herein
by reference, in their entirety. Aspects of the embodiments can be modified, if
necessary to employ concepts of the various patents, applications and
publications to provide yet further embodiments. These and other changes can
be made to the embodiments in light of the above-detailed description. In
general, in the following claims, the terms used should not be construed to limit
the claims to the specific embodiments disclosed in the specification and the
claims, but should be construed to include all possible embodiments along with
the full scope of equivalents to which such claims are entitled. Accordingly, the

claims are not limited by the disclosure.
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CLAIMS

1. A formed catalytic material comprising:

(@)  a perovskite; and

(b)  a catalyst having the following formula:

Ln1,Ln2,LN3cLN44LNScLN6:Ox(OH)y

wherein:

Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different
lanthanide elements;

O is oxygen;

OH is hydroxy;

a is a number greater than 0; and

b, c,d, e, f, xand y are each independently numbers of O or
greater, provided that at least one of x or y is greater than 0,
wherein the catalytic material further comprises a methane conversion of
greater than 20% and a C2 selectivity of greater than 50% when the catalyst is
employed as a heterogeneous catalyst in the oxidative coupling of methane at a

temperatures ranging from about 550 °C to about 750 °C.

2. The catalytic material of claim 1, wherein the perovskite
comprises the following formula:
E'.E%E® AmBnOp,
wherein:
A is a lanthanide or an element from group 4
B is an element from group 2;
E', E? and E® are each independently an element from groups 2, 3, 4 or
the lanthanides;
O is oxygen;
o, B, x are each independently a number of 0 or greater; and

m, n and p are each independently numbers greater than O.
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3. The catalytic material of claim 2, wherein B is Ba, Sr or Ca.

4. The catalytic material of any one of claims 2-3, wherein A
is Ce, Ti, Zr or Hf.

5. The catalytic material of any one of claims 2-4, wherein o is

greater than O.
6. The catalytic material of claim 5, wherein the perovskite
has the following formula:

E'2AmBnOp.

7. The catalytic material of any one of claims 2-5, wherein E'

is an element from group 2 or group 3 of the periodic table.

8. The catalytic material of any one of claims 2-4, wherein the

perovskite has the formula ABOs.

9. The catalytic material of any one of claims 1-8, wherein the
catalyst has the formula Ln1,Ln2,0,(OH),.

10.  The catalytic material of any one of claims 1-9, wherein x is

greater than zero.

11.  The catalytic material of any one of claims 9 or 10, wherein
b and y are both 0.

12.  The catalytic material of any one of claims 1-11, wherein

the catalyst is a nanostructured catalyst.
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13.  The catalytic material of claim 12, wherein the catalyst is a

nanowire catalyst.

14.  The catalytic material of any one of claims 1-13, wherein
the catalyst further comprises a dopant selected from one or more elements

from groups 2, 6 and the lanthanides.

15.  The catalytic material of claim 14, wherein the catalyst

further comprises a dopant from each of groups 2, 6 and the lanthanides.

16.  The catalytic material of claim 14, wherein the catalyst

further comprises a dopant from each of groups 2 and 6.

17. A method for performing a catalytic reaction, the method
comprising contacting a composition comprising a molten salt and a catalyst

with a reactant gas, thereby converting the reactant gas to a product gas.

18. The method of claim 17, wherein the reaction is a partial

oxidation of a hydrocarbon.

19. The method of claim 18, wherein the reaction is oxidative

coupling of methane or oxidative dehrydrogenation of ethane.

20. The method of any one of claims 17-19, wherein the

catalyst is suspended in the molten salt.

21.  The method of any one of claims 17-20, wherein the

catalyst comprises a transition metal oxide or a rare earth oxide.

22. The method of any one of claims 17-21, wherein the

catalyst is a bulk catalyst.
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23. The method of any one of claims 17-22, wherein the

catalyst is a nanostructured catalyst.

24.  The method of claim 23, wherein the catalyst is a nanowire.

25. The method of any one of claims 17-24, wherein the
reactant gas comprises methane, and the product gas comprises a C2

hydrocarbon.

26. The method of any one of claims 17-24, wherein the

reactant gas comprises ethane, and the product gas comprises ethylene.

27. The method of any one of claims 17-26, wherein the

molten salt comprises an oxygen-containing anion.

28. The method of any one of claims 17-27, wherein the

molten salt comprises an alkali metal cation.

29. The method of any one of claims 17-28, wherein the
molten salt comprises nitrates or nitrites of sodium or potassium, or

combinations thereof.

30. The method of any one of claims 17-29, wherein the
composition is maintained at temperatures ranging from about 400 °C to about
700 °C.

31.  The method of any one of claims 17-30, wherein the

reactant gas is added to the composition at an inlet temperature ranging from
about 20 °C to about 500 °C.
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32. The method of any one of claims 17-31, wherein the

molten salt is redox active with respect to the catalyst.
33. The method of any one of claims 17-32, further comprising
contacting the composition with the reactant gas in a first zone of a reactor, and

contacting the composition with an oxidant gas in a second zone of the reactor.

34. A composition comprising a molten salt and a catalyst

suspended therein.

35. The composition of claim 34, wherein the catalyst

comprises a transition metal oxide or a rare earth oxide.

36. The composition of any one of claims 34 or 35, wherein the

catalyst is a bulk catalyst.

37. The composition of any one of claims 34 or 35, wherein the

catalyst is a nanostructured catalyst.

38. The composition of claim 37, wherein the catalyst is a

nanowire.
39. A catalytic material comprising:
(a) an OCM active catalyst; and
(b) a second catalyst comprising the following
formula:
Ln1,Ln2,LN3cLN44LNScLN6:Ox(OH)y
wherein:

Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different
lanthanide elements;

O is oxygen;
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OH is hydroxy;

a is a number greater than 0; and

b, c,d, e, f, xand y are each independently numbers of O or
greater, provided that at least one of x or y is greater than 0

wherein the OCM active catalyst comprises a methane conversion
of greater than 20% and a C2 selectivity of greater than 50% when the catalyst
is employed as a heterogeneous catalyst in the oxidative coupling of methane
at a temperatures ranging from about 550 °C to about 750 °C, and wherein the

OCM activity of the catalytic material is greater than either (a) or (b) alone.

40. The catalytic material of claim 39, wherein the OCM active
catalyst has the formula Ln1,Ln2,0,(OH)y,.

41.  The catalytic material of claim 39 or 40, wherein the OCM
active catalyst is a bulk catalyst and the second catalyst is a nanostructured

catalyst.

42.  The catalytic material of claim 39 or 40, wherein the OCM

active catalyst is a nanostructured catalyst.

43. The catalytic material of claim 42, wherein the OCM active

catalyst is a nanowire catalyst.

44.  The catalytic material of any one of claims 39-43, wherein
the second catalyst comprises a nanostructured catalyst comprising a rare

earth element.
45.  The catalytic material of any one of claims 39-44, wherein

the second catalyst comprises a nanostructured catalyst comprising lanthanum,

cerium, praseodymium, neodymium, samarium, europium, gadolinium, terbium,
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dysprosium, holmium, erbium, thulium, ytterbium, lutetium or combinations

thereof.

46. The catalytic material of any one of claims 39-45, wherein
the OCM active catalyst comprises titanium, zirconium, hafnium or

combinations thereof.

47.  The catalytic material of any one of claims 39-45, wherein
the catalytic material comprises an alkaline earth metal and one or more

lanthanide elements.

48.  The catalytic material of claim 47, wherein the lanthanide

elements are selected from Gd and Nd.

49.  The catalytic material of any one of claims 47 or 48,

wherein the alkaline earth metal is magnesium, calcium, strontium or barium.

50. The catalytic material of any one of claims 39-49, wherein
the weight ratio of the OCM active catalyst to the second catalyst ranges from
about 80% to about 60%.

51.  The catalytic material of any one of claims 39-50, wherein

the crush strength of the catalytic material is greater than about 5 N/mm.

52.  The catalytic material of any one of claims 39-51, wherein
the C2+ selectivity of the catalytic material in the OCM reaction is greater than
about 65% when the OCM reaction is conducted at temperatures of about 600

°C or lower.

53. A catalytic material comprising:
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(a) an alkaline earth metal aluminate, tungstate, titanate,
zirconate or hafnate; and

(b) a catalyst having the following formula:

Ln1,Ln2,LN3cLN44LNScLN6:Ox(OH)y

wherein:

Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different
lanthanide elements;

O is oxygen;

OH is hydroxy;

a is a number greater than 0; and

b, c,d, e, f, xand y are each independently numbers of O or

greater, provided that at least one of x or y is greater than 0.

54.  The catalytic material of claim 53, comprising:
(a) an alkaline earth metal titanate, zirconate or hafnate; and
(b)  a catalyst having the formula Ln1,Ln2,0,(OH)y.

55.  The catalytic material of claim 53 or 54, wherein the

catalyst is nanostructured.

56. The catalytic material of any one of claims 53-55, wherein
the catalyst comprises lanthanum, cerium, praseodymium, neodymium,
samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium,

thulium, ytterbium, lutetium or combinations thereof.

57.  The catalytic material of any one of claims 53-56, wherein
the weight ratio of the alkaline earth metal aluminate, tungstate, titanate,

zirconate or hafnate to the catalyst at least about 0.5% .

58.  The catalytic material of any one of claims 53-57, wherein

the alkaline earth metal aluminate, tungstate, titanate, zirconate or hafnate
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comprises strontium aluminate, strontium tungstate, barium tungstate, calcium
titanate, calcium hafnate, strontium titanate, strontium hafnate, barium titanate,
barium hafnate, barium zirconate, calcium zirconate, strontium zirconate or

combinations thereof.

59.  The catalytic material of any one of claims 53-58, wherein
the alkaline earth metal aluminate, tungstate, titanate, zirconate or hafnate is

nanostructured.

60. The catalytic material of claim 59, wherein the alkaline

earth metal aluminate, tungstate, titanate, zirconate or hafnate is a nanowire.

61.  The catalytic material of any one of claims 53-60, wherein
the catalytic material has a volume loss of less than 5% when heated to 900 °C

in air for 100 hours.

62. The catalytic material of any one of claims 53-61, wherein
the C2+ selectivity of the catalytic material in the OCM reaction is greater than
about 50% when the OCM reaction is conducted at temperatures of about 600

°C or lower.

63. The catalytic material of any one of claims 53-61, wherein
catalytic material comprises a methane conversion of greater than 20% and a
C2 selectivity of greater than 50% when the catalytic material is employed as a
heterogeneous catalyst in the oxidative coupling of methane at a temperatures
ranging from about 550 °C to about 750 °C.

64. A catalytic material comprising:
(a) an OCM active catalyst; and
(b) a second catalyst comprising the following

formula:
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Ln1aLn2,LNn3:Ln44LnS:Ln6:O,(OH)y

wherein:

Ln1,Ln2, Ln3, Ln4, Ln5 and Ln6 are each independently different
lanthanide elements;

O is oxygen;

OH is hydroxy;

a is a number greater than 0; and

b, c,d, e, f, xand y are each independently numbers of O or
greater, provided that at least one of x or y is greater than 0

wherein the catalytic material has a volume loss of less than 5%
when heated to 900 °C in air for 100 hours.

65. The catalytic material of claim 64, wherein the OCM activity

of the catalytic material is greater than either (a) or (b) alone.

66. The catalytic material of any one of claims 64 or 65,

wherein the catalytic material is as defined in any one of claims 39-52.

67. A method for preparing a catalyst comprising a dopant, the
method comprising: (a) preparing a mixture comprising a nanostructured
catalyst base material and a salt of the dopant, wherein the salt comprises at
least 95% w/w of a carbonate salt of the dopant; and (b) calcining the mixture
above about 300 °C, and (c) forming the formed catalyst by tableting or
extrusion, wherein the catalyst has a crush strength of greater than about 2
N/mm after exposure to air comprising water at temperatures between about 20
°C and 30 °C for greater than 50 hours.

68. The method of claim 67, wherein catalyst comprises a
methane conversion of greater than 20% and a C2 selectivity of greater than

50% when the catalyst is employed as a heterogeneous catalyst in the
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oxidative coupling of methane at a temperatures ranging from about 550 °C to
about 750 °C.

69. The method of claim 67 or 68, wherein the catalyst base

material comprises a rare earth oxide or hydroxide.

70.  The method of claim 69, wherein the rare earth oxide
comprises lanthanum, cerium, praseodymium, neodymium, samarium,
europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium,

ytterbium, lutetium or combinations thereof.

71.  The method of any one of claims 67-70, wherein the

carbonate salt is an alkaline earth metal salt.

72. The method of claim 71, wherein the alkaline earth metal is

magnesium, calcium, strontium or barium.

73. The method of any one of claims 67-72, further comprising

calcining at temperatures below about 350 °C.

74.  The method of any one of claims 67-73, wherein the

catalyst base material is a nanowire.

75. The method of any one of claims 67-74, wherein the

mixture further comprises a nitrate salt.

76. A catalyst prepared by the method of any one of claims 67-
75.

77. Aformed catalyst comprising a nanostructured catalyst

base material and a dopant, wherein the catalyst has a crush strength of
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greater than about 2 N/mm after exposure to air comprising water at

temperatures between about 20 °C and 30 °C for greater than 50 hours.

78.  The catalyst of claim 77, wherein catalyst comprises a
methane conversion of greater than 20% and a C2 selectivity of greater than
50% when the catalyst is employed as a heterogeneous catalyst in the
oxidative coupling of methane at a temperatures ranging from about 550 °C to
about 750 °C.

79.  The catalyst of claim 77 or 78, wherein the base catalyst

comprises a rare earth oxide.

80. The catalyst of any one of claims 77-79, wherein the

catalyst is a nanowire catalyst.

81.  The catalyst of any one of claims 77-80, wherein the

dopant comprises an alkaline earth metal.

82. The catalyst of claim 81, wherein the alkaline earth metal is

magnesium, calcium strontium or barium.

83. A method for the preparation of an alkene, the method
comprising charging a feed gas comprising an alkane and oxygen through an
inlet to a reactor comprising a fluidized catalyst bed, and contacting the feed
gas with the fluidized catalyst bed for a period of time sufficient to convert the
alkane to the alkene, wherein the temperature of the feed gas at the inlet is
maintained at or below 550 °C, and the fluidized catalyst bed is maintained at

temperatures ranging from 650 °C to 950 °C.

84. The method of claim 83, wherein the fluidized catalyst bed

comprises a rare earth catalyst.
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85. The method of claim 83 or 84, wherein the catalyst is a

nanostructured catalyst.

86. The method of any one of claims 83-85, wherein the feed
gas further comprises methane, and wherein the methane is oxidatively

coupled to form the alkane.

87. The method of claim 86, wherein the molar % of methane

relative to ethane ranges from about 25% to about 90%.

88. The method of any one of claims 83-87, wherein the alkene

selectivity is 70% or higher.

89. The method of any one of claims 83-88, wherein the alkane

conversion is 65% or higher.

90. The method of any one of claims 83-89, further comprising

one or more steps of oligomerizing the ethylene.

91.  Aformed catalytic material for performing oxidative
coupling of methane at linear velocities ranging from about 0.1 m/s to about 10
m/s, the catalytic material comprising:

a) a catalyst

b) a non-tessellating shape;

c)a binder or diluent;

d) a crush strength of greater than about 2 N/mm after exposure
to air comprising water at temperatures between about 20 °C and 30 °C for
greater than 50 hours; and

d) a bed void fraction of greater than 0.3.

159



WO 2016/044428 PCT/US2015/050431

92. The catalytic material of claim 91, having an effective

diameter ranging from 1 mm to 30 mm.

93. The catalytic material of claim 92, wherein the effective

diameter ranges from about 15 mm to about 30 mm.

94. The material of any one of claims 91-93, wherein the void

fraction ranges from about 0.5 to about 0.7.

95.  The catalytic material of claim 94, wherein the void fraction

ranges from about 0.6 to about 0.7.

96. The catalytic material of any one of claims 91-95, having a

density ranging from about 0.8 g/cm® to about 3.0 g/cm?®.

97.  The catalytic material of any one of claims 91-96, having at

least one rounded or chamfered edge.

98.  The catalytic material of claim 97, having all rounded or

chamfered edges.

99. The catalytic material of any one of claims 91-98, wherein

the non- tessellating shape is a pentagon.

100. The catalytic material of claim 99, wherein the pentagon is

a regular pentagon.
101. The catalytic material of any one of claims 99 or 100,

wherein the pentagon has an effective diameter ranging from about 10 mm to

about 30 mm.
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102. The catalytic material of claim 101, wherein the effective

diameter ranges from about 20 to 30 mm.

103. The catalytic material of claim 102, wherein the effective

diameter ranges from about 22 to 26 mm.

104. The catalytic material of any one of claims 91-98, wherein

the non- tessellating shape is an ellipse.

105. The catalytic material of claim 104, wherein the ellipse has
a major diameter ranging from about 10 mm to 30 mm, and a minor diameter

ranging from about 5 mm to about 20 mm.

106. The catalytic material of claim 105, wherein the major
diameter ranges from about 20 mm to about 30 mm, and the minor diameter

ranges from about 6 mm to about 18 mm.
107. The catalytic material of claim 106, wherein the major
diameter ranges from about 22 mm to about 26 mm, and the minor diameter

ranges from about 10 mm to about 14 mm.

108. The catalytic material of any one of claims 91-107, further

comprising one or more fluted edge.

109. The catalytic material of claim 108, wherein the one or

more flute has a diameter ranging from about 2 to about 10 mm.

110. The catalytic material of any one of claims 91-109, wherein

the catalytic material further comprises void spaces.
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111. The catalytic material of claim 110, wherein the void

spaces are circular and have a diameter ranging from about 2 to about 10 mm.

112. The catalytic material of any one of claims 91-111, wherein

the catalyst comprises a rare earth oxide.

113. The catalytic material of any one of claims 91-112, wherein

the catalyst is a nanostructured catalyst.

114. The catalytic material of claim 113, wherein the catalyst is

a nanowire catalyst.

115. A catalyst bed comprising a plurality of the catalytic

materials of any one of claims 91-114.

116. The catalyst bed of claim 115, comprising an aspect ratio
ranging from about 0.3 to about 0.75 and a pressure drop ranging from about
0.05 bar/m to about 0.50 bar/m for gas head space velocities of 15,000 to
45,000 hr' at STP.

117. A method for the oxidative coupling of methane, the
method comprising contacting a mixture comprising methane and oxygen with
the catalyst bed of claim 115 or 116 at gas linear velocities ranging from about

0.1 m/s to about 10 m/s.

118. A catalytic material comprising a first and second catalyst,
wherein the first catalyst has activity for oxidative coupling of methane, and the

second catalyst has activity for oxidation of carbon monoxide.

119. The catalytic material of claim 118, wherein the second

catalyst comprises a transition metal oxide.
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120. The catalytic material of claim 119, wherein the second
catalyst comprises an oxide of: titanium, chromium, manganese, iron, cobalt,
nickel, copper, zinc, zirconium, molybdenum, palladium, silver, tungsten,

platinum, gold, or any combination thereof.

121. The catalytic material of any one of claims 118-120,
wherein the weight percent of the second catalyst in the catalytic material

ranges from about 0.1% to about 5%.

122. The catalytic material of claim 121, wherein the weight
percent of the second catalyst in the catalytic material ranges from about 0.1%
to about 3%.

123. The catalytic material of any one of claims 118-122,

wherein the first catalyst comprises a rare earth oxide.

124. The catalytic material of claim 123, wherein the rare earth

oxide is an oxide of a lanthanide, an actinide or combinations thereof.

125. The catalytic material of any one of claims 118-122,

wherein the first catalyst comprises a manganese tungstate.

126. The catalytic material of any one of claims 118-125,

wherein the first catalyst further comprises a dopant.

127. The catalytic material of claim 126, wherein the dopant is

silicon, strontium or sodium, or combinations thereof.

128. A method for oxidative coupling of methane, the method
comprising contacting methane and oxygen with the catalytic material of any

one of claims 118-127 at temperatures ranging from about 525 °C to about 825
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°C to form a product gas comprising C2’s, carbon dioxide and substantially no

carbon monoxide.

129. The method of claim 128, wherein the ratio of carbon
monoxide in the product gas relative to the concentration of carbon dioxide in

the product gas ranges from about 0.1 to 10 to about 0.2 to 1.0.

130. The method of any one of claims 128 or 129, further

comprising converting the carbon dioxide into methane.

131. The method of claim 130, wherein the carbon dioxide is

converted into methane via a reverse water gas shift or Sabatier reaction.

132. A method for oxidative coupling of methane, the method
comprising:

a) contacting methane and oxygen with an OCM active catalyst to
form a product gas; and

b) contacting the product gas in a downstream reactor with a

second catalyst that has activity for oxidation of carbon monoxide.

133. The method of claim 132, wherein the second catalyst is an

oxide of a transition metal.

134. The method of claim 133, wherein the wherein the
transition metal is titanium, chromium, manganese, iron, cobalt, nickel, copper,
zing, zirconium, molybdenum, palladium, silver, tungsten, platinum, gold, or any

combination thereof.

135. A method for preparation of a formed catalytic material for
the oxidative coupling of methane, the method comprising:

a) admixing a nanostructured catalytic base material;
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b) extruding or tableting the mixture of (a) to prepare a formed
catalytic material; and

c) calcining the formed catalytic material at temperatures ranging
from about 600 °C to about 1200 °C.

136. The method of claim 135, wherein the calcining

temperature ranges from about 800 °C to about 1200 °C.

137. The method of claim 135 or 136, wherein the

nanostructured catalytic base material further comprises a porogen.

138. The method claim 137, wherein the porogen comprises a

cellulosic fiber, an organic polymer or combinations thereof.

139. The method of any one of claims 135-138, wherein the

nanostructured catalytic base material comprises nanowires.

140. The method of any one of claims 135-139, wherein the
catalytic base material is formed by: (a) admixing a nanostructured catalyst with
a dopant; (b) drying the doped nanostructured catalyst of (a); (¢) milling the
dried nanostructured catalyst of (b); and (d) calcining the milled nanostructured
catalyst of (c) at temperatures ranging from about 600 °C to about 1200 °C to

produce the catalytic base material.

141. The method of claim 140, wherein the nanostructured

catalyst is crushed into a fine powder prior to (a).
142. The method of any one of claims 135-140, wherein the

formed catalytic material is calcined in an atmosphere comprising at least about
1% carbon dioxide (COy).
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143. The method of claim 142, wherein the formed catalytic
material is calcined in an atmosphere comprising at least about 5% carbon
dioxide (COo).

144. A method for preparation of a formed catalytic material for
the oxidative coupling of methane, the method comprising:

a) forming a nanostructured catalytic base material by: (i)
admixing a nanostructured catalyst with a dopant; (ii) drying the doped
nanostructured catalyst of (i); (iii) milling the dried nanostructured catalyst of (ii);
and (iv) calcining the milled nanostructured catalyst of (iii) at temperatures
ranging from about 600 °C to about 1200 °C to produce the nanostructured
catalytic base material,

b) extruding or tableting the mixture of (a) to prepare a formed
catalytic material; and

c) calcining the formed catalytic material at temperatures ranging
from about 600 °C to about 1200 °C.

145. The method of claim 144, wherein the calcining

temperature ranges from about 800 °C to about 1200 °C.

146. The method of any one of claims 144-145, wherein the

nanostructured catalytic base material comprises nanowires.
147. The method of any one of claims 144-146, further
comprising admixing a porogen with the nanostructured catalytic base material

before (b).

148. The method claim 147, wherein the porogen comprises a

cellulosic fiber, an organic polymer or combinations thereof.
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149. A formed catalytic material comprising a plurality of
nanostructured catalysts tableted or extruded into a form, the catalytic material
having a density ranging from about 2.0 g/mL to about 5.0 g/mL, a porosity
ranging from about 0.7 to about 0.2 and a surface area ranging from about 30

m?/g to about 0.2 m%g.

150. The formed catalytic material of claim 149, further

comprising a crush strength ranging from about 3N/mm to about 30 N/mm.

151. The formed catalytic material of any one of claims 149 or

150, wherein the formed catalytic material is an extrudate.

152. The formed catalytic material of any one of claims 149 or

150, wherein the formed catalytic material is a tableted catalytic material.

153. A formed catalytic material comprising an OCM active
catalyst, wherein the catalytic material is in the shape of a ring having an outer
diameter ranging from about 3 mm to about 50 mm and an inner diameter
ranging from about 1mm to about 25 mm, wherein the outer diameter is larger

than the inner diameter.

154. The catalytic material of claim 153, wherein the ratio of the

inner diameter to the outer diameter ranges from about 0.3 to about 0.9.

155. The catalytic material of any one of claims 153 or 154,

wherein the aspect ratio of the ring ranges from about 0.5 to about 1.

156. The catalytic material of any one of claims 153-155,

wherein the outer diameter of the ring ranges from about 3 mm to about 15 mm.
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157. The catalytic material of any one of claims 153-156,

wherein the inner diameter of the ring ranges from about 1 mm to about 10 mm.

158. The catalytic material of any one of claims 153-155,
wherein the ring has an outer diameter ranging from about 5 mm to about 10

mm and an inner diameter ranging from about 1 mm to about 4 mm.

159. The catalytic material of any one of claims 153-158,

wherein the OCM active catalysts comprise nanowires.

160. A formed catalytic material comprising an OCM active
catalyst, wherein the catalytic material comprises a non-tessellating shape

having a plurality of penetrating holes therethrough.

161. The catalytic material of claim 160, wherein the OCM

catalyst is a nanostructured catalyst.

162. The catalytic material of claim 161, wherein the OCM

active catalyst is a nanowire catalyst.

163. The catalytic material of any one of claims 149-162,
wherein the catalytic material has a C2+ selectivity of greater than 50% when
the catalytic material is employed as a catalytic material in a method for the
oxidative coupling of methane to C2+ hydrocarbons, wherein the method
comprises passing a feed gas comprising methane through the catalytic

material at linear velocities ranging from about 0.1 m/s to about 10 m/s.

164. A formed catalytic material comprising a plurality of OCM
active catalysts, wherein the catalytic material has a C2+ selectivity of greater
than 50% when the catalytic material is employed as a catalytic material in a

method for the oxidative coupling of methane to C2+ hydrocarbons, wherein the
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method comprises passing a feed gas comprising methane through the
catalytic material at linear velocities ranging from about 0.1 m/s to about 10

m/s.

165. The catalytic material of claim 164, wherein the catalytic

material is as defined in any one of claims 149-162.

166. The catalytic material of any one of claims 164-165,

wherein the linear velocity ranges from about 2 m/s to about 10 m/s.

167. The catalytic material of claim 166, wherein the linear

velocity ranges from about 2 m/s to about 4 m/s.

168. The catalytic material of any one of claims 164-167,

wherein the C2+ selectivity is greater than about 55%.

169. The catalytic material of any one of claims 164-168,

wherein the C2+ selectivity is greater than about 60%.

170. A method for the oxidative coupling of methane to C2+
hydrocarbons under adiabatic conditions, the method comprising passing a
feed gas comprising methane at a linear velocity of 0.1 m/s or higher through a
packed catalyst bed, the packed catalyst bed comprising the catalytic material

of any one of claims 149-169.

171. The method of claim 170, wherein the linear velocity

ranges from about 2 m/s to about 10 m/s.

172. The method of any one of claims 170 or 171, wherein the

linear velocity ranges from about 2 m/s to about 4 m/s.
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173. The method of any one of claims 170-172, wherein a C2+
selectivity for the conversion of methane to C2+ hydrocarbons is greater than
about 50%.

174. The method of any one of claims 170-173, wherein a C2+
selectivity for the conversion of methane to C2+ hydrocarbons is greater than
about 55%.

175. The method of any one of claims 170-174, wherein a C2+
selectivity for the conversion of methane to C2+ hydrocarbons is greater than
about 60%.

176. A formed catalytic material for performing oxidative
coupling of methane at linear velocities ranging from about 0.1 m/s to about 10
m/s, the catalytic material comprising (a) a catalyst and a binder or diluent; (b) a
non-tessellating shape; and (c) at least one rounded or chamfered edge, at
least one convex surface or both, wherein the catalytic material comprises a
methane conversion of greater than 20% and a C2 selectivity of greater than
50% when the catalytic material is employed as a heterogeneous catalyst in the
oxidative coupling of methane at a temperatures ranging from about 550 °C to
about 750 °C.

177. The formed catalytic material of claim 176, wherein the
formed catalytic material has an effective diameter ranging from 1 mm to 30

mm.
178. The formed catalytic material of any one of claims 176 or

177, wherein the formed catalytic material has a void fraction of greater than
0.3.
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179. The catalytic material of any one of claims 176-178, having

a density ranging from about 0.8 g/cm® to about 3.0 g/cm?.

180. The catalytic material of any one of claims 176-179, having

at least one rounded or chamfered edge.

181. The catalytic material of claim 180, having all chamfered

edges.

182. The catalytic material of any one of claims 176-181, having

at least one convex surface.

183. The catalytic material of claim 182, having all convex

surfaces.

184. The catalytic material of any one of claims 176-183,

wherein the non- tessellating shape is a pentagon.

185. The catalytic material of any one of claims 176-183,

wherein the non- tessellating shape is an ellipse.

186. The catalytic material of any one of claims 176-185,

comprising a plurality of penetrating holes therein.

187. The catalytic material of any one of claims 176-186,

wherein the catalyst comprise a rare earth oxide.

188. The catalytic material of any one of claims 176-187,

wherein the catalyst is a nanostructured catalyst.
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189. The catalytic material of any one of claims 176-188,

wherein the catalyst is a nanowire catalyst.
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