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(57) ABSTRACT

Catalysts and catalytic methods are provided. The catalysts
and methods are useful 1n a variety of catalytic reactions, for

example, the oxidative coupling of methane.
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CATALYSTS AND METHODS FOR NATURAL
GAS PROCESSES

BACKGROUND
[0001] Technical Field
[0002] This imnvention 1s generally related to catalysts and

methods for natural gas processes, such as the oxidative
coupling of methane.

[0003] Description of the Related Art
[0004] Catalysis 1s the process in which the rate of a
chemical reaction 1s either increased or decreased by means

ol 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. Nega-
tive catalysts have the opposite eflect. Catalysts are gener-
ally characterized as either heterogeneous or homogeneous.
Heterogeneous catalysts exist in a diflerent phase than the
reactants (e.g., a solid metal catalyst and gas phase reac-
tants), 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 1s often the rate limiting step in a heterogeneous
catalysis reaction. Heterogeneous catalysts are also gener-
ally easily separable from the reaction mixture by common
techniques such as filtration or distillation.

[0005] One heterogeneous catalytic reaction with com-
mercial potential 1s the oxidative coupling of methane
(“OCM”) to ethylene: 2CH,+0O,—C,H,+2H,0O. 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 1s exothermic (AH=-67 kcals/
mole) and has typically been shown to occur at very high
temperatures (>700° C.). Although the detailed reaction
mechanism 1s not fully characterized, experimental evidence
suggests that free radical chemistry 1s mvolved. (Lunsford,

J. Chem. Soc., Chem. Comm., 1991; H. Lunsiord, Angew:
Chem., Int. Ed. Engl., 34:970, 1995). In the reaction, meth-
ane (CH,) 1s activated on the catalyst surface, forming
methyl radicals which then couple 1n the gas phase to form
ethane (C,H,), tollowed by dehydrogenation to ethylene
(C,H,). To date, the OCM reaction has not been commer-
cialized, due in large part to the lack of eflective catalysts
and catalytic forms.

[0006] Another catalytic reaction with commercial poten-
tial 1s the oxidative dehydrydrogenation (ODH) of ethane to
cthylene. 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 mput 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.

[0007] Many heterogencous catalysts are employed 1n
combination with a binder, carrier, diluent, support material
and/or are provided 1n specific shapes or sizes. The use of
these materials provides certain advantages. For example,
supports provide a surface on which the catalyst 1s 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 sup-
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ports may be tailored to specific reactions and/or reactor
types 1 order to optimize the flow (e.g., reduce back
pressure) ol gaseous reactants.

[0008] While some progress has been made, there remains
a need 1n 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
tulfills these needs and provides further related advantages.

BRIEF SUMMARY

[0009] In brief, embodiments of the invention are directed
to catalysts and catalytic materials and methods for their
preparation and/or methods for conversion of natural gas to
higher hydrocarbons. The disclosed catalysts and catalytic
materials find utility in various catalytic reactions. In one
particular embodiment, the catalysts and 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).

[0010] In one embodiment 1s provided a method for per-
forming the oxidative coupling of methane, the method
comprising flowing a gas comprising methane from a front
end to a back end of a catalyst bed comprising an OCM
active catalyst, the catalyst bed having a total length L and
a total OCM active catalyst surface area, wherein greater
than 50% of the total OCM active catalyst surface area
resides 1n a portion of the catalyst bed ranging from the front
end to a distance equal to 50% of L Catalysts and catalytic
materials for implementation of such methods are also
provided. Also provided are catalyst beds for use in the
disclosed methods, including the foregoing method.

[0011] In other embodiments, a formed catalytic material
1s provided, the formed catalytic material comprising first
and second OCM active catalysts, wherein the first OCM
active catalyst 1s a nanostructured catalyst having a BET
surface area of greater than 5 m®/g, and the second OCM
active catalyst 1s a catalyst having a BET surface area of less
than 2 m*/g, and wherein the catalytic material has a volume
loss of less than 20% when heated to 900° C. 1n air for 100
hours. Methods for preparation of these and other catalytic
materials are also provided.

[0012] These and other aspects of the mvention will be
apparent upon reference to the following detailed descrip-
tion. To this end, various references are set forth herein
which describe 1n more detail certain background informa-
tion, procedures, compounds and/or compositions, and are
cach hereby incorporated by reference in their entirety.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0013] In the drawings, the sizes and relative positions of
clements 1n 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 1n the drawings.

[0014] FIG. 1 schematically depicts the oxidative coupling
of methane (OCM) reaction.
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[0015] FIG. 2 1s a block diagram 1illustrating an embodi-
ment for integration of OCM and ODH cracking.

[0016] FIG. 3 1s a block diagram illustrating an alternative
embodiment for mtegration of OCM and ODH cracking.

[0017] FIG. 4 1s a block tlow diagram of an embodiment

for production of ethylene from ethane employing ethane
auto-thermal cracking

[0018] FIG. 5 1s a block flow diagram of an embodiment
tor production of liquid hydrocarbons from ethane employ-
ing ethane auto-thermal cracking.

[0019] FIG. 6 shows representative downstream products
ol ethylene.
[0020] FIG. 7 1s a flow chart showing preparation of

cthylene-based products.

[0021] FIG. 8 provides OCM data for a representative
catalyst of Formula (I).

[0022] FIG.91s OCM data for a representative catalyst of
Formula (IA).
[0023] FIG. 10 1s an x-ray diffraction (XRD) plot for a

representative catalyst of Formula (IA).

DETAILED DESCRIPTION

[0024] In the following description, certain specific details
are set forth i order to provide a thorough understanding of
various embodiments. However, one skilled 1n the art waill
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
thereol, such as, “comprises” and “comprising” are to be
construed 1n an open, inclusive sense, that 1s, as “including,
but not limited to.” Further, headings provided herein are for
convenience only and do not interpret the scope or meaning
of the claimed 1nvention.

[0025] Reference throughout this specification to “one
embodiment” or “an embodiment” means that a particular
feature, structure or characteristic described in connection
with the embodiment 1s included 1n 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, struc-
tures, or characteristics may be combined 1n any suitable
manner 1 one or more embodiments. Also, as used 1n 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” 1s generally employed 1n its sense 1nclud-

ing “and/or” unless the content clearly dictates otherwise.

Definitions

[0026] As used heremn, and unless the context dictates

otherwise, the following terms have the meanings as speci-
fied below.

[0027] ““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 (1.e., a “negative catalyst™). Catalysts par-
ticipate 1n a reaction 1n a cyclic fashion such that the catalyst
1s cyclically regenerated. “Catalytic” means having the
properties ol a catalyst.
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[0028] ““‘Catalytic material” refers to a plurality of catalyst
particles, which may optionally be combined with a support,
diluent and/or binder.

[0029] ““Catalyst form” or *“‘catalytic form” refers to the
physical shape of a catalytic material. For example, catalyst
forms include catalysts and/or catalytic matenals 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.

[0030] “‘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.

[0031] An “extrudate” refers to a material (e.g., catalytic
material) prepared by forcing a semisolid material compris-
ing a catalyst through a die or opening of appropnate shape.
Extrudates can be prepared mn a variety of shapes and
structures by common means known 1n the art.

[0032] A “formed aggregate” or “formed catalytic mate-
rial” refers to an aggregation of catalyst material particles,
either alone, or 1n conjunction with one or more other
maternals, e.g., catalyst materials, dopants, diluents, support
materials, binders, etc. formed 1nto 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 par-
ticles, e.g., spray, immersion or pan coated particles, pan
agglomerated particles, impregnated particles, e.g., mono-
liths, foils, foams, honeycombs, or the like. Formed aggre-
gates may range in size Irom 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 1 cross section.

[0033] A “pellet”, “pressed pellet”, “tablet” or “tableted”
refers to a matenal (e.g., catalytic material) prepared by
applying pressure to (1.e., compressing) a material compris-
ing a catalyst ito a desired shape. Pellets having various
dimensions and shapes can be prepared according to com-
mon techniques in the art.

[0034] “Monolith” or “monolith support” 1s generally a
structure formed from a single structural umt preferably
having passages disposed through 1t 1n 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 struc-
tures. The single structural unit may be used in place of or
in addition to conventional particulate or granular 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 pat-
terned substrates include monolith honeycomb supports
used for puritying exhausts from motor vehicles and used in
vartous chemical processes and ceramic foam structures
having 1rregular 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.
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and S1CAT (Sicatalyst.com). Monoliths 1nclude, but are not
limited to, foams, honeycombs, foils, mesh, gauze and the
like.

[0035] “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.

[0036] “‘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 ol nanostructured catalysts include nanoparticle
catalysts and nanowire catalysts.

[0037] “Nanoparticle” means a particle having at least one
diameter on the order of nanometers (e.g., between about 1
and 100 nanometers).

[0038] “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 1s the
ratio of the actual length (L) of the nanowire to the diameter
(D) of the nanowire. Aspect ratio 1s expressed as L:D.
Exemplary nanowires are known 1n the art and described 1n
more detail in co-pending U.S. application Ser. No. 13/115,
082 (U.S. Pub. No. 2012/0041246); Ser. No. 13/689,611
(U.S. Pub. No. US-2013/0165728); and Ser. No. 13/689,514
(U.S. Pub. No. 2013/0158322), the full disclosures of which
are hereby mcorporated by reference 1n their entirety for all
pPUrposes.

[0039] “‘Polycrystalline nanowire” means a nanowire hav-
ing multiple crystal domains. Polycrystalline nanowires
often have different morphologies (e.g. bent vs. straight) as
compared to the corresponding “single-crystalline”
Nanowires.

[0040] “Efiective length” of a nanowire means the shortest
distance between the two distal ends of a nanowire as
measured by transmission electron microscopy (ITEM) in
bright ficld mode at 5 keV. “Average eflective length” refers
to the average of the effective lengths of individual
nanowires within a plurality of nanowires.

[0041] ““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 1n 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.

[0042] The “diameter” of a nanowire 1s measured 1n an
axis perpendicular to the axis of the nanowire’s actual length
(1.e. perpendicular to the nanowires backbone).

[0043] 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 1s the
most prevalent (1.e. the mode) diameter.

[0044] The “ratio of eflective length to actual length™ 1s
determined by dividing the eflective length by the actual
length. A nanowire having a “bent morphology™ will have a
ratio of eflective length to actual length of less than one as
described 1n more detail herein. A straight nanowire will
have a ratio of eflective length to actual length equal to one
as described i more detail herein.

[0045] “‘Inorganic” means a substance comprising a metal
or semi-metal element. In certain embodiments, mmorganic
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refers to a substance comprising a metal element. An 1nor-
ganic compound can contain one or more metals 1n their
clemental state, or more typically, a compound formed by a
metal 1on (M™", whereinn 1, 2, 3,4, 5, 6 or 7) and an anion
(X", m1s 1, 2, 3 or 4), which balance and neutralize the
positive charges of the metal 1on through electrostatic inter-
actions. Non-limiting examples of inorganic compounds
include oxides, hydroxides, halides, nitrates, sulfates, car-
bonates, phosphates, acetates, oxalates, and combinations
thereol, of metal elements. Other non-limiting examples of
inorganic compounds include L1,CO,, L1,PO,, L1OH, 1,0,
L1Cl, LiBr, Lil, L1,C,O,, L1,50,, Na,CO,, Na,PO,, NaOH,
Na,O, NaCl, NaBr, Nal, Na,C,O,, Na,S0,, K,CO,,
K,PO,, KOH, K,O, KCl, KBr, KI, K,C,0,, K,SO,,
Cs,CO,, CsPO,, CsOH, Cs,0, CsCl, CsBr, Csl, CsC,0O,,
CsSO,, Be(OH),, BeCO,, BePO,, BeO, Be(Cl,, BeBr.,,
Bel,, BeC,0O,. BeSO,, Mg(OH),, MgCO,, MgPO,, MgO,
Mg(Cl,, MgBr,, Mgl,, MgC,O,. MgSO,, Ca(OH),, CaO,
CaCO,, CaPO,, CaCl,, CaBr,, Cal,, Ca(OH),, CaC,O,,
CaSO,, Y,0;, Y,(CO,);, Y,(PO,);, Y(OH),;, YCI;, YBr,,
Y1;, Y5(Co04)s5, Yo(80,)5, Zr(OH),, Zr(CO5),, Zr(PO,),,
/rO(OH),, Zr0,, 7ZxCl,, ZrBr,, 7rl,, Zr(C,0,),, Z (S0,)-,
T1(OH),, TiO(OH),, T1(CO,),, T1(PO,),, T10,, T1Cl,, TiBr,,
Til,, Ti(C,0O,),, Ti(SO,),, BaO, Ba(OH),, BaCO,, BaPO,,
Ba(l,, BaBr,, Bal,, BaC,0,, BaSO,_,, La(OH),, La,(CO,)s,
La,(PO,),, La,O;, LaCl,, LaBr,, Lal;, La,(C,0,),, La,
(S0,);, Ce(OH),, Ce(CO,),, Ce(PO,),, CeO,, Ce,O,,
Ce(Cl,, CeBr,, Cel,, Ce(C,0,),, Ce(S0,),, ThO,, Th(CO,)
,, 1h(PO,),, ThCl,, ThBr,, Thl,, Th(OH),, Th(C,0,),,
Th(S0,),, Sr(OH),, SrCO,, SrPO,,, SrO, SrCl,, SrBr,, Srl,,
SrC,0,, SrSO,, Sm,0;, Sm,(CO;5);, Sm,(PO,),, SmCl,;,
SmBr;, Sml;, Sm(OH),, Sm,(CO;);, Sm,(C,0,);, Sm,
(S0O,),, Li1Ca,B1,0,Cl,, Na,WO,, K/SrCoO,, K/Na/Sr-
CoQO;, L1/5rCo0O;, SrCo0O;, molybdenum oxides, molybde-
num hydroxides, molybdenum carbonates, molybdenum
phosphates, molybdenum chlorides, molybdenum bromides,
molybdenum iodides, molybdenum oxalates, molybdenum
sulfates, manganese oxides, manganese chlorides, manga-
nese bromides, manganese 10dides, manganese hydroxides,
manganese oxalates, manganese sulfates, manganese tung-
states, vanadium oxides, vanadium carbonates, vanadium
phosphates, vanadium chlorides, vanadium bromides, vana-
dium 1odides, vanadium hydroxides, vanadium oxalates,
vanadium sulfates, tungsten oxides, tungsten carbonates,
tungsten phosphates, tungsten chlorides, tungsten bromaides,
tungsten 1odides, tungsten hydroxides, tungsten oxalates,
tungsten sulfates, neodymium oxides, neodymium carbon-
ates, neodymium phosphates, neodymium chlorides, neo-
dymium bromides, neodymium 1odides, neodymium
hydroxides, neodymium oxalates, neodymium sulfates,
curopium oxides, europium carbonates, europium phos-
phates, europium chlorides, europium bromides, europium
1odides, europium hydroxides, europium oxalates, europium
sulfates rhenium oxides, rhenium carbonates, rhenium phos-
phates, rhenium chlonides, rhenium bromides, rhenium
iodides, rhenium hydroxides, rhentum oxalates, rhenium
sulfates, chromium oxides, chromium carbonates, chro-
mium phosphates, chromium chlorides, chromium bro-
mides, chromium 1odides, chromium hydroxides, chromium

oxalates, chromium sulfates, potassium molybdenum oxides
and the like.

[0046] “Oxade” refers to a metal compound comprising
oxygen. Examples of oxides include, but are not limited to,
metal oxides (M,O,), metal oxyhalides (M, 0O, X,), metal

P
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oxynitrates (M, O,(NO;),), metal phosphates (M, (PO,),),
metal oxycarbonates (M, O,(CO5;),), metal carbonates, metal
oxyhydroxides (M, O,(OH),), metal hydroxides (M, (OH),)
and the like, wherein X 1s independently, at each occurrence,

fluoro, chloro, bromo or 10do, and x, y and z are numbers
from 1 to 100.

[0047] “Crystal domain” means a continuous region over
which a substance 1s crystalline.

[0048] “‘Single-crystalline nanowires” means a nanowire
having a single crystal domain.

[0049] “Turnover number” 1s a measure of the number of
reactant molecules a catalyst can convert to product mol-
ecules per unit time.

[0050] “‘Active” or “catalytically active” refers to a cata-
lyst which has substantial activity 1n the reaction of interest.
For example, 1n some embodiments a catalyst which 1s OCM
active (1.e., has activity in the OCM reaction) has a C2+
selectivity of 5% or more and/or an oxygen conversion of
5% or more when the catalyst 1s employed as a heteroge-
neous catalyst in the oxidative coupling of methane at a
temperature of 950° C. or less, for example 900° C. or less,
850° C. or less, 800° C. or less, 750° C. or less or 700° C.

or less.

[0051] “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 1s OCM 1nactive has a C2+ selectivity of less
than 5% and/or an oxygen conversion of less than 5% when
the catalyst 1s employed as a heterogeneous catalyst 1n the
oxidative coupling of methane at a temperature of 950° C.

or less, for example 900° C. or less, 850° C. or less, 800° C.
or less, 750° C. or less or 700° C. or less.

[0052] “Oxygen conversion™ 1s the percent of oxygen 1n
the feed gas which 1s consumed.

[0053] ““Activation temperature™ refers to the temperature
at which a catalyst becomes catalytically active.

[0054] “Light off temperature” 1s the temperature at which
a catalyst or catalytic material has suflicient catalytic activity
to 1nitiate the desired reaction. In certain embodiments, e.g.,
for exothermic reactions like OCM, the light off temperature
1s at a suflicient level to not only allow initiation of the
catalyzed reaction, but to do so at a rate that 1s thermally
self-suflicient, e.g., generating enough thermal energy to
maintain the reaction temperature at or above the 1nitiation
temperature.

[0055] “OCM activity” refers to the ability of a catalyst to
catalyze the OCM reaction.

[0056] A catalyst having “high OCM activity” refers to a
catalyst having a C2+ selectivity of 50% or more and an
oxygen conversion of 10% or more when the catalyst 1s
employed as a heterogeneous catalyst 1n the oxidative cou-
pling of methane at a specific temperature, for example 750°
C. or less.

[0057] A catalyst having “moderate OCM activity” refers
to a catalyst having a C2+ selectivity of about 20-50% and
an oxygen conversion ol about 5-10% when the catalyst 1s
employed as a heterogeneous catalyst 1n the oxidative cou-
pling of methane at a temperature of 750° C. or less.

[0058] A catalyst having “low OCM activity” refers to a
catalyst having a C2+ selectivity of about 3-20% and an
oxygen conversion of about 1-5% when the catalyst is
employed as a heterogeneous catalyst 1n the oxidative cou-
pling of methane at a temperature of 750° C. or less.
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[0059] “Base material” refers to the major catalytically
active component of a catalyst. For example a rare earth
oxide which 1s doped with a dopant comprises a rare earth
oxide base material.

[0060] “‘Dopant,” “doping agent” or “doping element” 1s
additive added to or incorporated within a catalyst to opti-
mize catalytic performance (e.g. increase or decrease cata-
lytic activity). As compared to the undoped catalyst, a doped
catalyst may increase or decrease the selectivity, conversion,
and/or vield of a reaction catalyzed by the catalyst. A dopant
may be present in the base catalyst material 1n any amount,
and may 1in some embodiments be present in 50% or less by
weight relative to the base catalyst maternial or in other
embodiments 1t 1s present 1 more than 50% by weight
relative to the base catalyst material.

[0061] ““‘Atomic percent” (at % or at/at) or “atomic ratio”
when used 1n 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 1n a lithium doped Mg MnO, nanowire 1s
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 (1.e., atomic
percent of dopant=[L1 atoms/(Mg atoms+Mn atoms)|x100).
[0062] “Weight percent” (wt/wt)” when used 1n the con-
text 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 lithhum doped Mg MnO, nanowire 1s determined by
calculating the total weight of lithium and dividing by the
sum of the total combined weight of lithium and Mg MnO,
and multiplying by 100 (1.e., weight percent of dopant=[IL1
weight/(L1 weight+Mg MnO, weight)]x100).

[0063] As used herein, effective diameter 1s calculated as
6*(volume)/(surface area).

[0064] “Group 17 elements include lithium (LL1), sodium
(Na), potassium (K), rubidium (Rb), cestum (Cs), and fran-
cium (Fr).

[0065] ““Group 27 elements include beryllium (Be), mag-
nesium (Mg), calcium (Ca), strontium (Sr), bartum (Ba), and
radium (Ra).

[0066] “Group 37 elements include scandium (Sc) and
yttrium (Y).
[0067] “Group 47 elements include titanium (11), zirco-

nium (Zr), hatnium (Hf), and rutherfordium (R1).

[0068] “Group 57 elements include vanadium (V), nio-
bium (Nb), tantalum (Ta), and dubnium (Db).

[0069] “Group 67 elements include chromium (Cr),
molybdenum (Mo), tungsten (W), and seaborgium (Sg).
[0070] “Group 77 elements include manganese (Mn),
technetium (Ic), rhenium (Re), and bohrium (Bh).

[0071] “Group 8 elements include 1ron (Fe), ruthenium
(Ru), osmium (Os), and hasstum (Hs).

[0072] ““Group 97 elements include cobalt (Co), rhodium
(Rh), indium (Ir), and meitnerium (Mt).

[0073] “Group 107 elements include nickel (N1), palla-
dium (Pd), platinum (Pt) and darmistadium (Ds).

[0074] “Group 11”7 elements include copper (Cu), silver
(Ag), gold (Au), and roentgenium (Rg).

[0075] “Group 127 elements include zinc (Zn), cadmium
(Cd), mercury (Hg), and copernicium (Cn).

[0076] “Lanthanides” include lanthanum (La), cerium
(Ce), praseodymium (Pr), neodymium (Nd), promethium
(Pm), samarium (Sm), europium (Eu), gadolintum (Gd),
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terbium ('Tb), dysprosium (Dy), holmium (Ho), erbium (Er),
thulium (Tm), yitterbium (Yb), and lutetium (Lu).

[0077] “Actinides” include actinium (Ac), thorium (Th),
protactinium (Pa), urantum (U), neptunium (Np), plutonium
(Pu), americium (Am), curtum (Cm), berklelium (Bk), cali-
formum (Ci), emnsteinium (Es), fermium (Fm), mendele-
vium (Md), nobelium (No), and lawrencium (Lr).

[0078] “Rare earth elements™ include group 3 elements,
lanthanides and actinides.

[0079] “Metal element™ or “metal” 1s any element, except
hydrogen, selected from Groups 1 through 12, lanthanides,
actinides, aluminum (Al), gallium (Ga), indium (In), tin
(Sn), thalllum (TI), lead (Pb), and bismuth (B1). Metal
clements include metal elements in their elemental form as
well as metal elements 1n an oxidized or reduced state, for
example, when a metal element 1s combined with other
clements 1n the form of compounds comprising metal ele-
ments. For example, metal elements can be in the form of
hydrates, salts, oxides, as well as wvarious polymorphs
thereot, and the like.

[0080] “‘Semi-metal element™ refers to an element selected
from boron (B), silicon (S1), germanium (Ge), arsenic (As),
antimony (Sb), tellurium (Te), and polonium (Po).

[0081] “‘Non-metal element” refers to an element selected
from carbon (C), mitrogen (N), oxygen (O), fluorine (F),
phosphorus (P), sultur (S), chlorine (Cl), selentum (Se),
bromine (Br), 1odine (I), and astatine (At).

[0082] “C2” refers to a hydrocarbon (1.e., compound con-
sisting 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.

[0083] ““‘Conversion” means the mole fraction (i.e., per-
cent) of a reactant converted to a product or products.
[0084] “‘Selectivity” refers to the percent of converted
reactant that went to a specified product, e.g., C2 selectivity
1s the % of converted methane that formed ethane and
cthylene, C3 selectivity 1s the % of converted methane that
formed propane and propylene, C2+ selectivity 1s the % of
converted methane that formed ethane and ethylene, pro-
pane and propylene, and other higher hydrocarbons, CO
selectivity 1s the % of converted methane that formed CO.

[0085] “Yield” 1s a measure of (e.g. percent) of product
obtained relative to the theoretical maximum product obtain-
able. Yield 1s calculated by dividing the amount of the
obtained product in moles by the theoretical yield 1n moles.
Percent yield 1s calculated by multiplying this value by 100.
C2 vield 1s defined as the sum of the ethane and ethylene
molar tlow at the reactor outlet multiplied by two and
divided by the inlet methane molar flow. C3 yield 1s defined
as the sum of propane and propylene molar tlow at the
reactor outlet multiplied by three and divided by the inlet
methane molar flow. C2+ yield 1s the sum of the C2 yield
and C3 vyield. Yield 1s also calculable by multiplying the
methane conversion by the relevant selectivity, e.g., C2 vield
1s equal to the methane conversion times the C2 selectivity.
C2+ vyield 1s equal to the methane conversion times the C2+
selectivity.

[0086] ““Alkane” means a straight chain or branched, non-
cyclic or cyclic, saturated aliphatic hydrocarbon. Alkanes
include linear, branched and cyclic structures. Representa-
tive straight chain alkanes include methane, ethane, n-pro-
pane, n-butane, n-pentane, n-hexane, and the like; while
branched alkanes include secbutane, 1sobutane, tertbutane,
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isopentane, and the like. Representative cyclic alkanes
include cyclopropane, cyclobutane, cyclopentane, cyclo-
hexane, and the like.

[0087] “Alkene” means a straight chain or branched, non-
cyclic or cyclic, unsaturated aliphatic hydrocarbon having at
least one carbon-carbon double bond. Alkenes include lin-
car, branched and cyclic structures. Representative straight
chain and branched alkenes include ethylene, propylene,
1-butene, 2-butene, 1sobutylene, 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.

[0088] ““Alkyne” means a straight chain or branched, non-
cyclic 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.

[0089] “Alkyl,” “alkenyl” and “alkynyl” refers to an

alkane, alkene or alkyne radical, respectively.

[0090] “‘Aromatic” means a carbocyclic moiety having a
cyclic system of conjugated p orbitals forming a delocalized
conjugated 7C system and a number of &t electrons equal to
4n+2 with n=0, 1, 2, 3, etc. Representative examples of
aromatics include benzene and naphthalene and toluene.
“Aryl” refers to an aromatic radical. Exemplary aryl groups
include, but are not limited to, phenyl, naphthyl and the like.

[0091] “‘Carbon-containing compounds” are compounds
that comprise carbon.

[0092] Non-limiting examples of carbon-containing com-
pounds include hydrocarbons, CO and CO.,.

[0093] 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 com-
position 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 L1/MgO refers to a catalyst comprising L1 and
MgO, for example, L1/MgO may refer to a MgO catalyst
doped with Li. In some examples, the catalysts are repre-
sented by M1/M2, where M1 and M2 are independently
metal elements. In such examples 1t 1s 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, M3, etc.). By way of another example, a catalyst
comprising NaMnQO.,/MgO refers to a catalyst comprised of
a mixture of NaMnO, and MgO. Dopants may be added 1n
suitable form. For example 1n a lithium doped magnesium
oxide catalyst (IL1/MgQ), the L1 dopant can be incorporated
in the form of L1,0, L1,CO,, L10OH, or other suitable forms.
L1 may be fully incorporated in the MgO crystal lattice (e.g.,
(L1,Mg)O) as well. Dopants for other catalyst may be

incorporated analogously.

[0094] “Mixed oxide” or “mixed metal oxide™ refers to a
catalyst comprising at least two diflerent oxidized metals. In
vartous embodiments, the mixed oxides are “physical
blends™ of diflerent oxidized metals. For example, 1n some

embodiments, the mixed oxides are physical blends and are
represented by M1, O_,/M2 O _,, wherein M1 and M2 are the

x—zl yz2
same or different metal elements, O 1s oxygen and X, vy, z1
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and z2 are numbers from 1 to 100 and the *“/”” indicates that
the two oxidized metals are i contact (e.g., physically
blended) but not necessarily bound via a covalent or 10nic or
other type of bond. In other examples, a mixed oxide 1s a
compound comprising two or more oxidized metals and
oxygen (e.g., M1 M2 O_, wherein M1 and M2 are the same
or different metal elements, O 1s oxygen and X, y and z are

numbers from 1 to 100).

[0095] A mixed oxide may comprise metal elements 1n
various oxidation states and may comprise more than one
type ol 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
clements can be represented in an analogous manner. Mixed
oxides include, but are not limited to metal oxides (M, O,),
metal oxyhalides (M, O, X)), metal oxynitrates (M, O, (NO;)
.), metal phosphates (M, (PO,),), metal oxycarbonates
(M,O,(COs;),), metal carbonates, metal oxyhydroxides
(M,O,(OH),) and the like, and combinations thereot,
wherein X 1s independently, at each occurrence, fluoro,
chloro, bromo or 10do, 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 1n an
analogous manner.

[0096] ““‘Crush strength” 1s 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 1s
determined by the force required to crush the material
divided by the material length (1n the direction of the applied
force). This definition 1s applicable to formed catalysts of
different size and shape.

[0097] ““Void fraction” or “void volume™ 1s the volume of
free space, 1.e., space not occupied by the catalyst itsell,
divided by the total volume occupied by the catalytic form.
For example, the void fraction of a ring-shaped catalyst 1s
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) 1s 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 calcula-
tion of free space, as described above, does not include any
free space associated with the porosity of the catalytic
material.

[0098] “‘Porosity” 1s the volume of void within the catalyst
itsell divided by the catalyst volume. For purposes of this

calculation, the catalyst volume does not include any void
fraction or void volume.

[0099] 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 ol reactants, increases selectivity for a
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certain product, or combinations thereof, under the condi-
tions of the reaction relative to the reaction performed 1n the
absence of the catalyst.

[0100] 1. Catalysts

[0101] The catalysts described heremn (also referred to
herein as the “active catalyst” or the “base material”) are
optionally combined with a dopant, support, binder and/or
diluent material. Embodiments of the methods described
herein employ any of the described catalysts alone or in
various different forms and/or formulations as described
herein. In some embodiments, diluents are selected from
bulk matenals (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 compo-
nents and activity 1n a variety of reactions. In certain
embodiments the catalyst 1s an OCM active catalyst (i.e.,
increases the rate of the OCM reaction relative to the
uncatalyzed OCM reaction). In other embodiments the cata-
lyst 1s an ODH active catalyst (1.e., increases the 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 morpholo-
g1es.

[0102] Catalysts useful for practice of various embodi-
ments of the imvention include any bulk and/or nanostruc-
tured catalyst (e.g., nanowire) in any combination. For
example, 1n some embodiments the catalyst comprises a
catalyst as described 1n U.S. application Ser. No. 13/115,082
(U.S. Pub. No. 2012/0041246); Ser. No. 13/479,767 (U.S.
Pub. No. 2013/0023709); Ser. No. 13/689,611 (U.S. Pub.
No. 2013/0165728); Ser. No. 13/689,514 (U.S. Pub. No.
2013/0138322); Ser. No. 13/901,319 (U.S. Pub. No. 2014/
0121433); Ser. No. 14/212,435 (U.S. Pub. No. 2014/
0274671); Ser. No. 14/701,963 (U.S. Pub. No. 2015/
0314267) and PCT Pub. No. WO 2014/143880, the full
disclosures of which are hereby incorporated by reference 1n
their entirety.

[0103] In certain embodiments, the catalyst 1s a nanostruc-
tured catalyst, such as a nanowire catalyst, for example a
nanowire comprising a metal oxide, metal hydroxide, metal
oxyhydroxide, metal oxycarbonate, metal carbonate or com-
binations thereol. In some other related embodiments, the
catalyst 1s an 1norganic 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.

[0104] In some other embodiments, the catalyst 1s an
iorganic 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 1n 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.

[0105] In some other embodiments, the catalyst 1s 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 ratio of greater
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than ten as measured by TEM 1n bright field mode at 5 keV,
wherein the nanowire may optionally include one or more
dopants.

[0106] In other embodiments, the catalyst for use in the
various methods, forms and formulations described herein
comprises a nanostructured catalyst, such as a catalytic
nanowire, which comprises at least four different doping
clements, wherein the doping elements are selected from a
metal element, a semi-metal element and a non-metal ele-
ment. In other embodiments, the catalyst 1s 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 1s K, Sc, 11, V,
Nb, Ru, Os, Ir, Cd, In, T1, 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.

[0107] Other embodiments of catalysts useful for practice
of various embodiments of the invention include catalysts
comprising at least one of the following dopant combina-
tions: 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/Hi/
K, Na/La/Eu, Na/LLa/Eu/In, Na/La/K, Na/La/[L1/Cs, K/La,
K/La/S, K/Na, L1/Cs, Li/Cs/La, Li/Cs/La/Tm, L1/Cs/Sr/Tm,
L1/Sr/Cs, Li/Sr/Zn/K, Li1/Ga/Cs, Li/K/Sr/La, Li/Na, Li/Na/
Rb/Ga, Li/Na/Sr, Li/Na/Sr/La, Sr/Zr, L1/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/L1/K/La, Sm/L1/Sr/Cs, Sr/Cs/La, Sr/Tm/L1/Cs, Zn/K,
/r/Cs/K/La, Rb/Ca/In/Ni1, Sr/Ho/Tm, La/Nd/S, Li/Rb/Ca,
LiVK, Tm/Lu/Ta/P, Rb/Ca/Dy/P, Mg/La/Yb/Zn, Rb/Sr/Lu,
Na/Sr/Lu/Nb, Na/Bu/Hi, Dy/Rb/Gd, Sr/Ce, Na/Pt/Bi,
Rb/Hi, Ca/Cs, Ca/Mg/Na, Hi/B1, Sr/Sn, Sr/W, Sr/Nb, Sr/Ce/
K, Zr/W, Y/W, Na/W, B1/W, B1/Cs, B1/Ca, B1/Sn, B1/Sb,
Ge/Ht, HI/Sm, Sbh/Ag, Sb/B1, Sb/Au, Sb/Sm, Sb/Sr, Sb/W,
Sh/HT, 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/HI, W/Au, Ca/W,
Au/Re, Sm/L1, La/K, Zn/Cs, Na/K/Mg, Zr/Cs, Ca/Ce, Na/L1/
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/'Th/K, Sr/Tm, La/Dy, Sm/L1/Sr, Mg/K, Sr/Pr, L1/Rb/Ga,
L1/Cs/Tm, Zr/K, L1/Cs, Li/K/La, Ce/Zr/La, Ca/Al/LLa, 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, K/Cs/Sr/La, Na/Sr/Lu, Sr/Eu/Dy, Lu/Nb, La/Dy/Gd,
Na/Mg/T1/P, Na/Pt, Gd/L1/K, Rb/K/Lu, Sr/La/Dy/S, Na/Ce/
Co, Na/Ce, Na/Ga/Gd/Al, Ba/Rh/Ta, Ba/Ta, Na/Al/Bui,
Sr/H1/Rb, Cs/Eu/S, Sm/TmNb/Fe, Sm/TmNb, Hi/Zr/Ta,
Rb/Gd/L1/K, Gd/Ho/Al/P, Na/Ca/Lu, Cu/Sn, Ag/Au, Al/Bi,
Al/Mo, Al/Nb, Au/Pt, Ga/B1, Mg/W, Pb/Au, Sn/Mg, Sr/B,
/n/B1, Gd/Ho, Zr/Bi1, Ho/Sr, Gd/Ho/Sr, Ca/Sr, Ca/Sr/W,
Sr/Ho/Tm/Na, Na/Zr/Bu/Tm, Sr/Ho/Tm/Na, Sr/Pb, Sr/W/L1,
Ca/Sr/W or Sr/HI. In various embodiments of the foregoing,
the catalyst 1s a catalytic nanowire, for example a catalytic
nanowire comprising a rare earth oxide and one or more of
the foregoing dopant combinations.

[0108] In other embodiments, the catalyst comprises a
lanthamide mixed oxide compound. For example, in certain
embodiments the catalyst 1s a nanostructured catalyst, such
as a catalytic nanowire, comprising Lnl, In2 O, and a
dopant comprising a metal element, a semi-metal element, a
non-metal element or combinations thereof, wherein Lnl
and Ln2 are each independently a lanthanide element,
wherein Lnl and Ln2 are not the same and x 1s a number
ranging from greater than O to less than 4. In other embodi-
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ments, the catalyst 1s a catalytic nanowire comprising a
mixed oxide of Y—1La, Zr—ILa, Pr—La, Ce—La, Er—1L.a,
[La—Nd, Y—Nd, Zr—Nd, Pr—Nd, Ce—Nd, Fr—Nd,
Y—Gd, Zr—Gd, Pr—Gd, Ce—Gd, Er—Gd, Y—Sm, Zr—
Sm, Pr—Sm, Ce—Sm, Fr—Sm, La—Sm, La—Gd, La—
Eu, La—Ho, Nd—Gd, Nd—Sm, Nd—FEu, Nd—Ho, Sm—
Gd, Sm—Ho, Sm—FEu, Gd—Ho, Gd—Eu, Eu—Ho,
Y—FEu, Zr—Fu, Pr—FEu, Ce—Fu, Er—FEu, 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.

[0109] In still other embodiments, the catalyst 1s 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 Fr. In certain other
embodiments the catalyst 1s a catalytic nanowire comprising
a mixed oxide selected from Y—La—Z/r, Y—La—Ce,
Y—La—Pr, Y—La—Nd, Y—La—Fr, Zr—lLa—Ce, Zr—
La—Pr, Zr—La—Nd, Zr—La—FEr, Pr—La—Ce, Pr—La—
Nd, Pr—La—Fr, Ce—La—Pr, Ce—La—Nd, Ce—La—Fr,
Er—La—Nd, Y—Nd—7r, Y—Nd—Ce, Y—Nd—Pr,
Y—Nd—Fr, Zr—Nd—Ce, Zr—Nd—Pr, Zr—Nd—Fr, Pr—
Nd—Ce, Pr—Nd—Er, Gd—Y—Zr, Gd—Y—La, Gd—Y—
Ce, Gd—Y —Pr, Gd—Zr—La, Gd—Zr—Ce, Gd—Zr—Pr,
Gd—Z7r—Nd, Gd—Zr—Sm, Gd—/r—Fu, Gd—7Zr—Ho,
Gd—Z7r—Fr, Gd—La—Ce, Gd—La—Pr, Gd—La—Nd,
Gd—La—Sm, Gd—La—Fu, Gd—La—Ho, Gd—La—Fr,
Gd—Ce—Pr, Gd—Ce—Nd, Gd—Ce—Sm, Gd—Ce—Fu,
Gd—Ce—Ho, Gd—Ce—Er, Gd—Pr—Nd, Gd—Pr—Sm,
Gd—Pr—FEu, Gd—Pr—Ho, Gd—Pr—Er, Gd—Nd—Sm,
Gd—Nd—Eu, Gd—Nd—Ho, Gd—Nd—Fr, Gd—Sm—Fu,
Gd—Sm—Ho, Gd—Sm—FEr, Gd—FEu—Ho, Gd—FEu—Fr,
Gd—Ho—Er, Sm—Y—7r, Sm—Y—La, Sm—Y—Ce,
Sm—Y—Pr, Sm—7Zr—lLa, Sm—/r—Ce, Sm—~7Zr—Pr,
Sm—/r—Nd, Sm—7Zr—FEu, Sm—7r—Ho, Sm—7Zr—Fr,
Sm—La—Ce, Sm—La—Pr, Sm—La—Nd, Sm—La—FEu,
Sm—La—Ho, Sm—La—FEr, Sm—Ce—Pr, Sm—Ce—Nd,
Sm—Ce—FEu, Sm—Ce—Ho, Sm—Ce—FEr, Sm—Pr—Nd,
Sm—Pr—FEu, Sm—Pr—Ho, Sm—Pr—FEr, Sm—Nd—FEu,
Sm—Nd—Ho, Sm—Nd—Fr, Sm—Eu—Ho, Sm—FEu—FEr,
Sm—Ho—FEr, Ev—Y—7r, Fu—Y—lLa, Eu—Y—Ce, Eu—
Y—Pr, Fo—~7/r—l.a, Fuo—Z/r—Ce, Fu—7/r—Pr, Eu—/r—
Nd, Euv—7r—Ho, Eu—7r—Fr, Fu—La—Ce, Eu—La—Pr,
HEu—lLa—Nd, Euv—La—Ho, Eu—La—Fr, Eu—Ce—Pr,
Eu—Ce—Nd, Fu—Ce—Ho, Eu—Ce—FEr, Eu—Pr—Nd,

Eu—Pr—Ho, Eu—Pr—FEr, Fu—Nd—FEu, Fu—Nd—Ho,
Eu—Nd—Fr, Euv—Ho—Fr, Ho—Y—7r, Ho—Y—La,
Ho—Y—Ce, Ho—Y—Pr, Ho—7r—l.a, Ho—/r—Ce,

Ho—7r—Pr, Ho—7r—Nd, Ho—Z7r—Fr, Ho—La—Ce,
Ho—La—Pr, Ho—La—Nd, Ho—La—Fr, Ho—Ce—Pr,
Ho—Ce—Nd, Ho—Ce—Er, Ho—Pr—Nd, Ho—Pr—Fr,
Ho—Nd—Fr, Ce—Nd—Er and combinations thereof. In
turther 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 1s a catalytic
nanowire.

[0110] In some other embodiments, the catalyst comprises
a mixed oxide of a rare earth element and a Group 13
clement, wherein the catalyst further comprises one or more
Group 2 elements. In some more specific embodiments, the
foregoing catalyst 1s a nanostructured catalyst, such as a
nanowire catalyst.
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[0111] In another embodiment the catalyst comprises a
lanthamide 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 1s a
nanostructured catalyst, such as a nanowire catalyst.
[0112] Other lanthanide-containing catalysts have also
been found useful in various embodiments of the invention.
For example, 1n 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. For example, 1n
certain embodiments the catalysts have the following for-
mula:

Ln, Er,O,
wherein:
[0113] Ln 1s a lanthanide element;
[0114] FEr 1s erbium;
[0115] O 1s oxygen; and
[0116] X, v and z are each independently numbers

greater than O.

[0117] In other embodiments, the catalysts comprise a
mixed oxide base maternial, the mixed oxide comprising
certum (Ce) and at least one further lanthanide element. In
other embodiments, the catalysts comprise a mixed oxide
base matenal, 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 embodi-
ments, 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 lan-
thanide element. In other embodiments, the catalysts com-
prise a mixed oxide base material, the mixed oxide com-
prising gadolintum (Gd) and at least one further lanthanide
clement. In other embodiments, the catalysts comprise a
mixed oxide base maternial, the mixed oxide comprising
terbium (Ib) 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 embodi-
ments, 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 cata-
lysts comprise a mixed oxide base material, the mixed oxide
comprising thulium (ITm) and at least one further lanthanide
clement. In other embodiments, the catalysts comprise a
mixed oxide base maternial, the mixed oxide comprising
ytterbium (Yb) and at 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.

[0118] In other embodiments, the catalysts comprise a
mixed oxide base material having the following formula:

Lnl,I.n2,;0.
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wherein:

[0119] Lnl and Ln2 are independently diflerent lanthanide
elements;

[0120] O 1s oxygen; and

[0121] a, b and ¢ are each independently numbers greater
than O.

[0122] In still more embodiments, the catalyst comprises

a mixed oxide base material having the following formula:

Inl,In2,I.n3,;L.n4 1.n5,0,

wherein:

[0123] Lnl, Ln2, Ln3, Lnd4 and Lnd are independently
different lanthanide elements;

[0124] O 1s oxygen; and

[0125] a, b, ¢ and d are each independently numbers
greater than 0; and

[0126] ¢ and I are independently O or a number greater
than O.
[0127] In other embodiments, the catalyst comprises a

base material comprising an oxide of one or more lanthanide

clements 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/Hft, 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/Th, Sr/B and Sr/H1/K and Sr/Ba/W/B. 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/Ce, Sr/'Tb, Sr/B and
Sr/HI/K.

[0128] In still other embodiments, the catalyst, for
example a catalytic nanowire, comprises a single pass meth-
ane conversion in an OCM reaction of greater than 10%. In
other embodiments the catalyst comprises a C2+ selectivity
of greater than 10% 1n the OCM reaction when the OCM
reaction 1s performed with an oxygen source other than air
or O, (e.g., CO,) In certain embodiments of the foregoing,
the catalyst 1s a catalytic nanowire. In various embodiments
the foregoing C2+ selectivities are obtained when the OCM
reaction 1s performed with a methane:oxygen ratio of less
than about 12, a pressure of about 8 barg and temperatures
above about 400 C.

[0129] In some other embodiments, the catalyst disclosed
herein, which may be incorporated into various forms and/or
formulations, comprises an oxide of a lanthanide element
and one or more doping element selected from elements 1n
groups 2, 6 and the lanthanides. In some of these embodi-
ments, the oxide of a lanthanide element 1s a lanthanum
oxide, such as La,O,. In some other embodiments, the oxide
of a lanthanide element 1s a cerium oxide, such as Ce,O;. In
some different embodiments, the oxide of a lanthanide
clement 1s a neodymium oxide, such as Nd,O,. In some
other different embodiments, the oxide of a lanthanide
clement 1s a praseodymium oxide, such as Pr,O;.

[0130] In some embodiments of the foregoing catalyst
comprising an oxide of a lanthanide element and one or
more doping element selected from elements 1n groups 2, 6
and the lanthanides, the doping element from group 2 1is
magnesium. In other embodiments, the doping element from
group 2 1s calcium. In other embodiments, the doping
clement from group 2 1s strontium. In other embodiments,
the doping element from group 2 1s barium.

[0131] In some embodiments of the foregoing catalyst
comprising an oxide of a lanthanide element and one or
more doping element selected from elements in groups 2, 6
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and the lanthanides, the doping element from group 6 1is
chromium. In other embodiments, the doping element from
group 6 1s molybdenum. In other embodiments, the doping
clement from group 6 1s tungsten.

[0132] In some embodiments of the foregoing catalyst
comprising an oxide of a lanthanide element and one or
more doping element selected from elements 1n groups 2, 6
and the lanthanides, the doping element from the lanthanides
1s lanthanum. In other embodiments, the doping element
from the lanthanides 1s neodymium. In other embodiments,
the doping element from the lanthanides 1s certum. In other
embodiments, the doping element from the lanthanides is
praseodymium.

[0133] In some embodiments of the foregoing catalyst
comprising an oxide of a lanthanide element and one or
more doping element selected from elements 1n groups 2, 6
and the lanthanides, the catalyst comprises a doping element
from group 2 and a doping element from the lanthanides. In
other embodiments, the doping element from the lanthanides
1s neodymium and the doping element from group 2 1is
bartum. In other embodiments, the doping element from the
lanthamides 1s cerium and the doping element from group 2
1s bartum. In other embodiments, the doping element from
the lanthanides 1s praseodymium and the doping element
from group 2 1s barium.

[0134] In some embodiments of the foregoing catalyst
comprising an oxide of a lanthanide element and one or
more doping element selected from elements 1n groups 2, 6
and the lanthanides, the catalyst comprises a doping element
from group 2, a doping element from group 6 and a doping
element from the lanthanmides. In other embodiments, the
doping element from the lanthamdes i1s neodymium, the
doping element from group 2 1s barium and the doping
clement from group 6 1s tungsten. In other embodiments, the
doping element from the lanthanides 1s cerium, the doping
clement from group 2 1s barium and the doping element from
group 6 1s tungsten. In other embodiments, the doping
clement from the lanthanides i1s praseodymium, the doping
clement from group 2 1s barium and the doping element from
group 6 1s tungsten.

[0135] In other embodiments, the catalyst disclosed herein
and which 1s usetul 1n various embodiments of the invention
comprises a catalyst comprising a lanthanide or group 4
clement and a group 2 element and having the following
formula (I):

A.B,O, (D)
wherein:
[0136] A 1s the lanthamide or group 4 element;
[0137] B 1s the group 2 element;
[0138] O 1s oxygen; and
[0139] X, vy and z are independently numbers greater than

0, and X, y and z are selected such that A, B, O, has an overall
charge of O.

[0140] In further embodiments of the catalyst of formula
(I), the catalyst comprises one or more dopant selected from
clements 1 group 3, 4 and the lanthanides. In further
embodiments of the catalyst of formula (I), the catalyst
comprises one or more dopant selected from elements 1n
group 3, 4, 13 and the lanthanides. In certain embodiments

the dopants are independently present in from about 1% to
about 10% by weight of the catalyst.

[0141] For example, in some embodiments the catalyst
turther comprises a dopant selected from group 3. In some
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embodiments the catalyst further comprises a scandium
dopant. In other embodiments, the catalyst further comprises
a yitrium dopant.

[0142] In some other embodiments the catalyst further
comprises a dopant selected from group 4. In some embodi-
ments the catalyst further comprises a zirconium dopant. In
other embodiments, the catalyst further comprises a hatnium
dopant. In other embodiments, the catalyst further comprises
a titanium dopant.

[0143] In some other embodiments the catalyst further
comprises a dopant selected from group 13. In some
embodiments the catalyst further comprises an aluminum
dopant. In other embodiments, the catalyst further comprises
a galllum dopant. In other embodiments, the catalyst further
comprises an indium dopant. In other embodiments, the
catalyst further comprises a thallium dopant.

[0144] In some other embodiments the catalyst further
comprises a dopant selected from the lanthanides. In some
embodiments the catalyst further comprises lanthanum dop-
ant. In other embodiments, the catalyst further comprises a
certum dopant. In other embodiments, the catalyst further
comprises a prascodymium dopant. In other embodiments,
the catalyst further comprises a neodymium dopant. In other
embodiments, the catalyst further comprises a promethium
dopant. In other embodiments, the catalyst further comprises
a samarium dopant. In other embodiments, the catalyst
turther comprises a europium dopant. In other embodiments,
the catalyst further comprises a gadolinium dopant. In other
embodiments, the catalyst further comprises a terbium dop-
ant. In other embodiments, the catalyst further comprises a
dysprosium dopant. In other embodiments, the catalyst
turther comprises a holmium dopant. In other embodiments,
the catalyst further comprises an erbium dopant. In other
embodiments, the catalyst further comprises a thulium dop-
ant. In other embodiments, the catalyst further comprises a
ytterbium dopant. In other embodiments, the catalyst further
comprises a lutettum dopant.

[0145] In further embodiments, the catalyst of formula (I)
comprises one or more group 13 dopants and one or more
lanthanide dopants. For example, 1n some embodiments the
catalyst comprises an indium dopant and one or more of the
foregoing lanthanide dopants.

[0146] In still other embodiments of the catalyst of for-
mula (I), the catalyst further comprises a dopant from groups
3 and a dopant from group 4. For example, 1n some
embodiments the catalyst further comprises scandium and
titanium dopants. In other embodiments, the catalyst further
comprises scandium and zircomum dopants. In more
embodiments, the catalyst further comprises scandium and
hatnium dopants. In other embodiments the catalyst further
comprises yttrium and titanium dopants. In other embodi-
ments, the catalyst further comprises yttrium and zircontum
dopants. In more embodiments, the catalyst further com-
prises yttrium and hafnmium dopants.

[0147] In still other embodiments of the catalyst of for-
mula (I), the catalyst further comprises a dopant from groups
3 a dopant from group 4 and a dopant from the lanthanides.
For example, in some embodiments the catalyst further
comprises scandium, titanium dopants and lanthanum dop-
ants. In other embodiments, the catalyst further comprises
scandium, zirconium and lanthanum dopants. In more
embodiments, the catalyst further comprises scandium, hat-
nium and lanthanum dopants. In other embodiments the
catalyst further comprises yttrium, titanium and lanthanum
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dopants. In other embodiments, the catalyst further com-
prises yttrium, zircomium and lanthanum dopants. In more
embodiments, the catalyst further comprises yttrium, hat-
nium and lanthanum dopants.

[0148] In some other embodiments of the catalyst of
formula (I), the catalyst further comprises scandium, tita-
nium dopants and neodymium dopants. In other embodi-
ments, the catalyst further comprises scandium, zirconium
and neodymium dopants. In more embodiments, the catalyst
turther comprises scandium, hatnium and neodymium dop-
ants. In other embodiments the catalyst further comprises
yttrium, titanium and neodymium dopants. In other embodi-
ments, the catalyst further comprises yttrium, zirconium and
neodymium dopants. In more embodiments, the catalyst
turther comprises yttrium, hainium and neodymium dop-
ants.

[0149] In some other embodiments of the catalyst of
formula (I), the catalyst further comprises scandium, tita-
nium dopants and praseodymium dopants. In other embodi-
ments, the catalyst further comprises scandium, zirconium
and prasecodymium dopants. In more embodiments, the
catalyst further comprises scandium, hatnium and praseo-
dymium dopants. In other embodiments the catalyst further
comprises yttrium, titantum and praseodymium dopants. In
other embodiments, the catalyst further comprises yttrium,
zircontum and praseodymium dopants. In more embodi-
ments, the catalyst further comprises yttrium, hatnium and
prasecodymium dopants.

[0150] In some other embodiments of the catalyst of
formula (I), the catalyst further comprises scandium, tita-
nium dopants and gadolinium dopants. In other embodi-
ments, the catalyst further comprises scandium, zirconium
and gadolinium dopants. In more embodiments, the catalyst
turther comprises scandium, haitnium and gadolinium dop-
ants. In other embodiments the catalyst further comprises
yttrium, titammum and gadolintum dopants. In other embodi-
ments, the catalyst further comprises yttrium, zirconium and
gadolimum dopants. In more embodiments, the catalyst
turther comprises yttrium, hainium and gadolintum dopants.

[0151] In some other embodiments of the catalyst of
tformula (I), the catalyst further comprises scandium, tita-
nium dopants and praseodymium dopants. In other embodi-
ments, the catalyst further comprises scandium, zirconium
and gadolintum dopants. In more embodiments, the catalyst
turther comprises scandium, haitnium and gadolinium dop-
ants. In other embodiments the catalyst further comprises
yttrium, titanmium and gadolintum dopants. In other embodi-
ments, the catalyst further comprises vttrium, zirconium and
gadolintum dopants. In more embodiments, the catalyst
turther comprises yttrium, hainium and gadolintum dopants.

[0152] In more embodiments of the catalyst of formula (1),
x and y are independently a number from greater than 0 to
1. In further embodiments, each of x and y are 1. In other
embodiments, z 15 a number from greater than 0 to 3, for
example 1n some embodiments z 1s 3. In other more specific
embodiments, X and vy are each 1, and z 15 3.

[0153] In yet other embodiments of the catalyst of formula
(I), A 1s lanthanum. In other embodiments, A 1s certum. In
other embodiments, A 1s praseodymium. In other embodi-
ments, A 1s neodymium. In other embodiments, A 1s tita-
nium. In other embodiments, A i1s zirconium. In other
embodiments, A 1s hatnium.
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[0154] In still more embodiments of the catalyst of for-
mula (I), B 1s magnesium. In other embodiments, B 1s
calctum. In other embodiments, B 1s strontium. In other
embodiments, B 1s barium.

[0155] In still more different embodiments of the catalyst
of formula (I), A 1s lanthanum and B 1s strontium. In other
embodiments, A 1s ceritum and B 1s barium. In other embodi-
ments, A 1s praseodymium and B 1s barium. In other embodi-
ments, A 1s cerium and B 1s strontium. In other embodi-
ments, A 1s titanium and B 1s barrum. In other embodiments,
A 1s titantum and B 1s strontium. In other embodiments, A
1s titanium and B 1s calcium.

[0156] In still other further embodiments of the catalyst of
tformula (I), the catalyst comprises the following formula

(IA):

AB,C,D,0O, (IA)
wherein:
[0157] A 1s a lanthanide or group 4 element;
[0158] B 1s a group 2 clement;
[0159] C 1s a group 13 clement;
[0160] D i1s a lanthanide element;
[0161] O i1s oxygen;

[0162] v and w are independently O or a number greater
than O, provided at least one of v and w 1s a number greater
than O;

[0163] X, v and z are independently numbers greater than
0, and v, w, X, y and z are selected such that A, B,C D, O, has
an overall charge of O.

[0164] In certain embodiments of formula (IA), each of v
and W are numbers greater than O.

[0165] In some embodiments of formula IA, A 1s lantha-
num. In other embodiments, A 1s cerium. In other embodi-
ments, A 1s prasecodymium. In other embodiments, A 1s
neodymium. In other embodiments, A 1s titanium. In other
embodiments, A 1s zirconium. In other embodiments, A 1s
hatnium.

[0166] In still more embodiments of the catalyst of for-
mula (IA), B 1s magnesium. In other embodiments, B 1s
calcilum. In other embodiments, B 1s strontium. In other
embodiments, B 1s barium.

[0167] In still more different embodiments of the catalyst
of formula (IA), A 1s lanthanum and B is strontium. In other
embodiments, A 1s certum and B 1s barium. In other embodi-
ments, A 1s praseodymium and B 1s bartum. In other embodi-
ments, A 1s cerium and B 1s strontium. In other embodi-
ments, A 1s titanium and B 1s barium. In other embodiments,
A 1s titanium and B 1s strontium. In other embodiments, A
1s titanium and B 1s calcium.

[0168] In other different embodiments of formula (IA), C
1s aluminum. In other embodiments, C 1s gallium. In other
embodiments, C 1s indium. In other embodiments, C 1s
thallium.

[0169] In some other embodiments of formula (IA), D 1s
lanthanum. In other embodiments, D 1s cerium. In other
embodiments, D 1s praseodymium. In other embodiments, D
1s neodymium. In other embodiments, D i1s promethium. In
other embodiments, D 1s samarium. In other embodiments,
D 1s europium. In other embodiments, D 1s gadolintum. In
other embodiments, D 1s terbium. In other embodiments, D
1s dysprosium. In other embodiments, D 1s holmium. In
other embodiments, D 1s erbium. In other embodiments, D
1s thulium. In other embodiments, D 1s ytterbium. In other
embodiments, D 1s lutetium.
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[0170] In some other different embodiments of formula
(IA):

[0171] A 1s titantum, zirconium oOr cerium;

[0172] B 1s calcium, strontium or barium;

[0173] C 1s aluminum, galllum or mndium; and

[0174] D 1s lanthanum, neodymium; gadolinium or ytter-
bium.

[0175] Insome other embodiments, the catalyst of formula

(IA) has one of the following formulas: Ce,Ba, In Nd, O;;
I1,Ca In La,O;; T1,Ca InNd, O;; T1,.CaIn Gd,O;5; Ti-
Ca In,Yb,O;; Zr Caln La, O;; Zr,Caln Nd, O;; Zr Ca,.
In Gd, O;; ZrCa In Yb, O, CeCalnla O;; Zr Ca In-
Nd_ Oj;; /r,Ca In, Gd, Os;; /r,Ca In,Yb, Os;;
11, Sr In La Os; 11 Sr In Nd, O;; Ti Sr In Gd, O5; 11 Sr -
In, Yb, Os; Zr.SrlnlLa, Oz, ZrSrInNd, O5; Zr Sr In-
,0d, 03 Zr,Sr In Yb O;; CeSrInla, O, CeSr In-
Nd_ Oj;; Ce,Sr, In Gd, O;: Ce,Sr, In Yb,O;:
I1,Ba In La O,; 11,Ba In Nd, O;; 11BaIn,Gd,O5; Ti-
Ba In Yb, O;; Zr Ba In La O Zr Ba In Nd, O,; Zr Ba -
In,Gd, O5; Zr,Ba In,Yb, 05, CeBalnla, 0, CeBa ln-
Nd, O;; Ce Ba In, Gd, O, or Ce Ba In Yb, Os,.

[0176] In some of the foregoing embodiments of formula
(IA), z 1s 3. In other of the foregoing embodiments of
formula (IA), the sum of v, w, X and y 1s 2. In different
embodiments, v and w each independently range from about
0.1 to about 0.6. In different embodiments x ranges from
about 0.2 to about 0.8. In yet more embodiments, v ranges
from about 0.4 to about 1.0. In some more specific embodi-
ments, v ranges from about 0.25 to about 0.45, w ranges
from about 0.4 to about 0.6, X ranges from about 0.3 to about
0.5 and y ranges from about 0.6 to about 1.0.

[0177] In still different embodiments of any of the fore-
going embodiments of formula (IA), the sum of v and w 1s
a number greater than 0.3, for example greater than 0.4. In
other embodiments, the sum of v and w 1s a number ranging
from about 0.35 to about 0.9, for example about 0.35 to
about 0.7. In different embodiments, v ranges from about
0.05 to about 0.15 and w ranges from about 0.4 to about 0.6.
[0178] The catalysts disclosed herein, including formula
(I) and (IA) can be 1n bulk form or 1n nanostructured form.
In some embodiments, the catalyst is a nanostructured
catalyst, such as a nanowire. In other embodiments, the
catalyst 1s a bulk catalyst.

[0179] When used 1n catalytic reactions, such as the oxi-
dative coupling of methane, the catalysts will often be
combined with a diluent or support to form a catalytic
material. Such catalytic materials can be provided in any
number of forms, for example as a formed catalytic material
(e.g., extrudate or tableted forms).

[0180] In some embodiments the catalysts disclosed
herein (e.g., formula (I) or (IA)), when used as a catalyst
(e.g., 1n the form of a catalytic material) for the oxidative
coupling of methane, the C2+ selectivity of the catalyst or
catalytic material in the OCM reaction 1s greater than about
50% when the OCM reaction 1s conducted at temperatures
of about 700° C. or lower. In other embodiments, the catalyst
or catalytic material comprises a methane conversion of
greater than 10% and a C2+ selectivity of greater than 50%
when the catalytic material 1s employed as a heterogeneous
catalyst 1n the oxidative coupling of methane at temperatures
of about 700° C. or lower.

[0181] 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
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least one doping element from groups 4, 9, 12, 13 or
combinations thereof. In other examples, the catalyst com-
prises an oxide of a rare earth element, wherein the catalyst
turther 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 com-
prises 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
clement from groups 2, 4-15, lanthanides or combinations
thereol, wherein the catalyst comprises a C2+ selectivity of
greater than 50% and a methane conversion of greater than
20% when the catalyst 1s employed as a heterogeneous

catalyst in the oxidative coupling of methane at a tempera-
ture of 750° C. or less.

[0182] In other aspects, the catalyst comprises a mixed
oxide ol manganese and tungsten, wherein the catalyst
further comprises a sodium dopant and at least one doping
clement from groups 2, 16 or combinations thereof.

[0183] In some other different embodiments, the catalyst
comprises a mixture ol a Group 3 element and a Group 4
clement or lanthanide element, the catalyst further compris-
ing an alkaline earth metal dopant. In some other embodi-
ments, the catalyst comprises a Group 4 or lanthanide oxide
in combination with an alkaline earth metal dopant.

[0184] In various embodiments, the catalysts useful for
implementation of certain embodiments have a C2+ selec-
tivity ol 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 1s employed as
a heterogeneous catalyst 1n the oxidative coupling of meth-
ane at a temperature of 750° C. or less, 700° C. or less, 650°
C. or less or even 600° C. or less.

[0185] In other embodiments, the catalysts have a methane
conversion 1n 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 1s employed as a heterogeneous
catalyst 1 the oxidative coupling of methane at an 1inlet
temperature of 750° C. or less, 700° C. or less, 650° C. or

less or even 600° C. or less.

[0186] In various embodiments, the catalyst comprises a
C2+ selectivity of greater than 45% and a methane conver-
sion 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
1s 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 1s greater than 90%, for examples about

100%.

[0187] In various embodiments, the catalyst comprises a
C2+ selectivity of greater than 50% and a methane conver-
sion 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
1s employed as a heterogeneous catalyst in the oxidative
coupling of methane at a temperature o1 750° C. or less, 700°
C. or less, 650° C. or less or even 600° C. or less. In further
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embodiments of the foregoing, the oxygen conversion 1n the
OCM reaction 1s greater than 90%, for examples about

100%.

[0188] In various other embodiments, the catalyst com-
prises 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 1s employed as a heterogencous 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 1n the OCM reaction 1s greater than 90%, for
examples about 100%.

[0189] In still diflerent embodiments, the catalyst com-
prises a C2+ selectivity of greater than 60% and a methane
conversion of greater than 10%, greater than 12%, greater
than 135%, greater than 20%, greater than 22%, greater than
25%, greater than 30% or even greater than 35% when the
catalyst 1s 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 1s greater than 90%, for
examples about 100%.

[0190] In other embodiments, the catalyst comprises a
C2+ selectivity of greater than 65% and a methane conver-
sion 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
1s employed as a heterogenecous catalyst in the oxidative
coupling of methane at a temperature o1 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 1n the
OCM reaction 1s greater than 90%, for examples about

100%.

[0191] In still diflerent embodiments, the catalyst com-
prises a C2+ selectivity of greater than 70% and a methane
conversion of greater than 10%, greater than 12%, greater
than 135%, greater than 20%, greater than 22%, greater than
25%, greater than 30% or even greater than 35% when the
catalyst 1s 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 1s greater than 90%, for
example about 100%.

[0192] In various other embodiments, the catalyst com-
prises a C2+ selectivity of greater than 75% 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 1s employed as a heterogencous 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 1n the OCM reaction 1s greater than 90%, for
examples about 100%.

[0193] In some embodiments, the catalysts comprise
certum and one or more non-cerium lanthanide compounds.
For example, 1n some embodiments the catalysts comprise
certum and an oxide or hydroxide (or oxyhydroxide) of one
or more non-cerium lanthanides. For example, 1n some
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embodiments the catalysts comprise certum and a compound
having the following formula:

LnlxLn2yO_(OH)_

wherein:
[0194] Lnl and Ln2 are each independently different
non-cerium lanthanide elements:

[0195] O 1s oxygen,;
[0196] OH 1s hydroxy; and
[0197] n, X, v and z are each independently numbers of 0

or greater, provided that at least one of x or y 1s greater than
0 and at least one of n or z 1s greater than O.

[0198] While any of the non-certum lanthanides are
included, 1n some embodiments [.nl 1s L.a or Nd.

[0199] The percentage of cerium 1n the catalyst can be
varied, and 1n some embodiment ranges from greater than
0% w/w and up to 20% w/w/certum. In some embodiments,
certum 1s present 1n about 0.1° A to about 10% w/w.
[0200] 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.

[0201] 2. Catalytic Formulations

[0202] For implementation of the wvarious methods
described herein, the catalysts may be used alone or the
catalysts may optionally be combined with one or more
binder, support, diluent and/or carrier material to form
catalytic materials. Catalytic formulations useful 1n various
embodiments are described herein below, and in some
embodiments the catalytic formulations are as described 1n

U.S. application Nos. Ser. No. 13/115,082 (U.S. Pub. No.

2012/0041246); Ser. No. 13/4779,767 (US Pub. No. 2013/
0023709); Ser. No. 13/689,611 (U.S. Pub. No. 2013/
0165728); Ser. No. 13/689,514 (U.S. Pub. No. 2013/
0158322); Ser. No. 13/901,319 (U.S. Pub. No. 2014/
0121433); Ser. No. 14/212,435 (U.S. Pub. No. 2014/
0274671); Ser. No. 14/701,963 (U.S. Pub. No. 2015/
0314267) and PCT Pub. No. WO 2014/143880.

[0203] In some embodiments, the catalytic material com-
prises a plurality of bulk catalysts. In some embodiments,
the catalytic material comprises a plurality of nanostructured
catalysts, such as catalytic nanowires. In other embodi-
ments, the catalytic materials comprise a plurality of 1nor-
ganic catalytic polycrystalline nanowires, the plurality of
nanowires having a ratio ol average ellective length to
average actual length of less than one and an average aspect
ratio of greater than ten as measured by TEM 1n 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 cata-
lyst. Mixtures of bulk and nanostructured catalysts (e.g.,
nanowires) are also contemplated.

[0204] TTypically, heterogeneous catalysts are used either
in their pure form or blended with 1nert materials, such as
silica, alumina, etc. The blending with inert maternials may
be used 1n order to reduce and/or control large temperature
non-uniformities within the reactor bed often observed 1n 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 matenials can selectively slow down or
quench one or more of the reactions of the system and
promote unwanted side reactions. For example, 1n the case
of the oxidative coupling of methane, silica and alumina can
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quench the methyl radicals and thus prevent the formation of
cthane. Accordingly, certain embodiments include catalytic
materials comprising a catalyst (e.g., catalytic nanowire) and
a blending material which enhances, rather than reduces, the
catalytic activity of the catalyst.

[0205] In certain aspects, the catalytic materials comprise
catalytic nanowires, bulk catalysts, or both and/or inert
support materal.

[0206] Incertain embodiments, the catalytic material com-
prises a support, diluent and/or carrier. In some embodi-
ments, the support 1s porous and has a high surface area. In
some embodiments the support 1s active (1.e. has catalytic
activity). In other embodiments, the support 1s mactive (1.e.
non-catalytic). In some embodiments, the diluent comprises
an 1norganic material such as an inorganic oxide. In other
embodiments the diluents comprises Al,O,;, S10,, Ti0.,,
MgQO, CaO, SrO, BaO, ZrO,, ZnO, 11A10,, MgAl,O,,
MnO, MnO,, Mn,0,, La,O,, Ln,O;, where Ln 1s a lan-
thanide element, AIPO,, S10,/Al,0;, B,0,, Ga,0;, In,0;,
SrAl,O,, B,SrO,, CaCO,, SrCO,, BaCO,, activated carbon,
silica gel, zeolites, activated clays, activated Al,O,, Si1C,
diatomaceous earth, aluminosilicates, calcium aluminate,
barium aluminate, CeQ,, sulfates (e.g., SrSO,, BaSO,, 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 alu-
minate.

[0207] In various embodiments of the above, the catalyst
1s a catalytic nanowire and the diluent comprises SrO, BaO,
B,O,, Ga,0,, In,O,, SrAl,O,, B,SrO,, CaCO,, SrCO;,
BaCO,, S1C, barium aluminate, CeQO,, sulfates (e.g., SrSO,,
BaSQO,, etc.), or combinations thereof.

[0208] In some more specific embodiments the diluent
comprises silicon, for example S10,,. In other embodiments
the diluent comprises magnesium, for example MgO. In
other embodiments the diluent comprises zirconium, for
example ZrO,. In yet other embodiments, the diluent com-
prises lanthanum, for example La,O,. In yet other embodi-
ments, the diluent comprises yttrium, for example Y,O,. In
yet other embodiments, the diluent comprises hainium, for
example H1O,. In yet other embodiments, the diluent com-
prises aluminum, for example Al,O;. In yet other embodi-
ments, the diluent comprises gallium, for example Ga,Os.

[0209] In still other embodiments, the diluent material
comprises an inorganic oxide, Al,O;, $10,, T10,, MgO,
/r0Q,, H1O,, Ca0, SrO, ZnO, L1AlIO,, MgAl,O,, MnO,
MnO,, Mn,O,, Mn,O,, La,O;, Ln,O;, where Ln 1s a
lanthamide element, activated carbon, silica gel, zeolites,
activated clays, activated Al,O,, diatomaceous earth, alu-
minosilicates, calcium aluminate, bartum aluminate, CeQO.,
sulfates (e.g., SrSO,, BaSO,, etc.), or combinations thereof.
For example, the diluent material may comprise S10,, ZrO.,
Ca0, La,0O,; or MgO.

[0210] In still other embodiments, the diluent material
comprises SrO, Zn0O, Li1AlO,, bartum aluminate, CeQO.,,
sultates (e.g., SrSO,, BaSO,, etc.) or combinations thereof.

[0211] In still other embodiments, the diluent material

comprises a carbonate. For example, in some embodiments
the diluent material comprises MgCO,, CaCO,, SrCO,,
BaCO,, Y,(CO,),, La,(CO;); or combination thereof.

[0212] In other embodiments, the catalytic materials use-
ful 1 various embodiments comprise a catalyst and a
diluent, the diluent comprising a metal carbonate, a metal
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sulfate, a metal phosphate, a metal halide or combinations
thereof. In some of these embodiments the catalyst 1s 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.

[0213] Other examples of diluents useful i1n various
embodiments include, but are not limited to, MgCOs;,
MgSO,, Mg,(PO,),, CaCO,, CaSO,, Ca,(PO,),, SrO,
SrCO,, SrSO,, Sry(PO,),, SrAl,O,, BaO, BaCO,, BaSQO,,
Ba,(PO,),, BaAl,O, and the like. Most of these compounds
are very cheap, especially MgCO,, CaCO,, SrO, SrCO, 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,
in some embodiments the catalytic material comprises a

catalytic nanowire 1 combination with a diluent selected
from one or more of MgCO,, MgSO,, Mg,(PO,),, CaCO,,

CaSO,, Ca,(PO,),, SrO, SrCO;, SrSO,, Sry(PO,),, BaO,
BaCO,, BaSO,, Ba,(PO,),. In some specific embodiments
the diluent 1s SrO, MgCO,, CaCO,, SrCO; or a combination
thereof. In other embodiments, the catalytlc material com-
prises a catalytic nanowire 1in combination with a diluent
selected from one or more of MgQO, Ca0O, MgAl,O, and
CaAl,O,, MgCO,, MgSO,, Mg,(PO,),, CaCO,, CaSO,,
Ca,(PO,),, SrO, SrCO,, SrSO,, Sr;(PO,),, BaO, BaCOj;,
BaSO,, Ba,(PO,),. In some embodiments the diluent 1s SrO,
MgCO,, CaCO,;, SrCO; or a combination thereof. In some
embodiments, the diluent 1s selected from magnesium alu-
minates and calcium aluminates. In other embodiments, the
diluent comprises a group 4 element. In some of these
embodiments the group 4 element 1s present in the form of
a compound comprising an alkaline earth metal and the
group 4 eclement, for example an alkaline earth metal titan-
ate, hafnate or zirconate, non-limiting examples of which
include calcium titanate, calcium hatnate, strontium titanate,
strontium hatnate, barium titanate, barium hatnate, barium
zirconate, calcium zirconate and strontium zirconate.

[0214] In various embodiments of the foregoing, the
diluent 1s nanostructured, for example nanowires are
employed as diluents 1n 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 1s 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 1s performed with the OCM
catalyst ready to go, e.g. after calcination. In some other
embodiments, the dilution 1s performed prior to the final
calcination of the catalyst, 1.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 1s formed. In still more embodi-
ments, the catalyst diluent composition 1s homogenized 1n a
maximally dispersed state.

[0215] In certain embodiments, active catalyst to inert
diluent ratio ranges from 5:95 to 95:5 (mass basis) 1n order
to fulfill the desired performance criteria of managing local-
1zed 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.
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For example for fixed bed reactor with a large temperature
rise through the reactor bed from 1inlet to outlet, a larger or
smaller active catalyst to iert diluent ratio can be applied at
the reactor inlet than the ratio used at the reactor outlet.

[0216] Insome 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 1s 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 ordmnary 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 reac-
tions (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. The forms with no active catalyst are typically more
resilient to shrinkage relative to forms with active catalyst,
and thus blending of these two types of catalysts may result
in a catalyst bed having reduced shrinkage.

[0217] 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 1s pelletized and sized, or made into shaped extru-
dates or deposited on a monolith or foam, or 1s used as 1t 1s.
Such catalytic forms are described 1n more detail below.
Methods of embodiments of the imvention include taking
advantage of the very exothermic nature of OCM by diluting
the catalyst with another catalyst that 1s completely or
substantially inactive, or less active 1n 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.

[0218] In some embodiments, the catalysts may comprise
a S10, support. Alternatively, the use of diflerent supports
such as ZrO,, HIO, and In,O, 1n some embodiments has
been shown to promote OCM activity at reduced tempera-
ture compared to the same catalyst supported on silica with
limited reduction 1n selectivity.

[0219] In some embodiments the catalytic materials for
use 1n various different embodiments comprise:

[0220] (a) a perovskite; and
[0221] (b) a catalyst having the following formula:
Lnl, ILn2,I.n3 IL.nd,Ln5 ILn60, (OH),
wherein:
[0222] Lnl, Ln2, Ln3, Ln4, Ln5 and Ln6 are each inde-
pendently different lanthanide elements;
[0223] O 1s oxygen;
[0224] OH 1s hydroxy;
[0225] a 1s a number greater than O; and
[0226] b, c,d, e, 1, xand y are each independently numbers

of O or greater, provided that at least one of X or vy 1s greater
than O.
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[0227] In some embodiments of the foregoing, the cata-
lytic material further comprises a methane conversion of
greater than 20% and a C2 selectivity of greater than 50%
when the catalyst 1s employed as a heterogeneous catalyst in
the oxidative coupling of methane at temperatures ranging
from about 450° C. to about 750° C. or about 550° C. to
about 750° C. In various different embodiments the catalytic
material 1s a formed catalytic material as described herein
below.

[0228] In some embodiments, the perovskite comprises
the following formula:

E' E*EA,,B,O

A B2Ops
wherein:

[0229] A 1s a lanthanide or an element from group 4
[0230] B 1s an element from group 2;

[0231] E', E* and E° are each independently an element

from groups 2, 3, 4 or the lanthanides;
[0232] O 1s oxygen;
[0233] «., {3, ¢ are each independently a number of O or
greater; and

[0234] m, n and p are each independently numbers
greater than O.

[0235] In various embodiments, B 1s Ba, Sr or Ca.
[0236] In other embodiments, A 1s Ce, T1, Zr or HI.
[0237] In still more embodiments of the foregoing per-

ovskite, a. 1s greater than 0. For example, in some embodi-
ments the perovskite has the following formula:

E! A BO
— 1

[0238] In other of the foregoing embodiments, E~ 1s an
clement from group 2 or group 3 of the periodic table.
[0239] Insome specific embodiments of the foregoing, the
perovskite has the formula ABO,, wherein A and B are as
defined 1n any of the foregoing embodiments.

[0240] In other of the foregoing embodiments, the per-
ovskite comprises the following formula:

c— x— y— oz

wherein:

[0241] A', A® and A’ are each independently an element
from the lanthanides or group 2, 3, 4, 6 or 13;

[0242] B', B® and B’ are each independently a metal;
[0243] O i1s an oxygen anion;
[0244] a, b and c are each independently numbers ranging

from O to 1, wherein the sum of a, b and ¢ ranges from
greater than O to 1; and

[0245] X,y and z are each independently numbers ranging
from O to 1, wherein the sum of X, y and z does not exceed

1

[0246] In some of the foregoing embodiments, the sum of
a, band c1s 1.

[0247] In other of the foregoing embodiments, the sum of
X,y and z 1s 1.
[0248] In some more specific embodiments, the perovskite

has the following formula:
[0249] A',, A% B B0,
wherein:

[0250] A' and A® are each independently an element from
the lanthanides or group 2, 3, 4, 6 or 13;

[0251] B' and B” are each independently a metal;

[0252] O 1s an oxygen anion; and

[0253] 0o and y are each independently numbers ranging
from O to 1.
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[0254] In some further embodiments of the above, 0 and
A are each independently numbers ranging from greater than
0 to less than 1.

[0255] In still other embodiments, the perovskite com-
prises a lanthanide or alkaline earth metal dopant, or com-
binations thereof.

[0256] In yet more embodiments, A' and A® are each
independently an alkaline earth metal.

[0257] In other embodiments of the foregoing perovskite,
B' and B® are each independently a group 3 or group 4
clement.

[0258] In some further embodiments, the perovskite com-
prises Er/Ca/BaZrO;, Nd/Ca/BaZrO;, Eu/Ca/BaZrO;, Ca,

oS5 Y (1 521505, SI, Y (621505, Ca/Nd/Cay_;,S1,Y 4 4,
2105, Ca/Nd/SrY (| 5,7r;05, Ca/Nd,O5/Ca 50, Y |
L1505, Lag oo1p 1 Gag sMg 503, BaCe, ;Y 5Pry 1 Os,
Ca/BaZrO,, Y/BaZrO,, BaZrO,, Ca/Sr/BaZrO,, SrCeQO,,
S, Y (1 6/rs05, Sr/ZrO;, SrHIO;, Mg/SrHIO;, CaHiO;,
SrTbO,, BaTi0,, Y/SrZrO,, Ce/GaPrO;, SrCe0,/SrCe,O,
Cegslag 451, 105, BaCeO;, BaY,Ce O;, BaY /Zr Ce O,
BaY,Ln Ce O;, BaZr, Y, Ln Ce O;, wherein o, A, W, X, y
and z are numbers ranging from greater than O to 1, and Ln
1s a lanthanide element such as Gd or Nd. In some embodi-
ments the sum of x and y 1s 1, or the sum of X, vy and z 15 1,
or the sum of w, X, y and z 1s 1.

[0259] In other embodiments, the catalyst has the formula
Lnl Ln2,0 (OH),. In some of these embodiments X i1s
greater than zero. In other embodiments X 1s greater than
zero and v 1s 0. In other embodiments X 1s greater than zero
and vy 1s greater than 0. In some other of these embodiments
X 1s greater than zero.

[0260] 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 greater than 0. In some diflerent
embodiments, b and x are both O, and a and y are greater than
0. In some other embodiments, v 1s 0, and a, b and x are
greater than 0. In still other embodiments, x 1s 0, and a, b and
y are greater than 0. In more embodiments, each of a, b, x
and vy 1s greater than 0.

[0261] In still other embodiments of the foregoing, the
catalyst 1s a nanostructured catalyst. For example, 1n some
embodiments the catalyst 1s a nanowire catalyst.

[0262] In more embodiments of the foregoing catalytic
maternial, the catalyst further comprises a dopant selected
from one or more eclements from groups 2, 6 and the
lanthanides. For example, in some embodiments the catalyst
turther comprises a dopant from each of groups 2, 6 and the
lanthamides. In other embodiments, the catalyst further com-
prises 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.

[0263] In various different embodiments the catalytic
materials comprise:

[0264] (a) an OCM active catalyst and

[0265] (b) a second catalyst having the following formula:
Lnl,Ln2,I.n3 Ln4,L.n5 Ln60,(OH),

wherein:

[0266] Lnl,Ln2, L.n3, Ln4, LnS and Ln6 are each inde-

pendently different lanthanide elements;

[0267] O 1s oxygen;

[0268] OH is hydroxy;

[0269] a 1s a number greater than O; and
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[0270] b,c,d, e, 1, xand y are each independently numbers
of O or greater, provided that at least one of x or vy 1s greater
than 0.

[0271] In different embodiments, the second catalyst has
the following formula:

Ln' Ln°,0,(OH),

wherein:

[0272] Lnl and Ln2 are each independently different
lanthanide elements;

[0273] O 1s oxygen,;
[0274] OH 1s hydroxy; and
[0275] n, X, v and z are each independently numbers of 0

or greater, provided that at least one of X or y 1s greater than
0 and at least one of n or z 1s greater than O.

[0276] In some embodiments, the OCM active catalyst 1s
a bulk catalyst. In other embodiments, the OCM active
catalyst 1s a nanostructured catalyst, such as a nanowire.

[0277] In some embodiments, the second catalyst 1s also
an OCM active catalyst. In some embodiments, the second
catalyst comprises a nanostructured catalyst. For example, 1n
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, curopium, gadolinium, terbium,
dysprosium, holmium, erbium, thulium, ytterbium, lutetium
or combination thereof. For example, 1n 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
neodymiumy/samarium oxide, a europium/neodymium
oxide, a lanthanum/erbium oxide, a neodymium/erbium
oxide, lanthanum/praseodymium oxide, neodymium/praseo-
dymium oxide, lanthanum/neodymium/cerium oxide, lan-
thanum/neodymium/prasecodymium oxide or a europium/
lanthanum oxide.

[0278] In any of the foregoing embodiments, the OCM
active catalyst comprises a group 4 element, for example a
compound comprising an alkaline earth metal and a group 4
clement. For example, 1n some embodiments the alkaline
carth metal 1s magnesium, calcium, stronttum or barium. In
some other embodiments, the group 4 element 1s titanium,
zirconium or hatnium. For example, 1n certain embodiments
the OCM active catalyst comprises an alkaline earth metal
and titanium, zirconium or hatnium. The OCM active cata-
lyst may also further include optional dopants, for example
alkaline earth metal dopants such as magnesium, calcium,
strontium or barium.

[0279] 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
clement. For example, 1n some embodiments the alkaline
carth metal 1s magnesium, calcium, strontium or barium. In
some other embodiments, the group 6 element 1s tungsten.
For example, in certain embodiments the OCM active cata-
lyst 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, stronttum or bartum.

[0280] 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
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13 element. For example, in some embodiments the alkaline
carth metal 1s magnesium, calcium, stronttum or barium. In
some other embodiments, the group 13 element 1s alumi-
num. For example, 1n 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 barmum.

[0281] 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, 1n some
embodiments the alkaline earth metal 1s magnesium, cal-
cium, strontium or barium. In some other embodiments, the
lanthanide element 1s Gd or Nd, or combinations thereof.
For example, 1n certain embodiments the OCM active cata-
lyst comprises an alkaline earth metal and Gd or Nd, or
combinations thereol. The OCM active catalyst may also
turther include optional dopants, for example alkaline earth
metal dopants such as magnesium, calcium, strontium or
barmum.

[0282] 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 1s about 70%.

[0283] 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 1s thought to be related to
sintering of the catalytic materials, which results 1n volume
contraction. For example, certain catalysts have excellent
catalytic performance in OCM, ODH and/or other reactions,
but sufler from significant shrinkage when heated to tem-
peratures needed for these reactions. Such shrinkage can
cause problems on large scale reactors by giving dead space
at the top of the reactor resulting in increased possibilities of
auto-1gnition of feed gas. Thus the commercial applications
of such catalysts are limited.

[0284] The present mventors have discovered that cata-
lytic materials have less shrinkage can be obtained by
combining catalysts with diflerent surface areas in the same
catalytic material. The different surface area catalysts can be
nanostructured catalysts or bulk catalysts provided the cata-
lysts are selected to have the appropriate diflerence 1in
surface area. Accordingly, 1n one embodiment 1s provided a
formed catalytic material comprising first and second OCM
active catalysts, wherein the first OCM active catalyst 15 a
nanostructured catalyst having a BE'T surface area of greater
than 5 m*/g, and the second OCM active catalyst is a catalyst
having a BET surface area of less than 2 m*/g. In some
specific embodiments, the catalytic material has a volume
loss of less than 20% when heated to 900° C. 1n air for 100
hours. In other embodiments, the formed catalytic material
has a volume loss of less than 10% when heated to 900° C.
in air for 100 hours.

[0285] In some embodiments of the foregoing formed
catalytic material the first OCM active catalyst has a BET
surface area of greater than 10 m*/g. In other embodiments,
the second OCM active catalyst has a BET surface area of
less than 1 m*/g.
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[0286] In some other different embodiments, the first
OCM active catalyst 1s a nanowire. In other embodiments,
the second OCM active catalyst 1s a nanostructured catalyst,
for example a nanowire.

[0287] In other embodiments of the foregoing formed
catalytic material, the weight percent of the first OCM active
catalyst, based on total OCM active catalyst in the formed
catalytic matenal, ranges from 75%-99%.

[0288] In some embodiments, the first and second OCM
active catalysts have the same elemental composition. In
other embodiments, the first and second OCM active cata-
lysts have a different elemental composition.

[0289] The form of the catalytic material 1s not critical and
can be selected from any of those described herein (see e.g.,
below) or known in the art. In some embodiments, the
formed catalytic material 1s an extrudate. In other embodi-
ments, the formed catalytic material 1s a tableted catalytic
materal.

[0290] Methods for preparation of the above formed cata-
lytic matenal are provided below.

[0291] In various embodiments of the catalytic matenials
described herein, the catalytic material further comprises
one or more dopant. In some embodiments, the dopant 1s an
alkaline earth metal such as magnesium, calcium, strontium
or bartum. The one or more dopant of certain other embodi-
ments may be selected from the dopants provided mn U.S.

application Ser. No. 13/115,082 (U.S. Pub. No. 2012/
0041246); Ser. No. 13/479,767 (U.S. Pub. No. 2013/
0023709); Ser. No. 13/689,611 (U.S. Pub. No. 2013/
0165728); Ser. No. 13/689,514 (U.S. Pub. No. 2013/
0158322); Ser. No. 13/901,319 (U.S. Pub. No. 2014/
0121433); Ser. No. 14/212,435 (U.S. Pub. No. 2014/
0274671); Ser. No. 14/701,963 (U.S. Pub. No. 2015/

0314267) and PCT Pub. No WO 2014/143880, the full

disclosures of which are incorporated herein by reference at
least for the purpose of providing exemplary dopants.

[0292] In some different embodiments the catalytic mate-
rial comprises a group 4, 6 or 13 element, such as a
tungstate, aluminate, titanate, zirconate and/or hainate com-
pound, and an active catalyst (e.g., OCM active). In some
embodiments, the catalytic material comprises a group 4
element, such as a titanate, zirconate and/or hatnate com-
pound, and an active catalyst. In some embodiments, the
group 4, 6 or 13 element 1s in combination with an alkaline
carth metal element. For example, in some embodiments,
the catalytic materials comprise an alkaline earth metal
titanate, alkaline earth metal zirconate or alkaline earth
metal hainate, and the active catalyst 1s an OCM active
catalyst.

[0293] In other embodiments, the catalytic materials com-
prise:
[0294] a) an alkaline earth metal aluminate, tungstate,

titanate, zirconate or hafnate; and
[0295]

Lnl,Ln2,L.n3 Ln4,Ln5 Ln60, (OH),

(b) a catalyst having the following formula:

wherein:

[0296] Lnl,Ln2, L.n3, Ln4, LnS and Ln6 are each inde-
pendently different lanthanide elements;

[0297] O 1s oxygen;

[0298] OH 1s hydroxy;

[0299] a 1s a number greater than O; and
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[0300] b,c,d, e, 1, xand y are each independently numbers
of O or greater, provided that at least one of X or vy 1s greater
than O.

[0301] In some embodiments, ¢ 1s a number greater than
0. In other embodiments, ¢ and d are each independently a
number greater than 0. In still more embodiments, ¢, d and
¢ are each independently a number greater than O.

[0302] In other different embodiments of the foregoing
catalytic material, the weight ratio of the alkaline earth metal
aluminate, tungstate, titanate, zirconate or hainate to the
catalyst ranges from about 80% to about 60%.

[0303] In some further embodiments, the catalytic mate-
rials comprise:

[0304] (a) an alkaline earth metal titanate, zirconate or
hatnate; and

[0305] (b) a catalyst having the formula Lnl I.n2,0,
(OH),..

[0306] In some of the foregoing embodiments, the cata-

lytic materials comprise an alkaline earth metal tungstate or
alkaline earth metal aluminate, and the catalyst 1s an OCM
active catalyst. For example, in some embodiments the
catalytic materials comprise strontium aluminate, strontium
tungstate, bartum tungstate, calcium titanate, calcium hat-
nate, strontium titanate, strontium hafnate, bartum titanate,
barium hatnate, barium zirconate and/or strontium zircon-
ate. In certain embodiments, the catalyst 1s a nanostructured
catalyst, such as a nanowire catalyst. In other embodiments,
the active catalyst 1s a bulk catalyst. In some of these
embodiments, the alkaline earth metal aluminate, tungstate,
titanate, zirconate or hafnate i1s nanostructured, such as a
nanowire.

[0307] In some other specific embodiments, the catalytic
material comprises calcium titanate, calcium hatnate, stron-
tium titanate, strontium hafnate, barium titanate, barium
hatnate, barium zirconate, calcium zirconate and/or stron-
tium 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:

[0308] Lnl and Ln2 are each independently different
lanthanide elements;

[0309] O i1s oxygen;

[0310] OH i1s hydroxy; and

[0311] n, X, v and z are each imndependently numbers of O

or greater, provided that at least one of x or vy 1s greater than
0 and at least one of n or z 1s greater than O.

[0312] In some embodiments, the catalyst (e.g., an OCM
active catalyst) comprises lanthanum, cerium, praseo-
dymium, neodymium, samarium, europium, gadolinium,
terbium, dysprostum, holmium, erbium, thulium, ytterbium,
lutetium or combinations thereof. In some other embodi-
ments the OCM active catalyst comprises a lanthanum/
neodymium oxide, a lanthanum/cerium oxide, a neo-
dymium/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.

[0313] 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, thu-
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lium, ytterbium, lutetium or combinations thereof. In some
other embodiments the catalytic nanowires comprise a lan-
thanum/neodymium oxide, a lanthanum/cerium oxide, a
lanthanum/prasecodymium oxide, a neodymium/cerium
oxide, a lanthanum/samarium oxide, a neodymium/sa-
marium oxide, a neodymium/praseodymium oxide a euro-
pium/neodymium oxide, a lanthanum/erbium oxide, a neo-
dymium/erbium oxide or a europiuny/lanthanum oxide.

[0314] Some embodiments include catalytic materials
comprising a catalyst and compounds of alkaline earth
metals and group 4 elements. For example, 1n some embodi-
ments the catalytic materials comprise strontium aluminate,
strontium tungstate, barium tungstate, calcium titanate, cal-
cium hafnate, strontium titanate, strontium hatnate, barium
titanate, barrum hatnate, bartum zirconate, calcium zirconate
and/or strontium zirconate. In some other embodiments the
catalytic materials comprise calcium titanate, calcium hat-
nate, strontium titanate, strontium hafnate, barium titanate,
barium hafnate, barium zirconate and/or strontium zircon-
ate. In any of the foregoing embodiments, the catalyst 1s a
lanthanum and/or neodymium-containing catalyst.

[0315] Any morphology of group 4 element-containing
compound may be employed. For example, 1n some embodi-
ments the group 4 element-containing compound is bulk,
and 1n other embodiments the group 4 element-containing
compound 1s nanostructured, such as a nanowire.

[0316] 3. Catalytic Forms

[0317] The catalytic materials may also be employed 1n
any number of forms. In this regard, the physical form of the
catalytic materials may contribute to their performance 1n
various catalytic reactions. In particular, the performance of
a number of operating parameters for a catalytic reactor are
impacted by the form 1n which the catalyst 1s disposed
within the reactor. As noted elsewhere herein, the catalyst
may be provided in the form of discrete particles, e.g.,
pellets, extrudates or other formed aggregate particles, or 1t
may be provided in one or more monolithic forms, e.g.,
blocks, honeycombs, foils, lattices, etc. These operating
parameters include, for example, thermal transter, flow rate
and pressure drop through a reactor bed, catalyst accessi-
bility, catalyst lifetime, aggregate strength, performance,
and manageability.

[0318] 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 equa-
tion, 1s a function of the bed void volume, where increased
vold 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 1s
also a function of size of the formed catalyst particles as
defined by the eflective particle diameter: Dp,eq=6Vp/Sp.
where Vp 1s the volume of formed catalyst and Sp 1s the
surface area of the catalyst. As the eflective particle diameter
increases the pressure drop decreases. With reference to
previously described OCM reactions, the 1ssue 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, 1t 1s desirable to maintain an
entire reactor system at pressures and other operating con-
ditions, that are more conventionally found 1n gas and other
chemical processing systems. As such, it 1s desirable to
provide reactor systems that operate at inlet pressures of
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from about 15 psig to about 150 psig with relatively con-
trolled 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 1s 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. At constant GHSV the pressure
drop will typically increase as the length/diameter aspect
rat10 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.

[0319] 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 1n 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 eflective void
fractions may be selected by selecting the appropriate par-
ticle 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 1n at least one cross sectional dimension, with
some embodiments having particle sizes for formed aggre-
gates 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 1n at least one cross sectional dimension. For
example, 1n some embodiments the catalyst particles will
typically be between about 4 mm and about 28 mm 1n at least
one cross sectional dimension, with preferred particle sizes
for formed aggregates being between about 10 mm and
about 25 mm 1n 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.

[0320] In accordance with certain embodiments, the fore-
going parameters are adjusted in the context of maintaining
other parameters 1n desired ranges. In particular, adjustment
of void fraction and pressure drop 1s generally carried out 1n
a manner that does not significantly adversely aflect cata-
lytic activity, or catalyst lifetime. In particular, preferred
catalyst forms will provide desired pressure drops, while
also providing desired performance activity and meeting
mechanical properties specifications. 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 eflective particle diameter
decreases. Therefore, 1t 1s desirable to have as small an
cllective diameter as possible while still meeting the pres-
sure drop requirements. Forms with smaller eflective diam-
eters can be used but the void fraction must increase to meet
pressure drop requirements. In certain embodiments, cata-
lyst forms that accomplish this include, e.g., rings, penta-
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gons, ovals, tubes, trilobes, trilobe rings, wagon wheels,
monoliths, quadralobes, quadralobe rings, shapes with tfluted
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™", 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™".

[0321] In a further aspect, 1t 1s 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 condi-
tions, e.g., gas inlet pressure, as well as the weight of the
catalyst bed. In general, 1t 1s 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 cho-
sen that provide the above described crush strengths within
the desired activity ranges, pressure drops, etc. Crush
strength 1s also 1mpacted though use of binder and prepa-
ration methods (e.g., extrusion or pelleting).

[0322] In addition, 1n 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.

[0323] Another catalyst form characteristic that can
impact overall reactor performance 1s the accessibility of the
catalyst material within a catalyst particle. This 1s generally
a Tunction 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 1s a
function of the catalyst particle shape, e.g., spherical par-
ticles will have lower surface:volume ratios than other
shapes, 1t can also be substantially impacted by the porosity
of the catalyst particle. In particular, highly porous catalyst
particles have larger eflective 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%.

[0324] For example, 1n some embodiments the catalytic
materials are 1n the form of an extrudate or pellet. Extrudates
may be prepared by passing a semi-solid composition com-
prising the catalytic materials through an approprate orifice
or using molding or other appropriate techniques. Other
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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 1nert or
have catalytic activity 1n the reaction of interest (e.g., OCM).
For example, catalysts may be supported or impregnated on
a monolith support. In some particular embodiments, the
active catalyst 1s actually supported on the walls of the
reactor i1tself, which may serve to minimize oxygen concen-
tration at the inner wall or to promote heat exchange by
generating heat of reaction at the reactor wall exclusively
(c.g., an annular reactor in this case and higher space
velocities). Exemplary catalytic forms useful 1n the practice
of the present mvention are described in more detail below.

[0325] The surface area to volume ratio of the catalytic
form 1s an 1mportant parameter in determining the maximal
flux of reagents and product molecules entering or leaving
the catalytic form. This parameter also aflects the tempera-
ture gradient throughout the form since increase 1n 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 1s not favored, such that there i1s 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 1s accessible to the
reagent as the form gets too thick and transport limitations
can become a limiting factor.

[0326] In some cases, it will be particularly desirable to
provide catalytic materials in which the active catalyst
material 1s 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 matenals, this 1s advantageously
achieved through the use of catalytic nanowire materials,
which provide a more uniform dispersion profile within
catalyst formulations, e.g., including diluents, binders etc.

[0327] 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 eflective
catalyst used can be maintained by preferentially concen-
trating the active catalyst component at the surface of the
form (e.g., adhered to surface of a support).

[0328] The density of the formed catalytic material can
allect various factors such as the porosity, eflective surface
area, pressure drop, crush strength, etc. In various embodi-
ments, 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
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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
vold volume.

[0329] In certain preferred embodiments, the catalytic
materials will satisty 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 1 N/mm~, a porosity ranging from
10% to 80% and a surface area to volume ratio ranging from
0.1 mm~" to 10 mm™". In other embodiments, the catalyst
particles (or catalytic materials made therefrom, e.g., formed
aggregate) may 1nclude 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
0.1 mm™' to 5 mm™".

[0330] Instill 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
vold volume fraction of 40% to 60%, 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 0.1
mm~ to 10 mm™'. In some embodiments, the catalyst
particles (or catalytic materials made therefrom, e.g., formed
aggregate) may 1nclude 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
0.1 mm™' to 10 mm™". In other embodiments, the catalyst
particles (or catalytic materials made therefrom, e.g., formed
aggregate) may 1nclude one or more of a particle size that
yields a bed void volume fraction of 35% to 70%, 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
0.1 mm™ to 10 mm™*. In still other embodiments, the
catalyst particles (or catalytic materials made therefrom,
c.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 0.1 mm™

[0331] 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) addition-
ally 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 4 mm to 28 mm. 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
surtace area of matenals.

[0332] The total surface area (including pores) by weight
of the catalytic form 1s primarily determined by the com-
position (1.e., catalyst, binder, diluent, etc.) of the form.
When low surface area diluent 1s used then most of the
surface area ol the solid comes from the OCM active
catalyst. In certain embodiments, the surface area of the
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catalytic materials ranges from about 0.1 m*/g to about 50
m~/g depending on catalyst dilution when using low surface
area diluent materal.

[0333] One of the advantages of catalytic materials
employing nanowire structured catalysts 1s that they can
form aggregates with large pore volume presenting inter-
connected large pores. Typically pore volume fraction 1n
catalytic materials contaiming a nanowire catalyst ranges
from 20 to 90% (vol/vol) and 1n 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 approprate aspect ratio. When the pore
structure 1s 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 tflow 1s forced through the composite
as for example 1n wall through flow monoliths for diesel soot
removal.

[0334] Insome examples, the catalytic forms are chosen 1n
order to mitigate potential hot spots resulting from highly
exothermic reactions. For example, 1n some embodiments
the heat conductivity of the form 1s increased by including
material with high heat conductivity in the form. Examples
of maternials used to increase the heat conductivity include,
but are not limited to, S1C. 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 1nactive mate-
rial, thus adjusting the catalyst surface area per form volume
and form porosity. At the same time the selection of the
diluent to promote heat transier through the form can be
beneficial 1n reducing temperature gradient through the
form. In this regard, any of the diluents described herein can
be employed i the catalytic form for the purpose of pro-
moting heat transfer and reducing the temperature gradient
through the form.

[0335] In another embodiment, the thermal transier prop-
erties 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 1nert support resulting 1n an overall low catalyst
loading per form and limited temperature gradient through
the form (since there 1s no heat generation 1n 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, 1t may be
desirable to increase the temperature gradient through the
form 1n some locations of the pack-bed reactor. In this case
active catalyst may be preferentially loaded 1n the core of the
form with an outer shell containing low active catalyst
amounts. Such strategies are discussed 1n more detail below.

[0336] In some embodiments a support (e.g., MgO, CaO,
B,O;, Ga,0;, Al,O;, In,O,, SrAl,O,, B,SrO.,, CaCOs;,
SrCO,, morganic oxides, S10,, T10,, SrO, BaO, Zr0O,, ZnO,
L1AlO,, MgAl,O,, MnO, MnO,, Mn,0O,, La,O,, Ln,O,,
where Ln 1s a lanthanmide element, AIPO4, $S10,/Al,0;,
activated carbon, silica gel, zeolites, activated clays, acti-
vated Al,O;, S1C, diatomaceous earth, magnesia, alumino-
silicates, calcium aluminate, support nanowires or combi-
nations thereof) may be used in the form of a pellet or
extrudate or monolith (e.g., honeycomb) structure, and the
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catalysts may be impregnated or supported thereon. In other
embodiments, a core/shell arrangement 1s provided and the
support material may form part of the core or shell. For
example, a core of MgO, Ca0O, CaCO, or SrCO, may be

coated with a shell of catalyst.

[0337] In certain embodiments, the catalyst matenals are
provided as a formed aggregate that comprises the under-
lying catalyst material, and 1n many cases, one or more
additional matenials, including dopants, diluents, binders,
supports, or other different catalyst matenals, as described
clsewhere herein. These formed aggregates may be prepared
by a large number of diflerent forming processes, including
for example, extrusion processes, casting processes, press
forming processes, €.g., tablet processes, free form aggre-
gation processes (€.g., spray aggregation ), immersion, spray,
pan or other coating or impregnation processes and/or
agglomeration/granulation techniques. These formed aggre-
gates may range in size from small particles, e.g., less than
1 mm 1n cross sectional dimension, to moderate size par-
ticles ranging from 1 mm to 2 cm 1n cross sectional
dimension, e.g., for typical pellet or extrudate sized par-
ticles, to much larger forms, ranging from 2 cm to 1 or more
meters 1n cross sectional dimension, e.g., for larger formed
aggregates and monolithic forms.

[0338] In some embodiments, diluents or binders used for
the purpose of forming composite formed aggregates con-
taining a heterogeneous catalyst (e.g., an OCM active cata-
lyst) are selected from Silicon Carbide, Magnesium Oxide,
Calcium Oxide, Alumina, aluminosilicates, carbonates, sul-
fates, low acidity refractory oxides such as cordierite
(Mg,Al,S1.0,,) and alkaline earth metal aluminates (e.g.,
CaAl204, Ca,Al,O). 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 inter-
mediates.

[0339] Additional binders can also be used i order to
improve the mechanical strength (in particular crush
strength) of the formed aggregates. In some embodiments,
such binders are 1norganic precursors or morganic clusters
capable of forming bridges between the particles 1n the
aggregate, for example, colloidal oxide binders such as
colloidal silica, alumina or zirconia may be used. In the
particular case ol an OCM catalyst however, inertness of the
binder toward reaction intermediates 1s 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 com-
prise these types of binders, and in certain embodiments the
catalytic materials comprise a catalytic nanowire and sub-
stantially no binder (1.e., the nanowires act as binder mate-
rial). In some embodiments, the binder may comprise low
concentration of CeQO, provided the red-ox activity of the
binder 1s much smaller than the overall catalyst activity for
OCM of the composite form.

[0340] Apart from the above mentioned components, fur-
ther components and auxiliaries are typically added to the
mixture to be formed (e.g., extruded). Water and, 11 appro-
priate, acids or bases may be employed. In addition, organic
and 1norganic 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
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desired porosity of the extruded catalytic material can addi-
tionally be employed as auxiliaries. Such auxiliaries can
include graphite, stearic acid, methylstearate, silica gel,
siloxanes, cellulose compounds, starch, polyolefins, carbo-
hydrates (sugars), waxes, alginates, and polyethylene gly-
cols (PEGs).

[0341] The ratios of active catalyst to binder to be used 1n
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 1dentity of
the catalyst. With regard to extrudates, the rheology of the
paste to extrude can be varied to obtain the desired catalytic
material.

[0342] In certain embodiments, the disclosed formed cata-
lytic matenials for the OCM reaction are designed diflerently
from catalytic materials employed 1 common catalytic
reactions involving the clementary steps of adsorption,
surface reaction, and desorption. While not wishing to be
bound by theory, 1t 1s believed that 1n certain embodiments
the OCM reaction follows an Eley-Rideal mechanism where
methane 1s activated at a catalyst surface by collision,
generating methyl radicals that then react 1n 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 forma-
tion.

[0343] This mechanism leads to a catalyst that can pro-
duce very high turnover rates and allows operation at higher
gas hourly space velocities relative to other catalytic reac-
tions. Since reactor vessels with high aspect ratio (length/
diameter ratio for cylindrical reactor) are desirable at com-
mercial scale, high gas linear velocity or superficial velocity
1s 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 10 m/s, or in certain embodiments {from
about 2 m/s to about 8 m/s and 1n 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 2 m/s or less than about 1
m/s. These high linear flow rates result 1n increased flow
resistance for catalyst beds with small particle size and low
void fraction.

[0344] Accordingly, one challenge associated with an
OCM catalytic material 1s to minimize mass transier limi-
tations 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 transier resistance, both external and internal
mass transfer must be minimized. In certain embodiments,
the 1internal mass transier resistance 1s minimized by main-
taining the catalytic material’s diameter at a minimum and
the pore size at greater than about 10 nm. In other embodi-
ments, to minimize external mass transfer resistance, the
hydrodynamics are controlled such that the process 1s oper-
ated at a gas velocity where the Reynolds number 1s high and
the tflow 1s turbulent. The Reynolds numbers increases with
increasing particle eflective diameter or gas velocity. In
certain embodiments herein the OCM reaction 1s operated
under conditions such that the Reynolds number (based on
particle) exceeds 100, for example greater than 1,000 or
greater than 2,000.

Sep. 21, 2017

[0345] To meet both a small eflective diameter to mini-
mize internal mass transier resistance and a high Reynolds
number, certain embodiments of the catalytic material are
chosen to have a shape that minimizes the eflective diameter
but have a high void fraction to reduce the pressure drop
generated from high gas velocity. Thus, certain embodi-
ments of the disclosed catalytic materials are provided in
high void forms such as rings, pentagons, ovals, and the like,
cach having optional fluted edges and through holes.

[0346] Accordingly, 1n some embodiments, the catalytic
materials useful in embodiments of the mvention are pro-
duced 1n various shapes and sizes. In this regard, extrudates
or tablets find particular utility 1n 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, spheri-
cal, fluted, honeycombs and irregular shapes, including any
ol the foregoing shapes with one or more holes penetrating
therein. In various embodiments, catalyst size and shape 1s
chosen to meet selectivity, activity, and pressure drop
requirements for a particular reactor size and reactor oper-
ating conditions (e.g., temperature, pressure, linear velocity,
etc.). The catalytic material size and shape may be different
depending on specific reactor type. Catalyst size 1s 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 1n
size from 0.5 to 10 mm, preferably from 1 to 350 mm,
particularly preferably from 6 to 25 mm. In other embodi-
ments, the mean ratio of length to outer diameter for small
catalytic materials 1s from 0.2:1 to 20:1, preferably from
0.7:1 to 10:1, particularly preferably from 1:1 to 5:1. Exem-
plary embodiments of large catalytic materials include
extrudates or tablets ranging in size (eflective 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
maternals 1s from 0.1:1 to 20:1, preferably from 0.7:1 to 10:1,
particularly preferably from 0.5:1 to 2:1.

[0347] 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 1mpact on the void fraction between formed
particles. For example, one embodiment 1s directed to donut
shaped particles which have larger iter packbed void frac-
tion 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 acceptable pressure drop and surface area at commer-
cial scale has a bed void fraction between about 0.6 and 0.7
and an eflective diameter between about 3 and 12 mm.

[0348] Other catalytic forms useful for implementation of
various embodiments of the invention include hollow cata-
lytic forms (which are typically prepared by extrusion or
casting, but may be press formed as well). Such embodi-
ments allow separation of diflerent gas domains by a porous
and catalytically active material. One implementation of
such design 1s 1n hollow tubes with walls made of nanowire
catalyst with diluent material. The tubes may be used to
introduce reagents in separate streams. Another implemen-
tation ol such complex form can be wall tlow through
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monoliths where feed gases and product gases are on
separate sides of the catalytic walls.

[0349] In certain other aspects, tube or ring shaped catalyst
particles are used. While not wishing to be bound by theory,
it 1s believed that the wall or ning thickness can have an
impact on performance. In particular, a larger wall or ring
thickness 1s thought to promote lower light-oil temperatures
for OCM reactions. Restated, ring or tube shaped catalyst
forms or particles having a higher ratio of the outer diameter
to the iner diameter show lower light-ofl 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, 1s selected so that the ratio of inner diameter to outer
diameter 1s between about 0.3 and 0.7. For example, 1n 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 preterred 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.

[0350] Other embodiments of ring-shaped catalytic mate-
rials include rings having an outer diameter from about 3
mm to about 50 mm. Inner diameters in certain embodi-
ments 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 of the catalytic material
for implementation of various embodiments of the invention
comprise a plurality of OCM active catalysts, wherein the
catalytic material 1s 1n 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 1s 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 1n 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.

[0351] Diflerent scale reactions will typically benefit from
different sized rings. For example, for smaller scale reac-
tions (e.g., pilot, small commercial, etc.), the rings will
typically have an outer diameter ranging from about 3 mm
to about 15 mm, 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 1nner
diameter of about 3 mm.

[0352] 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 1s about 6
mm and the inner diameter 1s about 3 mm.

[0353] For larger scale reactions (e.g., demonstration
scale, commercial scale, etc.) may benefit from larger ring
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s1zes. Accordingly, 1n some embodiments the outer diameter
of the rings ranges from about 10 mm to about 50 mm for
example from about 15 to about 40 mm or from about 18
mm to 25 mm. The mmner 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.

[0354] In further embodiments of the above described
rings, the rings have an outer diameter ranging from about
1’7 mm to about 19 mm and an 1mnner 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 mner 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
iner 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.

[0355] 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
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.

[0356] 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 1mnner diameter ranging {from
about 9 mm to about 11 mm. For example, 1n some embodi-
ments, the rings have an outer diameter of about 14 mm and
an inner diameter of about 10 mm.

[0357] Other exemplary shapes for catalytic matenals
described herein include “miniliths.” Mimliths are small
monolithic materials having void volumes therein. The
miniliths can be provided 1n any number of various shapes
and sizes. For example, in certain embodiments minilith
shapes range from cubic to cylindrical and include non-
regular shapes thereot. The void volume within the minmiliths
can also vary in size and shape. The number of void spaces
in a typical mimlith will also vary from about 1 to about 10
per minilith, for example from about 3 to about 7 per
minilith. In some embodiments, the void volume 1s cylin-
drical.

[0358] With respect to size of the disclosed miniliths,
vartous embodiments are directed to miniliths having a
largest outside dimension ranging from about 10 mm to



US 2017/0267605 Al

about 50 mm for example from about 15 to about 40 mm or
from about 18 mm to 25 mm. With respect to “largest
outside dimension” for a minilith, this value 1s determined
based on the smallest diameter pipe that the minilith wall fit
in. For example, the largest outside dimension of a cylin-
drical minilith will be 1ts diameter while for a cubic minilith
this dimension will be a diagonal of one of the cubic faces.
[0359] In certain embodiments, the miniliths 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, 1n some
embodiments the methods employ a formed catalytic mate-
rial comprising a catalyst and a binder or diluent, the
catalytic material comprising:

[0360] a) a non-tessellating shape;

[0361] c¢) an eflective diameter ranging from 1 mm to 20
mm; and

[0362] d) a void fraction of greater than 0.3.

[0363] In some embodiments, the catalyst 1s 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.

[0364] The void fraction 1s 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.
[0365] The density 1s also optimized for such factors as
crush strength and porosity. For example, 1n certain embodi-
ments 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/cm’. As used herein, the term “total
density” refers to the density of the entire formed catalytic
materials (1.e., imncluding the total volume occupied by any
voild volume and porosity). With respect to a catalyst bed
(1.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.).
[0366] Insome embodiments, the catalytic materials com-
prise rounded or chamiered edges. Further, since pressure
drop across a catalytic bed 1s an important factor to consider,
some ol the formed catalytic materials comprise convex
surfaces, instead of the traditional flat surfaces. The convex
surfaces allow for more void volume 1n the packed catalyst
bed (i1.e., the formed catalytic materials do not pack as
tightly).

[0367] In some of the foregoing embodiments, the non-
tessellating shape 1s a pentagon. The pentagon may be an
irregular or a regular pentagon. The size of the pentagon
shaped catalytic materials 1s typically selected based on the
scale of the reaction. Larger scale reactions will typically
utilize larger formed catalytic materials. In some embodi-
ments 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.

[0368] In other embodiments, the non-tessellating shape 1s
an ellipse. Again, the size of the ellipse will generally be
selected based on the scale of the desired reaction. In some
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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. For example, 1n 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.

[0369] In other embodiments, the non-tessellating shape 1s
a circle. In some embodiments, the circle has a diameter
ranging from about 5 mm to 30 mm or about 5 mm to about
20 mm. In other embodiments, the diameter ranges from
about 20 mm to about 30 mm or about 6 mm to about 18
mm. For example, 1n some more specific embodiments the
diameter ranges from about 22 mm to about 26 mm or about
10 mm to about 14 mm.

[0370] In various embodiments the void space of a catalyst
bed 1s controlled by 1ncluding grooves and/or tlutes on the
edges of the formed catalytic materials. 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.

[0371] In any of the foregoing embodiments, the OCM
catalyst comprises a rare earth oxide. In some embodiments,
the catalyst 1s a nanowire catalyst, and 1n other embodiments
the catalyst 1s a bulk catalyst.

[0372] The void volume 1n 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.

[0373] 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 cylin-
drical.

[0374] The dimension of a void space will vary and 1s
determined based on the largest cross-sectional dimension of
the void space. Void spaces within the same minilith can be
the same or independently different. The void space dimen-
sion 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.

[0375] In various other embodiments, the miniliths com-
prise an outer dimension ranging from about 15 mm to about
1’7 mm and void space 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 mimliths 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 mimliths 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
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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 ifrom 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 ifrom 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 ifrom about 21 mm to
about 23 mm and void space dimensions ranging from about
4 to about 5 mm.

[0376] In various embodiments of the foregoing, the mini-
liths comprise from 3 to 9 void spaces, for example 3 to 7
void spaces. For example, 1n some embodiments the mini-
liths comprise 3 void spaces. In other embodiments the
mimliths comprise 4 void spaces. In more embodiments, the
minmliths comprise 5 void spaces. In some other embodi-
ments, the miniliths comprise 6 void spaces. In yet other
embodiments, the miniliths comprise 7 void spaces. In yet
other embodiments, the miniliths comprise 8 void spaces. In
yet other embodiments, the miniliths comprise 9 void
spaces. In some embodiments, the catalytic material 1s 1n the
form of a straight long shape (1.e., rod or cylinder), which
may be formed 1n 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 to the area of
channels through a monolith with a larger solid to void ratio.
Reducing the void ratio can be advantageous 1n increasing
the gas linear velocity through these channels and poten-

tially provide a better reactor volume utilization.

[0377] Other forms that have a much longer length than
theirr other dimensions can also be used to form seli-
assembled monolith like structures. In some embodiments,
catalytic materials 1 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).

[0378] In a variant of certain embodiments of the iven-
tion, 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
> nm.

[0379] Active catalyst loading 1n 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.

[0380] The formed catalytic material for implementing
various embodiments of the invention may have any of the
shapes, sizes and other properties described above. Specific
embodiments are also provided below. For example, 1n some
embodiments, the catalytic material has an effective diam-
eter ranging from 1 mm to 30 mm, for example, from about
15 mm to about 30 mm.
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[0381] 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.

[0382] In other embodiments, the catalytic material has a
density ranging from about 0.8 g/cm” to about 3.0 g/cm”.
[0383] With regard to the physical shape of the foregoing
catalytic material, 1n some embodiments the catalytic mate-
rials have at least one rounded or chamifered edge, for
example all rounded or chamiered edges.

[0384] In other embodiments, the non-tessellating shape 1s
a pentagon, for example a regular pentagon. In some
embodiments, the pentagon has an effective diameter rang-
ing from about 10 mm to about 30 mm, for example from
about 20 to 30 mm or from about 22 to 26 mm.

[0385] In other embodiments, the non-tessellating shape 1s
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. 1n still more embodiments, the
major diameter ranges from about 22 mm to about 26 mm,
and the minor diameter ranges ifrom about 10 mm to about
14 mm.

[0386] In some diflerent embodiments, the catalytic mate-
rials 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, for example about 6
mm. In some of these embodiments, the catalytic material 1s
a minilith (e.g., pentagon, ring, ellipse, and the like) with one
or more flutes.

[0387] Inother 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
carth oxide. In some diflerent embodiments, the catalyst 1s
a nanostructured catalyst, for example a nanowire catalyst.

[0388] Other embodiments employ 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 cata-
lytic matenial further comprises a crush strength ranging
from about 3 N/mm to about 30 N/mm. In other embodi-
ments, the formed catalytic material 1s an extrudate. In still
different embodiments, the formed catalytic matenal 1s a
tableted catalytic matenal.

[0389] Still other embodiments employ 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 1s a nanostructured
catalyst, such as a nanowire.

[0390] 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 mixture into the
desired shape, for example shaped pellets or extrudates as
discussed above. In some embodiments, these mixed par-
ticles may then be loaded into a packed bed reactor. The
formed aggregates comprise from about 30% to 70% pore
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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 3-75% active catalyst or
from about 5-50% active catalyst. Useful mnert materials 1n
these embodiments include, but are not limited to those
described herein above. In certain specific embodiments the
inert materials are selected from SiC and cordierite.

[0391] 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 1s reduced flow resistance at the same gas hourly
space velocity versus a pack-bed containing the same
amount of catalyst.

[0392] Nanowire shaped catalysts are particularly well
suited for incorporation mmto formed aggregates, such as
pellets or extrudates, or deposition onto structured supports,
for example structured supports at 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 forego-
ing formed catalytic materials comprise nanowire catalyst as
described herein and incorporated by reference.

[0393] The mesh like structure can also provide improved
cohesion 1 composite ceramic improving the mechanical
properties of pellets or extrudates contaiming the nanowire
shaped catalyst particles.

[0394] Alternatively, such nanowire on support or 1n pellet
form approaches can be used for other reactions besides
OCM, such as ODH, dry methane reforming, Fischer-
Tropsch, and all other catalytic reactions.

[0395] In vet other embodiments, the catalytic material
comprises one or more diflerent 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. Fither one or both of these catalysts may be
nanowires as disclosed herein.

[0396] Catalyst beds comprising a plurality of any of the
foregoing formed catalytic matenals are also provided. In
some embodiments, such catalytic beds comprise an aspect
rat1o 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 irom 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.

[0397] The crush strength 1s an important physical prop-
erty 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 theretrom 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
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presently described catalysts and catalytic materials formed
therefrom exceed 30 N/mm for 2 mm extrudates.

[0398]

[0399] The catalysts and catalytic matenials can be pre-
pared according to any number of methods. Exemplary
procedures for preparing nanowire based catalysts are pro-
vided 1n U.S. application Ser. No. 13/1135,082 (U.S. Pub. No.
2012/0041246); Ser. No. 13/4779,767 (US Pub. No. 2013/
0023709); Ser. No. 13/689,611 (U.S. Pub. No. 2013/
0165728); Ser. No. 13/689,514 (U.S. Pub. No. 2013/
0158322); Ser. No. 13/901,319 (U.S. Pub. No. 2014/
0121433); Ser. No. 14/212,435 (U.S. Pub. No. 2014/
0274671); Ser. No. 14/701,963 (U.S. Pub. No. 2015/
0314267) and PCT Pub. No. WO 2014/143880. Brietly,
some embodiments of nanowire catalysts can be prepared
using a bacteriophage template. A phage solution 1s first
prepared, to which metal salt precursor comprising metal
ions 1s added. Thereafter, an anion precursor 1s added. Under
appropriate conditions (e.g., pH, molar ratio of the phage
and metal salt, molar ratio of the metal 1ons and anions,
addition rate, etc.), the metal 1ons and anions become bound
to the phage, nucleate and grow 1nto 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.

[0400] 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 1s incorporated herein by reference, may
also be employed. For example, a slurry of a metal 1so-
propoxide in ethanol 1s first prepared and filtered. The wet
cake 1s then treated with aqueous hydroxide at temperatures
of about 230 C for 24 hours, thus resulting in nanowires.

[0401] The catalytic materials can be prepared after prepa-
ration 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 mto a “pressed pellet” or extrudate followed by
calcination to above 400° C.

[0402] In other examples, the catalytic materials are pre-
pared by mixing the individual components with one or
more solvents into a suspension or slurry, and optional
mixing and/or milling can be used to maximize umformity
and reduce particle size. Examples of slurry solvents useful
in this context include, but are not limited to: water, alco-
hols, ethers, carboxylic acids, ketones, esters, amides, alde-
hydes, amines, alkanes, alkenes, alkynes, aromatics, etc. In
other embodiments, the individual components are depos-
ited on a supporting material such as silica, alumina, mag-
nesia, activated carbon, and the like, or by mixing the

4. Preparation
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individual components using a fluidized bed granulator.
Combinations of any of the above methods may also be
used.

[0403] Other methods for preparation of catalytic materi-
als include use of a wet filter cake 1solated via the method
described 1n U.S. application Ser. No. 13/757,036 (U.S. Pub.
No. 2013/0253248), which application 1s hereby incorpo-
rated by reference in 1ts entirety for all purposes. For
example, a wet filter cake (1.e., still containing some solvent
and/or wash solution) can be extruded to form extrudates
directly. An optional binder may be included 1n the wet cake
prior to extrudation. Further, the wet cake may also option-
ally 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.

[0404] In some embodiments, methods for preparation of
extruded catalytic materials comprise preparation of a solu-
tion(s) comprising the desired dopants (e.g., as a soluble salt
such as nitrate or carbonate). This solution 1s then combined
with a composition comprising the base catalyst material or
a precursor thereol. For example, in some embodiments the
dopant solution 1s combined with a metal hydroxide. This
mixture 1s then dried 1 an oven to approximately 1-20%
(e.g., about 2%) moisture content, and the dried composition
1s milled and passed through a sieve (e.g., 1.0 mm). Optional
binders, diluents, lubricants, peptizing agents and/or extrud-
ing agents and DI water are added to reach the desired water
content (e.g., 10-40%). This paste 1s then extruded in the
desired shape, dried to remove water and then calcined.

[0405] 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® hydrau-
lic 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.

[0406] As noted above, various processing aids may be
employed for the extrusion or tableting process. For
example, 1n some embodiments the method for preparation
of pressed catalytic materials comprises forming a compo-
sition comprising the base catalyst material (which may be
optionally doped before, after or during the tableting pro-
cess) and a processing agent (the “pre-formed composi-
tion”). In some embodiments, the processing aid 1s 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 embodi-
ments, the organic acid 1s acetic acid. In other embodiments,
the carbohydrate based polymer 1s methylcellulose and/or
hydroxypropyl methyl cellulose. The concentration of pro-
cessing aid can vary from about 0% to about 10%. For
example, 1n some embodiments the processing aid 1s 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 i1s a carboxylic
acid, such as citric acid, acetic acid, succinic acid, or stearic
acid, which 1s present at about 3% by weight of the pre-
tformed composition. In other embodiments, the processing
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aid comprises both citric acid and methylcellulose and/or
hydroxypropyl methyl cellulose.

[0407] In some other embodiments, the tableting pro-
cesses 1nclude use of a lubricant 1n the pre-formed compo-
sition. When present, the lubricant may be present 1n amount
ranging from about 1% to about 5%, for example about 1%
to about 3%. In some embodiments, the lubricant 1s a
stearate-based moiety or a polymer. Exemplary stearate
based moieties include, but are not limited to: magnesium
stearate, calcium stearate, strontium stearate, methyl stear-
ate, stearic acid and Acrawax®. In some different embodi-
ments, the polymer 1s polyethylene glycol having a molecu-
lar 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.

[0408] 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 muilling) result 1n catalytic materials having
higher density and crush strength relative to larger particles
(such as those produced by oscillating granulation).

[0409] Particle size distributions can be controlled using
specific size reduction operations and/or classification of the
powders using mechanical separation. Size reduction opera-
tions include crushers (jaw crushers, gyratory crushers,
crushing rolls), grinders (hammer mills, impactors, rolling-
compression mills, attrition malls, tumbling maills), ultrafine
ogrinders (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.

[0410] 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 1n the composition. In other embodi-
ments, at least 80% of the particles 1 a given powder
composition for preparation of a tableted or extruded cata-
lytic 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 1n a given powder composition for prepara-
tion 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 1n the composi-
tion. In still other embodiments, at least 95% of the particles
in a powder composition for preparation of a tableted or
extruded catalytic maternial are within a 20%, 10%, a 5%, a
2% or even a 1% deviation of the average particle size of
particles 1n the composition, for example 1n 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
ol particles in the composition.

[0411] In addition to size distribution, 1n some aspects, the
powdered compositions used 1n preparing the formed cata-
lysts described herein will typically range from about 1 um
in average particle diameter to about 1,000 um or to about
500 um 1n average particle diameter. As will be appreciated,
average diameter refers to an average cross-sectional dimen-
sion of particles, but does not require a particle that 1s
necessarily spherical or substantially spherical.
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[0412] 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 diflerent materials, e.g., catalyst matenials, diluents,
binders, other dopants, etc. If more than one doping material
1s used, each dopant can be added together or one after the
other to form layers of dopants.

[0413] Doping material(s) may also be added as dry
components and optionally ball milling can be used to
increase mixing. In other embodiments, 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 liquud may optionally be
adjusted for optimum wetting of the catalyst, which can

result 1n optimum coverage of catalyst particles by doping
material. Mixing, grinding and/or milling can also be used to
maximize doping coverage and uniform distribution. Alter-
natively, doping material(s) are added as a liqud (e.g.
solution, suspension, slurry, etc.) to a suspension or slurry of
the catalyst 1n 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.

[0414] In some embodiments dopants are 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). In
other embodiments, dopants are incorporated using a car-
bonate, sulfate, phosphate or halide salt of the dopant. For
example 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.

[0415] Some embodiments of the catalytic maternals
described herein have reduced shrinkage relative to other
catalytic materials. Methods for preparation of certain
embodiments of such catalytic matenials comprise:

[0416] 1) providing a first nanostructured OCM active
catalyst having a BET surface area of greater than 5 m~/g;

[0417] 11) sintering a second nanostructured OCM active
catalyst at a temperature above 1000° C. to obtain a third
OCM active catalyst having a BET surface area of less than
2 m~/g;

[0418] 111) admixing the first and third OCM active cata-
lysts; and

[0419] 1v) forming the mixture to obtain the formed cata-
lytic matenal.

[0420] In some embodiments the second nanostructured
OCM active catalyst 1s the same as the first nanostructured
OCM active catalyst. In other embodiments, the second
nanostructured OCM active catalyst 1s different than the first
nanostructured OCM active catalyst. Diflerences include but
are not limited to, a different composition and a different
surface area.

[0421] In some embodiments, the method further com-
prises exposing the third OCM active catalyst to an atmo-
sphere comprising carbon dioxide and an optional inert gas
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such as nitrogen at a temperature above 500 C, for example
about 650 C, prior to admixing the first and second OCM
active catalysts.

[0422] The formed catalytic material prepared according
to the above method has reduced shrinkage relative to other
catalytic matenials, for example 1n some embodiments the
formed catalytic material has a volume loss of less than
20%, or less than 10% when heated to 900° C. 1n air for 100
hours.

[0423] In other embodiments of the above method, the
first OCM active catalyst has a BET surface area of greater
than 10 m*/g. In different embodiments, the second OCM
active catalyst has a BET surface area of less than 1 m*/g.
[0424] In still other embodiments, the first OCM active
catalyst 1s a nanowire. In different embodiments, the third
OCM active catalyst 1s a nanostructured catalyst, for
example a nanowire. In different embodiments, the third
OCM active catalyst 1s a bulk (1.e., non-nanostructured
catalyst).

[0425] In certain embodiments, the first OCM active cata-
lyst 1s admixed with the third OCM active catalyst such that
the weight percent of the first OCM active catalyst in the
admixture ranges from 75%-99%.

[0426] In different embodiments, the first and second
OCM active catalysts have the same elemental composition.
In other embodiments, the first and second OCM active
catalysts have a diflerent elemental composition.

[0427] The foregoing method can be used for preparation
of catalytic materials in various forms. In some embodi-
ments, the formed catalytic material 1s an extrudate. In other
embodiments, the formed catalytic material 1s a tableted
catalytic matenal.

[0428] In other embodiments, methods for preparing the
catalytic materials comprises: (a) preparing a mixture coms-
prising 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 (¢) forming the formed catalyst by
tableting or extrusion.

[0429] Other Methods for preparation of a formed cata-
lytic material for use 1n embodiments of the present inven-
tion comprise:

[0430] a) forming a nanostructured catalytic base material
by: (1) admixing a nanostructured catalyst with a dopant; (11)
drying the doped nanostructured catalyst of (1); (111) milling
the dried nanostructured catalyst of (11); and (1v) calciming,
the milled nanostructured catalyst of (111) at temperatures
ranging from about 600° C. to about 1200° C. to produce the
nanostructured catalytic base matenal;

[0431] b) extruding or tableting the mixture of (a) to
prepare a formed catalytic material; and

[0432] c¢) calciming the formed catalytic material at tem-
peratures ranging irom about 600° C. to about 1200° C., for

example from about 800° C. to about 1200° C.

[0433] In the methods described herein, an optional cal-
cination step may follow an optional drying step at T<200°
C. (typically 60-120° C.) 1n a regular oven or 1n a vacuum
oven. Calcination may be performed on the individual
components of the catalytic material or on the blended
catalytic maternial. In some embodiments, calcination 1is
performed 1n an oven/furnace at a temperature higher than
the mimmum temperature at which at least one of the
components decomposes or undergoes a phase transforma-
tion and can be performed in 1nert atmosphere (e.g. N, Ar,
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He, etc.), oxidizing atmosphere (air, O,, etc.) or reducing
atmosphere (H,, H,/N,, H,/Ar, etc.). The atmosphere may
be a static atmosphere or a gas flow and may be performed
at ambient pressure, at p<<l atm, in vacuum or at p>1 atm.
High pressure treatment (at any temperature) may also be
used to induce phase transtormation including amorphous to
crystalline. Calcinations may also be performed using
microwave heating.

[0434] Calcination 1s generally performed 1n any combi-
nation of steps comprising ramp up, dwell and ramp down.
For example, ramp to 500° C., dwell at 500° C. for 5 h, ramp

down to RT. Another example includes ramp to 100° C.,
dwell at 100° C. for 2 h, ramp to 300° C., dwell at 300° C.

for 4 h, 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 embodi-
ments, calcination 1s performed belfore preparation of the
blended catalytic material (1.e., mndividual components are
calcined), after preparation of the blended catalytic matenal
but before doping, after doping of the mndividual compo-
nents or blended catalytic material. Calcination may also be
performed multiple times, e.g. after catalyst preparation,
alter aggregate formation, and/or atter 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.

[0435] The particle size of the individual components
within a catalytic matennal may also alter the catalytic
activity, and other properties, of the same. Accordingly, 1n
one embodiment, the catalyst 1s milled to a target average
particle size and may be optionally sieved to select a
particular particle size range. In some aspects, the catalyst
powder 1s Turther processed 1into extrudates or pellets and the
extrudates or pellets are optionally milled and/or sieved to
obtain the desired particle size distribution.

[0436] In some cases, a sacrificial binder (also reterred to
herein as a porogen) may be used. A sacrificial binder can be
used 1n order to create unique microporosity in formed
aggregates (e.g., pellets or extrudates). After removing the
sacrificial binder, the structural integrity of the catalyst 1s
ensured by the special binding properties of the catalyst
(c.g., nanowires). For example, 1n some embodiments a
catalytic material may be prepared with a binder and then the
binder removed by any number of techniques (e.g., com-
bustion, calcinations, acid erosion, etc.). This method allows
for design and preparation of catalytic materials having
unique microporosity (i.e., the microporosity 1s a function of
s1ze, 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 1s not only usetul for
preparation of catalytic materials from nanowires, but also
allows the nanowires to be used as support materials (or both
catalytic and support matenal). Sacrificial binders and tech-
niques useful i 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 1ncrease macro-porosity (pores larger than 20 nm
diameter) of the catalytic materials. Accordingly, 1n some
embodiments the catalytic materials comprise pores greater
than 20 nm i diameter, greater than 50 nm 1n diameter,
greater than 75 nm in diameter, greater than 100 nm 1n
diameter or greater than 150 nm 1n diameter.
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[0437] The methods described herein for preparation of
various catalytic forms may optionally include use of pro-
cessing aids such as lubricants, binders, peptizing agents
and/or extrusion aids.

[0438] The catalytic forms 1n the form of formed aggre-
gates 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
calcimng. The binder can be pretreated prior to extrusion.
This 1s 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.

[0439] Generally, the role of the peptizing agent 1s to
cnable the formation of a stable colloidal solution/suspen-
sion by charging the surface of the particles, thus providing
repulsive force. Accordingly, in some embodiments a pep-
tizing agent 1s included 1n 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.

[0440] Other processes for preparing catalytic forms
include drying a composite wet “cake” obtained by filtration
or centrifugation before fragmenting such dry cake into mm
s1ze pieces, €.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 1s also be used to create complex
forms prior to drying and calcination. The catalytic maternials
may also be 1solated and/or doped according to the proce-
dures described in co-pending U.S. application Ser. No.

13/757,036 (U.S. Pub. No. 2013/02532), which application
1s hereby incorporated by reference in its entirety for all

pUrposes.
[0441] 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
1s performed first. The nactive form 1s then calcined at
clevated temperature to provide a mechanically strong
object. The active catalyst 1s then contacted with the form.
In certain embodiments, soluble salt precursors of the cata-
lyst are used 1n this step with a high surface area carrier (or
diluent or support) to promote the formation of dispersed
catalyst on the support.

[0442] In embodiments wherein the catalyst 1s a nanowire,
the catalyst 1s typically synthesized separately through con-
trolled precipitation or crystallization, and in some further
embodiments the support does not need to have a high
surface area. However, 11 a homogeneous distribution of the
catalytic solids 1s to be obtained, large pores within the form
are needed to enable diflusion of the nanowire shape solid
into the form. Pores on the order a 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 1nto the
pores of the pre-calcined form. For example, the nanowire
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catalyst 1s coated on the inactive form by conventional
methods such as dip-coating, spray-coating, and related
methods. In certain embodiments, nanowire or nano-col-
loids 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.

[0443] In other embodiments, catalytic materials compris-
ing nanowire catalysts can also be formed within a porous
form by adding the selected form to the nanowire synthesis
solution.

[0444] 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 1n a
first calcination step without degrading the active catalyst
component.

[0445] In other examples, wet impregnation of the form
containing an active catalyst (e.g., OCM catalyst) compo-
nent can also be used to further promote activity or selec-
tivity of the formed material. For example, 1n some embodi-
ments the catalyst form 1s impregnated with a soluble salt
comprising a dopant, thus producing a doped catalytic
material. Methods for impregnating or coating a dopant on
or 1n 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) 1s 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 compo-
nent and the doping element added to the form.

[0446] Adter 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 3500 to 700° C. or 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.

[0447] Deposition of the catalyst on a support, such as a
monolith, can be performed by wash-coating which 1s con-
tacting a slurry containing the catalyst with the monolith
walls and removing the excess slurry prior to drying and
calcination of the monolith.

[0448] 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 1s 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.

[0449] In some other embodiments, the catalytic material
1s 1n 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.

[0450] 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
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oxidation of alkanes and alkenes and alkynes, oxidation of
CO, dry reforming of methane, selective oxidation of aro-
matics, Fischer-Tropsch, combustion of hydrocarbons, eftc.
as discussed 1n more detail below.

[0451] 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.

Catalytic Reactions and Methods

[0452] In some embodiments, the present disclosure pro-
vides for the use of the disclosed catalysts and catalytic
materials in catalytic reactions and related methods. Cata-
lysts are typically incorporated in to catalytic materials for
use 1n catalytic reactions, accordingly the disclosure which
follows generally refers to use of catalytic materials, but 1t
1s understood that 1n certain embodiments catalysts may be
used 1n their raw form (1.e., without additional diluent and/or
binder, etc.). In some embodiments, the catalytic reaction 1s
any of the reactions described herein. The morphology and
composition of the catalysts 1n the catalytic matenals 1s 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.

[0453] The disclosed catalytic materials may be useful 1n
any number ol reactions catalyzed by a heterogeneous
catalyst. Examples of reactions wherein the disclosed cata-

lysts and catalytic materials may be employed are disclosed
in U.S. application Ser. No. 13/115,082 (U.S. Pub. No.

2012/0041246); Ser. No. 13/4°79,767 (U.S. Pub. No. 2013/
0023709); Ser. No. 13/689,611 (U.S. Pub. No. 2013/
0165728); Ser. No. 13/689,514 (U.S. Pub. No. 2013/
0158322); Ser. No. 13/901,319 (U.S. Pub. No. 2014/
0121433); Ser. No. 14/212,435 (U.S. Pub. No. 2014/
0274671); Ser. No. 14/701,963 (U.S. Pub. No. 2015/

0314267) and PCT Pub. No. WO 2014/143880, and 1n
Farrauto and Bartholomew, “Fundamentals of Industrial
Catalytic Processes” Blackie Academic and Proiessional,
first edition, 1997, which i1s hereby incorporated in 1its
entirety. Non-limiting examples of reactions wherein the
disclosed catalytic materials may be employed include: the
oxidative coupling of methane (OCM) to ethane and ethyl-
ene; oxidative dehydrogenation (ODH) of alkanes to the
corresponding alkenes, for example oxidative dehydrogena-
tion of ethane or propane to ethylene or propylene, respec-
tively; selective oxidation of alkanes, alkenes, and alkynes;
oxidation of CO, dry reforming of methane, selective oxi-
dation of aromatics; Fischer-Tropsch, hydrocarbon crack-
ing; combustion of hydrocarbons and the like. Some of the
reactions catalyzed by the disclosed catalytic materials are
discussed 1n more detail below.

[0454] The disclosed catalytic materials are generally use-
ful 1n methods for converting a first carbon-containing
compound (e.g., a hydrocarbon, CO or CO,) to a second
carbon-contaiming compound. In some embodiments the
methods comprise contacting a catalytic material disclosed
herein with a gas comprising a {first carbon-contaiming
compound and an oxidant to produce a carbon-containing
compound. In some embodiments, the first carbon-contain-
ing compound 1s a hydrocarbon, CO, CO,, methane, ethane,
propane, hexane, cyclohexane, octane or combinations
thereof. In other embodiments, the second carbon-contain-
ing compound 1s a hydrocarbon, CO, CO,, ethane, ethylene,
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propane, propylene, hexane, hexene, cyclohexane, cyclo-
hexene, bicyclohexane, octane, octene or hexadecane. In
some embodiments, the oxidant 1s oxygen, ozone, nitrous
oxide, nitric oxide, carbon dioxide, water or combinations
thereof.

[0455] 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 tem-
perature 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 1s 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.

[0456] In certain embodiments of the foregoing method,
the catalytic materials comprise a catalytic nanowire. In
other embodiments, the catalytic materials comprise a bulk
catalyst.

[0457] The catalytic reactions described herein can be
performed using standard laboratory equipment, for

example as described in U.S. Pat. No. 6,350,716, which 1s
incorporated herein by reference 1n 1ts entirety.

[0458] 1. Oxadative Coupling of Methane (OCM)

[0459] 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 1n U.S. application Ser. No. 13/900,898,
which application 1s hereby incorporated by reference 1n 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.,
cthylene 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 liqud fuel
production vielding reductions in GHG emissions, as well as
providing new fuel sources.

[0460] Ethylene has the largest carbon footprint compared
to all industrial chemical products 1n 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 produc-
tion exceeded 120 M metric tons while growing at a robust
rate ol 4% per year. The United States represents the largest
single producer at 28% of the world capacity. Ethylene 1s
primarily manufactured from high temperature cracking of
naphtha (e.g., o1l) or ethane that 1s separated from natural
gas. The true measurement of the carbon footprint can be
dificult as 1t 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.

[0461] Cracking consumes a significant portion (about
65%) of the total energy used 1n ethylene production and the
remainder 1s for separations using low temperature distilla-
tion 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
cthylene produced 1s from naphtha, 35% from ethane and
3% from others sources (Ren, T.; Patel, M. Res. Conserv.

Recycl. 53:513, 2009). Therefore, based on median aver-
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ages, an estimated amount of CO, emissions from the
cracking process 1s 114M tons per year (based on 120M tons
produced). Separations would then account for an additional
61M tons CO, per year.

[0462] The disclosed catalytic materials provide an alter-
native to the need for the energy intensive cracking step.
Additionally, because of the high selectivity of the catalytic
materials, downstream separations are dramatically simpli-
fied, as compared to cracking which vyields a wide range of
hydrocarbon products. The reaction 1s also exothermic so 1t
can proceed via an autothermal process mechanism. Overall,
it 1s estimated that up to a potential 75% reduction 1n CO,
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 o1l per day.

[0463] The catalytic matenals also permit converting eth-
ylene into liquid fuels such as gasoline or diesel, given
cthylene’s high reactivity and numerous publications dem-
onstrating high vyield reactions, in the lab setting, from
cthylene 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., Griflin, M., Matthews, S., Env. Sci.
lech 42:7559, 2008). In the model, the CO, 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.

[0464] Furthermore, a considerable portion of natural gas
1s found in regions that are remote from markets or pipe-
lines. Most of this gas 1s flared, re-circulated back into o1l
reservoirs, or vented given 1ts low economic value. The
World Bank estimates flaring adds 400M metric tons of CO,,
to the atmosphere each vyear as well as contributing to
methane emissions. The nanowires of this disclosure also
provide economic and environmental incentive to stop tlar-
ing. Also, the conversion of methane to fuel has several
environmental advantages over petroleum-derived {fuel.
Natural gas 1s the cleanest of all fossil tuels, and 1t does not
contain a number of 1mpurities such as mercury and other
heavy metals found in oi1l. Additionally, contaminants
including sultfur are also easily separated from the initial
natural gas stream. The resulting fuels burn much cleaner
with no measurable toxic pollutants and provide lower
emissions than conventional diesel and gasoline in use
today.

[0465] In view of 1ts 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 1nert unreactive bonds, such as C—F, C—CCl] or C—O
bonds. This has importance, for example, 1n the destruction
of man-made environmental toxins such as CFCs, PCBs,
dioxins and other pollutants. Accordingly, while the inven-
tion 1s described in greater detail below in the context of the
OCM reaction and other the other reactions described
herein, the catalytic materials are not 1n any way limited to
these particular reactions.

[0466] The selective, catalytic oxidative coupling of meth-
ane to ethylene (1.e. the OCM reaction) 1s shown by the
following reaction (1):
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2CH,+0,—CH,CH,+2 H,0 (1)

The OCM reaction on the surface of a heterogeneous
catalyst 1s schematically depicted 1n FIG. 1. This reaction 1s
exothermic (Heat of Reaction -67 kcals/mole) and usually
occurs at very high temperatures (>700° C.). During this
reaction, 1t 1s believed that the methane (CH,) 1s first
oxidatively coupled into ethane (C,H,), and subsequently
the ethane (C,H) 1s oxidatively dehydrogenated into eth-
ylene (C,H,).

[0467] Because of the high temperatures used in the
reaction, 1t has been suggested that the ethane 1s produced
mainly by the coupling in the gas phase of the surface-
generated methyl (CH,) radicals. Reactive metal oxides
(oxygen type 1ons) are apparently required for the activation
of CH, to produce the CH, radicals. The yield of C,H, and
C,H, 1s limited by further reactions 1n 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):

CH,—CHjradical (2)
CH; radical =C,H, (3)
CH; radical+2.5 O,—=C0O,+1.5 H,O (4)
CoHe—=CoHy+H, (5)
C,H+0.5 O,—=C,H,+H,0 (6)
C,H,+3 O,—2 CO,+2H50 (7)

CHj radical+C, H +O5—Higher HC’s -Oxidation/
CO,+H,0 (8)

[0468] With conventional heterogeneous catalysts and
reactor systems, the reported performance 1s generally lim-
ited to <25% CH, 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 dis-
closure are highly active and can optionally operate at a
much lower temperature. In one embodiment, the catalytic
maternals disclosed herein enable eflicient conversion (1.e.,
high vield, conversion, and/or selectivity) of methane to
cthylene 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.

[0469] Accordingly, one embodiment of the present dis-
closure 1s a method for the preparation of ethane and/or
cthylene, the method comprising converting methane to
cthane and/or ethylene i1n the presence of a catalyst or
catalytic material as disclosed herein (e.g., catalyst or cata-
lytic material comprising formula (I) or (IA)). In certain
embodiments of the foregoing method, the catalytic mate-
rials comprise a catalytic nanowire. In other embodiments,
the catalytic materials comprise a bulk catalyst.

[0470] In some embodiments, the methods for the oxida-
tive coupling of methane comprise contacting methane with
a catalyst or catalytic material disclosed herein (e.g., catalyst
or catalytic material comprising formula (1) or (1A)), thereby
converting the methane to C2 hydrocarbons, C2+ hydrocar-
bons, or combinations thereof. In some embodiments of the
methods, the method has a C2+ selectivity of greater than
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50% when the oxidative coupling of methane 1s performed
at temperatures of about 700° C. or lower. In different
embodiments, the method comprises a methane conversion
of greater than 10% and a C2+ selectivity of greater than
50% when the oxidative coupling of methane 1s performed
at temperatures of about 700° C. or lower. The OCM
reaction 1s typically conducted by flowing a gas comprising
methane through a catalyst bed comprising an OCM active
catalyst. The present applicants have discovered that the
selectivity (e.g., C2 and/or C2+ selectivity) of an OCM
reaction 1s unexpectedly improved when the surface area of
the OCM catalyst 1s not constant throughout the catalyst bed.
Specifically, a catalyst bed comprising an active OCM
catalyst surface area gradient has been found to produce C2
hydrocarbons with greater selectivity than methods com-
prising use of a catalytic bed with a constant surface area of
OCM active catalyst. Accordingly, in one embodiment 1is
provided a method for performing the oxidative coupling of
methane, the method comprising tflowing a gas comprising
methane from a front end to a back end of a catalyst bed
comprising an OCM active catalyst, the catalyst bed having
a total length L. and a total OCM active catalyst surface area,
wherein greater than 50% of the total OCM active catalyst
surface area resides 1n a portion of the catalyst bed ranging
from the front end to a distance equal to 50% of L.

[0471] Catalysts and catalytic materials useful in 1mple-
mentation of the foregoing method include those catalysts
and catalytic materials described herein, as well as other
catalysts and catalytic materials known 1n the art.

[0472] In some embodiments of the foregoing method,
greater than 60% of the total OCM active catalyst surface
area resides 1n a portion of the catalyst bed ranging from the
front end to a distance equal to 50% of L. In other embodi-
ments, greater than 65% of the total OCM active catalyst
surface area resides 1n a portion of the catalyst bed ranging
from the front end to a distance equal to 50% of L. In other
embodiments, greater than 70% of the total OCM active
catalyst surface area resides 1n a portion of the catalyst bed
ranging from the front end to a distance equal to 50% of L.
In other embodiments, greater than 75% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst
bed ranging from the front end to a distance equal to 50% of
L. In other embodiments, greater than 80% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst
bed ranging from the front end to a distance equal to 50% of
L. In other embodiments, greater than 85% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst
bed ranging from the front end to a distance equal to 50% of
L. In other embodiments, greater than 90% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst
bed ranging from the front end to a distance equal to 50% of
L. In other embodiments, greater than 95% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst

bed ranging from the front end to a distance equal to 50% of
L

[0473] In yet other embodiments of the foregoing meth-
ods, greater than 50% of the total OCM active catalyst
surface area resides 1in a portion of the catalyst bed ranging
from the front end to a distance equal to 60% of L. A distance
equal to 60% of L refers to a point in the catalyst bed which
1s a distance equal to 60% of L away from the back end of
the catalyst bed (1.e., 40% of L away from the front end).
Other percentages of L are measured 1in the same manner. In
some different embodiments, greater than 50% of the total
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OCM active catalyst surface area resides 1n a portion of the
catalyst bed ranging from the front end to a distance equal
to 65% of L. In some other embodiments, greater than 50%
of the total OCM active catalyst surface area resides 1n a
portion of the catalyst bed ranging from the front end to a
distance equal to 70% of L. In other embodiments, greater
than 50% of the total OCM active catalyst surface area
resides 1n a portion of the catalyst bed ranging from the front
end to a distance equal to 75% of L. In other embodiments,
greater than 50% of the total OCM active catalyst surface
area resides 1n a portion of the catalyst bed ranging from the
front end to a distance equal to 80% of L. In other embodi-
ments, greater than 50% of the total OCM active catalyst
surface area resides 1n a portion of the catalyst bed ranging
from the front end to a distance equal to 85% of L. In other
embodiments, greater than 50% of the total OCM active
catalyst surface area resides 1n a portion of the catalyst bed
ranging {rom the front end to a distance equal to 90% of L.
In other embodiments, greater than 50% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst
bed ranging from the front end to a distance equal to 95% of

L

[0474] A catalyst bed for use in the above method 1s also
provided, the catalyst bed comprising a front end, a back end
and an OCM active catalyst, the catalyst bed having a total
length L and a total OCM active catalyst surface area,
wherein greater than 50% of the total OCM active surtace
area resides 1n a portion of the catalyst bed ranging from the
front end to a distance equal to 50% of L.

[0475] In some embodiments of the foregoing catalyst
bed, greater than 60% of the total OCM active catalyst
surface area resides 1n a portion of the catalyst bed ranging
from the front end to a distance equal to 50% of L. In other
embodiments, greater than 65% of the total OCM active
catalyst surface area resides 1n a portion of the catalyst bed
ranging from the front end to a distance equal to 50% of L.
In other embodiments, greater than 70% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst
bed ranging from the front end to a distance equal to 50% of
L. In other embodiments, greater than 75% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst
bed ranging from the front end to a distance equal to 50% of
L. In other embodiments, greater than 80% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst
bed ranging from the front end to a distance equal to 50% of
L. In other embodiments, greater than 85% of the total OCM
active catalyst surface area resides in a portion of the catalyst
bed ranging from the front end to a distance equal to 50% of
L. In other embodiments, greater than 90% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst
bed ranging from the front end to a distance equal to 50% of
L. In other embodiments, greater than 95% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst

bed ranging from the front end to a distance equal to 50% of
L

[0476] In yet other embodiments of the foregoing catalyst
bed, greater than 50% of the total OCM active catalyst
surface area resides 1n a portion of the catalyst bed ranging
from the front end to a distance equal to 60% of L. In some
different embodiments, greater than 50% of the total OCM
active catalyst surface area resides 1n a portion of the catalyst
bed ranging from the front end to a distance equal to 65% of
L. In some other embodiments, greater than 50% of the total
OCM active catalyst surface area resides 1n a portion of the
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catalyst bed ranging from the front end to a distance equal
to 70% of L. In other embodiments, greater than 50% of the
total OCM active catalyst surface area resides 1n a portion of
the catalyst bed ranging from the front end to a distance
equal to 75% of L. In other embodiments, greater than 50%
of the total OCM active catalyst surface area resides 1n a
portion of the catalyst bed ranging from the front end to a
distance equal to 80% of L. In other embodiments, greater
than 50% of the total OCM active catalyst surface area
resides 1n a portion of the catalyst bed ranging from the front
end to a distance equal to 85% of L. In other embodiments,
greater than 50% of the total OCM active catalyst surface
area resides 1n a portion of the catalyst bed ranging from the
front end to a distance equal to 90% of L. In other embodi-
ments, greater than 50% of the total OCM active catalyst
surface area resides 1in a portion of the catalyst bed ranging
from the front end to a distance equal to 95% of L.

[0477] The exothermic heats of reaction (iree energy)
tollow the order of reactions depicted above and, because of
the proximity of the active sites, will mechanistically favor
cthylene 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/La,05; and single or mixed transition metal oxides, such
as VO _and Re/Ru that may also contain Group 1 10ns. Other
compositions useful for the OCM reaction comprise any of
the compositions disclosed herein, for example MgO,
La,0O,;, Na,WO,, Mn,O,, Mn,0,, Mg.MnQO,, Zr,Mo,Ox,
NaMnQO,, Mn,O;/Na,WO_,, Mn,0,/Na,WQO,. or Na/MnO,/
MgO, Mn/WO,, Nd,O,, Sm,O,, Eu,0O, or combinations
thereof. Specific examples of OCM catalysts, including
nanowire catalysts are described i U.S. application Ser. No.

13/115,082 (U.S. Pub. No. 2012/0041246); Ser. No. 13/479,
767 (U.S. Pub. No. 2013/0023709); Ser. No. 13/689,611
(U.S. Pub. No. 2013/0165728); Ser. No. 13/689,514 (U.S.
Pub. No. 2013/0158322); Ser. No. 13/901,319 (U.S. Pub.
No. 2014/0121433); Ser. No. 14/212,435 (U.S. Pub. No.
2014/02746771); Ser. No. 14/701,963 (U.S. Pub. No. 2015/
0314267) and PCT Pub. No. WO 2014/143880. Activating
promoters (1.e., dopants), such as chlonides, nitrates and
sulfates, or any of the dopants described above may also be
employed.

[0478] Important performance parameters used to measure
the catalytic materials” performance in the OCM reaction are
selected from single pass methane conversion percentage
(1.e., the percent of methane converted on a single pass over
the catalyst or catalytic bed, etc.), reaction inlet gas tem-
perature, reaction operating temperature, total reaction pres-
sure, methane partial pressure, gas-hour space velocity
(GHSV), O, source, catalyst stability and ethylene to ethane
ratio.

[0479] TTypical temperatures for operating an OCM reac-
tion 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 3550° C. or lower. As used herein, the
operation temperatures presented typically refer to the tem-
perature 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 1n a
temperature gradient across the reactor indicative of the
progress of the reaction, where the inlet temperature can
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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 step through a more
complete catalytic reaction without generating extreme tem-
peratures, e.g., 1 excess of 900° C.

[0480] In certain embodiments, the nlet gas temperature
in an OCM reaction catalyzed by the disclosed catalytic
materials 1s <700° C., <673° C., <650° C., <625° C., <600°
C.,<893° C., <380° 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 (1.e., outlet temperature) 1n an OCM
reaction catalyzed by the disclosed catalytic materials 1s
<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.

[0481] The single pass methane conversion i an OCM
reaction catalyzed by the catalytic matenials 1s generally
>5%, >10%, >15%, >20%, >25%, >30%, >35%, >40%,
>45%, >50%, >55%, >60%, >65%, >70%, >75% or even
>80%.

[0482] In certain embodiments, the inlet reaction pressure
in an OCM reaction catalyzed by the catalytic materials 1s >1
atm, >1.1 atm, >1.2 atm, >1.3 atm, >1.4 atm, >1.5 atm, >1.6
atm, >1.7 atm, >1.8 atm, >1.9 atm, >2 atm, >2.1 atm, >2.1
atm, >2.2 atm, >2.3 atm, >2.4 atm, >2.5 atm, >2.6 atm, >2.7
atm, >2.8 atm, >2.9 atm, >3.0 atm, >3.5 atm, >4.0 atm, >4.5
atm, >5.0 atm, >5.5 atm, >6.0 atm, >6.5 atm, >7.0 atm, >7.5
atm, >8.0 atm, >8.5 atm, >9.0 atm, >10.0 atm, >11.0 atm,
>12.0 atm, >13.0 atm, >14.0 atm, >15.0 atm, >16.0 atm,
>17.0 atm, >18.0 atm, >19.0 atm or >20.0 atm.

[0483] Insome embodiments, the methane partial pressure
in an OCM reaction catalyzed by the catalytic materials 1s
>().3 atm, >0.4 atm, >0.5 atm, >0.6 atm, >0.7 atm, >0.8 atm,
>(.9 atm, >1 atm, >1.1 atm, >1.2 atm, >1.3 atm, >1.4 atm,
>1.5 atm, >1.6 atm, >1.7 atm, >1.8 atm, >1.9 atm, >2.0 atm,
>2.1 atm, >2.2 atm, >2.3 atm, >2.4 atm, >2.5 atm, >2.6 atm,
>2.] atm, >2.8 atm, >2.9 atm, >3.0 atm, >3.5 atm, >4.0 atm,
>4.5 atm, >35.0 atm, >3.5 atm, >6.0 atm, >6.5 atm, >7.0 atm,
>7.5 atm, >8.0 atm, >8.5 atm, >9.0 atm, >10.0 atm, >11.0
atm, >12.0 atm, >13.0 atm, >14.0 atm, >15.0 atm, >16.0
atm, >17.0 atm, >18.0 atm, >19.0 atm or >20.0 atm.

[0484] In some embodiments, the GSHV 1 an OCM
reaction catalyzed by the catalytic materials 1s >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 O,. For example, in some
embodiments the O, source 1n an OCM reaction catalyzed
by the disclosed catalytic materials 1s air, oxygen enriched
air, pure oxygen, oxygen diluted with nitrogen (or another
iert gas) or oxygen diluted with CO,. In certain embodi-
ments, the O, source 1s O, diluted by >99%, >98%, >97%,
>96%, >95%, >94%, >93%, >92%, >91%, >90%, >85%,
>80%, >75%, >70%, >65%, >60%, >55%, >50%, >45%,
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>40%, >35%, >30%, >25%, >20%, >153%, >10%, >9%,
>8%, >7%, >6%, >53%, >4%, >3%, >2% or >1% with CO,
or an inert gas, for example nitrogen.

[0485] The disclosed catalytic maternials 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 1s defined as the length of
time a catalyst will maintain 1ts catalytic performance with-
out a significant decrease 1n performance (e.g., a decrease
>20%, >15%, >10%, >5%, or greater than 1% 1n 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, >10,000 hrs, >11,000 hrs, >12,000 hrs,
>13,000 hrs, >14,000 hrs, >135,000 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 >3 yrs.

[0486] In some embodiments, the ratio of ethylene to
cthane mm an OCM reaction catalyzed by the catalytic
materials 1s >0.3, >0.4, >0.5, >0.6, >0.7, >0.8, >0.9, >1,
>1.1, >1.2, >1.3, >1.4, >1.5, >1.6, >1.7, >1.8, >1.9, >2.0,
>2.1, »2.2, >2.3, >2.4, >2.5, >2.6, >2.], >2.8, >2.9, >3.0,
>3.5, >4.0, >4.5, >3.0, >3.5, >6.0, >6.5, >7.0, >7.5, >8.0,
>8.5, >9.0, >9.5, >10.0.

[0487] In other embodiments, the conversion of methane
in an OCM reaction catalyzed by the catalytic materials 1s
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
maternials 1s 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 1n an OCM reaction catalyzed by the catalytic
materials 1s greater than 10%, greater than 20%, greater than
30%, greater than 50%, greater than 75%, or greater than
90%. In some other embedlments the C2 yleld in an OCM
reaction catalyzed by the catalytic materials 1s greater than
3%, greater than 10%, greater than 20%, greater than 30%,
greater than 50%, greater than 75%, or greater than 90%.

[0488] In some other embodiments, a method for convert-
ing methane mto ethane and/or ethylene comprising use of
catalytic material comprising two or more catalysts 1s pro-
vided. 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 1n
more detail above.

[0489] ‘Typically, the OCM reaction 1s run in a mixture of
oxygen and nitrogen or other inert gas. Such gasses are
expensive and increase the overall production costs associ-
ated with preparation of ethylene or ethane from methane.
However, the present inventors have now discovered that
such expensive gases are not required and high vyield,
conversion, selectivity, etc. can be obtained when air 1s 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 perform-
ing the OCM reaction 1 air by contacting the disclosed
catalytic materials with methane and arr.
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[0490] 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 1s 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 cata-
lytic material 1s 1n 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 1s larger than the inner diameter.

[0491] In any of the embodiments described herein, the
linear velocity 1n 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.

[0492] In other embodiments, a C2+ selectivity for the
conversion ol methane to C2+ hydrocarbons 1s greater than
about 50%, for example greater than about 55% or even
greater than about 60%. In even other embodiments, the
catalytic material employed 1n such methods 1s a ring-
shaped catalytic material as described herein (e.g., a cata-
lytic material comprising a plurality of OCM active cata-
lysts, wherein the catalytic material 1s 1n 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 1s larger than the
inner diameter, and sub-embodiments thereof.

[0493] In some embodiments of the OCM methods
described herein, the method produces ethylene which 1s
employed as starting material to make downstream products
of ethylene, for example one or more of the products
illustrated 1n FIG. 6. In other embodiments of the OCM
methods described herein, the final product 1s polymer-grade
cthylene product (greater than 99 wt % ethylene, e.g. 99.96
wt % or greater).

[0494] 2. Oxadative Dehydrogenation

[0495] Worldwide demand for alkenes, especially ethyl-
ene and propylene, 1s high. The main sources for alkenes
include steam cracking, tluid-catalytic-cracking and cata-
lytic dehydrogenation. The current industrial processes for
producing alkenes, including ethylene and propylene, sufler
from some of the same disadvantages described above for
the OCM reaction. Accordingly, a process for the prepara-
tion of alkenes, which 1s more energy eflicient and has
higher yield, selectivity, and conversion than current pro-
cesses 1s needed. Applicants have now found that the pres-
ently disclosed catalytic materials fulfill this need and pro-
vide related advantages.

[0496] In one embodiment, the catalytic materials are
usetul for catalyzing the oxidative dehydrogenation (ODH)
of hydrocarbons (e.g. alkanes and alkenes). For example, 1n
one embodiment the catalytic materials are usetul for cataly-
s1s of an ODH reaction for the conversion of ethane or
propane to ethylene or propylene, respectively. Reaction
scheme (9) depicts the oxidative dehydrogenation of hydro-
carbons:

C,H,+1/2 0,—C,H, ,+H,0 (9)

[0497] Representative catalysts useful for the ODH reac-
tion 1nclude, but are not limited to catalysts (e.g., nanowires)

comprising Zr, V, Mo, Ba, Nd, Ce, T1, Mg, Nb, La, Sr, Sm,
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Cr, W, Y or Ca or oxides or combinations thereof. Activating
promoters (1.e. dopants) comprising P, K, Ca, Ni, Cr, Nb,
Mg, Au, Zn, or Mo, or combinations thereof, may also be
employed.

[0498] In some embodiments, the conversion of hydrocar-
bon to alkene 1n an ODH reaction catalyzed by the catalytic
materials 1s 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 1n an
ODH reaction catalyzed by the catalytic materials 1s greater
than 10%, greater than 20%, greater than 30%, greater than
50%, greater than 73%, or greater than 90%. In other
embodiments, the selectivity for alkenes 1n an ODH reaction
catalyzed by the catalytic materials 1s greater than 50%,
greater than 60%, greater than 70%, greater than 80%,

greater than 90%, or greater than 95%. In another embodi-
ment, the catalytic materials disclosed herein enable eflicient
conversion (1.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.

[0499] The stability of the catalytic materials 1s defined as
the length of time the catalytic materials will maintain its
catalytic performance without a significant decrease in per-
formance (e.g., a decrease >20%, >15%, >10%, >5%, or
greater than 1% 1n 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, >135,000 hrs,
>16,000 hrs, >17,000 hrs, >18,000 hrs, >19,000 hrs, >20,
000 hrs, >1 vyrs, >2 yrs, >3 yrs, >4 yrs or >3 yrs.

[0500] Oxadative coupling of methane 1nto ethane and/or
cthylene 1s generally understood to comprise a number of
clementary 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
cthane 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 (1.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
1s problematic as preferential combustion of C2+ hydrocar-
bon 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 1t 1s possible to avoid some of the limitations of
fix bed reactors when feeding wet natural gas as well as
cnabling 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 eflectively n a OCM-ODH-
stecam 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 ofl temperature of the catalyst once the oxidation
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reaction 1s initiated and produce suflicient heat to maintain
a fluid bed temperature above the light off temperature of the
catalytic particles.

[0501] Accordingly, in one embodiment a method for the
preparation of alkenes, such as ethylene, propene, butene,
and the like, from alkanes i1s provided. In one embodiment
the method i1s for preparation of ethylene from ethane, for
example wheremn the ethane 1s produced by oxidatively
coupling a methane feed gas by OCM.

[0502] In some embodiments of the foregoing method for
preparation of alkenes, the method comprises charging a
teed gas comprising an alkane and oxygen through an inlet
to a reactor comprising a fluidized catalyst bed, and con-
tacting the feed gas with the fluidized catalyst bed for a
period of time suilicient to convert the alkane to the alkene,
wherein the temperature of the feed gas at the inlet 1s
maintained at or below 550° C., and the fluidized catalyst
bed 1s maintained at temperatures ranging from 6350° C. to
950° C.

[0503] In some embodiments, the method 1s for prepara-
tion of ethylene and the alkane 1s ethane. When ethylene 1s
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 1s the
desired product, the ethane 1s produced by oxidatively
coupling methane present 1n the feed gas.

[0504] In some other embodiments, the method 1s for
preparation of propylene and the alkane 1s propane. When
propylene 1s the desired product, such embodiments typi-
cally include maintaining the fluidized catalyst bed at tem-
peratures above about 700 C, for example above 740 C or
above 780 C. In other embodiments of the method when
propylene 1s the desired product, the propane 1s produced by
oxidatively coupling methane present 1n the feed gas.
[0505] The catalyst may be any of the catalysts described
herein or incorporated by reference. In some embodiments,
the tluidized catalyst bed comprises a rare earth catalyst. In
other embodiments, the catalyst 1s a nanostructured catalyst,
such as a nanowire catalyst.

[0506] Inother embodiments, 1t 1s advantageous to include
methane 1n the feed gas, and thus the feed gas further
comprises methane and 1n some embodiments the methane
1s 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 1s included, the alkene i1s
produced by OCM reaction of the methane.

[0507] In some of the foregoing embodiments, the alky-
lene (e.g., ethylene) selectivity 1s 60% or higher, 65% or
higher, 70% or higher or even 75% or higher.

[0508] In other embodiments, the alkane (e.g., ethane)
conversion 1s 50% or higher, 55% or higher, 60% or higher,
65% or higher or even 70% or higher.

[0509] The ODH methods described herein above is par-
ticularly well suited to integration with downstream process,
and 1n some embodiments the method further comprises one
or more steps of oligomenzing the ethylene. An embodiment
for integration of the OCM+ ODH+ cracking catalytic
fluidized bed reactor with separation of the olefin products
1s presented i FIGS. 2 and 3. 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
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(FIGS. 2 and 3, respectively). The light hydrocarbon gas
alter separation of the C3+ fraction can be then processed
through a CO, removal unit and a methanation reactor to
utilize the H2 and CO content 1n this gas stream before being
recycled back to the fluid bed OCM+ ODH+ cracking
reactor with additional OSBL natural gas and/or Ethane and
O,. 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 1nert looping coming from the natural gas feed, a
C5+ liguid stream and a waste water stream.

[0510] In some embodiments, ethane and the O, source
may be fed together or separately 1n different sections of the
fluud 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 1n some applications.

[0511] One benefit of using a fluid bed combined OCM-

ODH-—steam cracking reactor versus a traditional Ethane
cracker 1s 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 1s the
difference 1n catalyst temperature profile. The more 1sother-
mal profile in the fluid bed reactor may be advantageous in
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-hy-
droxide phases. In a fluid bed catalytic reactor this tempera-
ture range may be entirely avoided. Similarly formation of
stable sulfates or sulfites due to sulfur compound in the
natural gas may be avoid 1n a similar fashion by keeping the
entirety of the catalyst bed above 630° 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 1n 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 second-
ary products as acetylene and dienes.

[0512] In various other embodiments, auto-thermal crack-
ing ol ethane as described above 1s integrated with down-
stream 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 (FIG. 4) or liguid hydrocarbon products (FIG.
5) employing auto-thermal cracking of ethane are provided
herein.

[0513] 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 1n the feed. These experiments demonstrated that, as
C/O ratio 1s reduced the heat generated by the reaction
increases per unit ol time resulting 1 an increase of the
operating temperature of the fluid bed catalyst. The data
indicate that above about 800° C. 1n the bed, some of the
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cthylene formed 1s obtained through steam cracking as
illustrated by an increase of H, production measured at the
reactor outlet. This synergetic ODH and steam cracking
within a single reactor has the very desirable eflect of
increasing both selectivity and yield of ethylene through the
process. Homogeneous feed reactivity of the mixture eth-
ane+02 was also avoided by running the feed gas at tem-
perature under 550° C. while the catalyst bed temperature
varied from 700° C. to 850° C.

[0514] FEthane conversion and ethylene selectivity as high
as 65% and 70%, respectively, were obtained from the
aforementioned experiment. The selectivity and yield can be
turther improved by increasing the residence time in the
fluid bed or increasing the temperature of the reactor by
reducing heat losses to the environment.

[0515] Methods for preparation of higher alkenes, such as
propene or butane are analogous to the above described
processes, except the corresponding alkane 1s used 1n place
ol ethane.

[0516] 3. Evaluation of Catalytic Properties

[0517] To evaluate the catalytic properties of the catalytic
materials 1n 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 prod-
ucts formed. In addition to allowing for the evaluation of the
catalytic performances, the data can also aid i designing
large scale reactors, experimentally validating models and
optimizing the catalytic process.

[0518] As an example, 1n 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 diflerent conditions.

[0519] In a typical procedure, 50 mg of catalytic material
1s charged to a 2 mm tube. On etther side of the catalytic
maternals, a small plug of glass wool 1s loaded to keep the
catalytic matenals in place. A thermocouple 1s placed on the
inlet side of the catalytic materials bed into the glass wool
to get the temperature in the reaction zone. Another ther-
mocouple can be placed on the downstream end into the
catalyst bed 1tself to measure the exotherms, 1f any.

[0520] Once loaded 1nto the reactor, the reactor 1s mserted
into the Altamira instrument and furnace and then a tem-
perature and flow program 1s started. In some embodiments,
the total flow 1s 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 1n the case of the OCM reaction and gas
mixtures comprising ethane and/or propane with oxygen for

oxidative dehydrogenation (ODH) reactions. Other gas mix-
tures can be used for other reactions.

[0521] The primary analysis of these oxidation catalysis
runs 1s the Gas Chromatography (GC) analysis of the feed
and eflluent 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.

[0522] 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
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flame 10on1zation detector (FID) 1s used for the analysis of the
hydrocarbons only. It 1s a highly sensitive detector that
produces accurate and repeatable analysis of methane, eth-
ane, ethylene, propane, propylene and all other simple
alkanes and alkenes up to five carbons 1n length and down
to ppm levels.

[0523] There are two columns 1n series to perform this
analysis, the first 1s 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 1s 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 1n this method.

[0524] 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 CO,,
cthylene, 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 1s a molecular sieve column, which uses size dif-
ferentiation to perform the separation. It i1s responsible for
the separation of H,, O,, N,, methane and CO.

[0525] There 1s a sophisticated and timing sensitive
switching between these two columns 1n 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 1s
by-passed and the separation of the first 3 components 1s
completed. At about 3-7 minutes, the columns are then
placed back 1n series and the light gases come ofl of the sieve
according to their molecular size.

[0526] The end result 1s an accurate analysis of all of the
alforementioned components from these fixed-bed, gas phase
reactions. Analysis of other reactions and gases not specifi-
cally described above 1s performed in a similar manner.

[0527] 4. Downstream Products

[0528] As noted above, 1n one embodiment the present
disclosure 1s directed to catalytic materials and methods for
the preparation of a number of valuable hydrocarbon com-
pounds. 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 con-
sumer products. For example, as shown 1n FIG. 6, ethylene
can be converted mto many various compounds including
low density polyethylene, high density polyethylene, ethyl-
ene dichloride, ethylene oxide, ethylbenzene, linear alco-
hols, vinyl acetate, alkanes, alpha olefins, various hydrocar-
bon-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 down-
stream products shown in FIG. 6). Propylene can be analo-
gously converted into various compounds and consumer

goods including polypropylenes, propylene oxides, propa-
nol, and the like.

[0529] Accordingly, in one embodiment the mnvention 1s
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.
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In some embodiments the C2 hydrocarbons are selected
from ethane and ethylene. In other embodiments the disclo-
sure provides a method of preparing downstream products of
cthylene. The method comprises converting ethylene 1nto 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 1s low density polyethyl-
ene, high density polyethylene, ethylene dichloride, ethylene
oxide, ethylbenzene, ethanol or vinyl acetate. In other
embodiments, the downstream product of ethylene 1s natural
gasoline. In still other embodiments, the downstream prod-
uct of ethylene comprises 1-hexene, 1-octene, hexane,
octane, benzene, toluene, Xylene or combinations thereof.

[0530] In another embodiment, a process for the prepara-
tion 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 1s provided.

[0531] In another embodiment, the disclosure provides a
method of preparing a product comprising low density
polyethylene, high density polyethylene, ethylene dichlo-
ride, 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 dichlo-
ride, ethylene oxide, ethylbenzene, ethanol or vinyl acetate,
wherein the ethylene has been prepared via a catalytic
reaction employing the catalytic materials disclosed herein.

[0532] In more specific embodiments of any of the above
methods, the ethylene 1s produced via an OCM or ODH
reaction or combinations thereof.

[0533] In one particular embodiment, the disclosure pro-
vides a method of preparing a downstream product of
cthylene and/or ethane. For example, the downstream prod-
uct of ethylene may be a hydrocarbon fuel such as natural
gasoline or a C,-C,, hydrocarbon, including alkanes, alk-
enes and aromatics. Some specific examples 1nclude
1 -butene, 1-hexene, 1-octene, hexane, octane, benzene, tolu-
ene, xylenes and the like. The method comprises converting
methane 1nto ethylene, ethane or combinations thereof by
use ol a catalytic material disclosed herein, and further
oligomerizing the ethylene and/or ethane to prepare a down-
stream product of ethylene and/or ethane. For example, the
methane may be converted to ethylene, ethane or combina-
tions thereof via the OCM reaction as discussed above. The
catalytic materials may comprise any catalyst, and the
catalyst 1s not limited with respect to morphology or com-
position. The catalyst may be an 1norganic catalytic poly-
crystalline 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 1n bright field mode
at 5 keV, wherein the nanowire comprises one or more
clements 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
clements 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
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materials comprise a bulk catalyst. The catalysts may addi-
tionally comprise any number of doping clements as dis-
cussed above.

[0534] As depicted 1n FIG. 7, the method begins with

charging methane (e.g., as a component 1n natural gas) into
an OCM reactor. The OCM reaction may then be performed
utilizing a catalytic material under any variety of conditions.
Water and CO, are optionally removed from the effluent and
unreacted methane 1s recirculated to the OCM reactor.

[0535] Ethylene 1s recovered and charged to an oligomer-

1ization reactor. Optionally the ethylene stream may contain
CO,, H,O, N,, ethane, C3’s and/or higher hydrocarbons.

Oligomerization to higher hydrocarbons (e.g., C,-C, ) then
proceeds under any number of conditions known to those of
skill in the art. For example oligomerization may be eflected
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
cthylene 1nto higher hydrocarbon products are disclosed 1n
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. Pat. No. 5,968,866; U.S. Pat. No.

6,800,702; U.S. Pat. No. 6,521,806; U.S. Pat. No. 7,829,749
U.S. Pat. No. 7,867,938 U.S. Pat. No. 7,910,670; U.S. Pat.
No. 7,414,006 and Chem. Commun., 2002, 858-859, each of

which are hereby incorporated in their entirety by reference.

[0536] In certain embodiments, the exemplary OCM and
oligomerization modules depicted 1n FIG. 7 may be adapted
to be at the site of natural gas production, for example a
natural gas field. Thus the natural gas can be efliciently
converted to more valuable and readily transportable hydro-
carbon commodities without the need for transport of the
natural gas to a processing facility.

[0537] Referring to FIG. 7, “natural gasoline™ refers to a
mixture of oligomerized ethylene products. In this regard,
natural gasoline comprises hydrocarbons containing 5 or
more carbon atoms. Exemplary components of natural gaso-
line include linear, branched or cyclic alkanes, alkenes and
alkynes, as well as aromatic hydrocarbons. For example, 1n
some embodiments the natural gasoline comprises 1-pen-
tene, 1-hexene, cyclohexene, 1-octene, benzene, toluene,
dimethyl benzene, xylenes, naphthalene, or other oligomer-
1zed 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 indus-
trial applications, for example natural gasoline 1s used as
teedstock 1n o1l refineries, as fuel blend stock by operators
of fuel terminals, as diluents for heavy oils 1n o1l pipelines
and other applications. Other uses for natural gasoline are
well-known to those of skill 1n the art.
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Example 1

Oxidative Coupling of Methane with a Surface
Area Gradient

[0538] Three different catalyst beds having a length L are
prepared as follows:

[0539] 1) the first catalyst bed comprises about 70% of the
total OCM active catalyst surface area in a portion of the

catalyst bed ranging from the front end to a distance equal
to about 80% of L;

[0540] 2) the second catalyst bed comprises about 95% of

the total OCM active catalyst surface area 1n a portion of the
catalyst bed ranging from the front end to a distance equal

to about 50% of L; and

[0541] 3) the third catalyst bed comprises a total OCM
active catalyst surface area evenly distributed throughout the
entire length L of the catalyst bed.

[0542] The oxidative coupling of methane 1s performed 1n
the above catalyst beds under flow conditions of 17,000,
21,000 and 26,000 GHSV/h. It 1s found that C2+ selectivity
of the OCM reaction in catalyst beds 1 and 2 1s higher under

all tflow conditions relative to the COM reaction 1n catalyst
bed 3.

Example 2

Catalytic Materials with Low Shrinkage

[0543] A catalytic material was prepared by sintering a
nanostructured catalyst having a BET surface area of greater
than 5 m”/g at a temperature of approximately 1,100° C. to
obtain a catalyst having a BE'T surface area of less than 2
m-/g. The thus obtained low surface area catalyst was
admixed with the nanostructured catalyst at various ratios
and the resulting admixture was sintered at temperatures
ranging from approximately 800° C. to 900° C. The catalyst
was then briefly heated in CO,/N,, atmosphere at about 650°
C

[0544] The catalytic material 1s optionally doped before or
after the foregoing sintering steps and 1s tableted or extruded
into the desired form. It was found that the prepared catalytic
material has reduced shrinkage relative to a catalytic mate-
rial comprising only the nanostructured catalyst or the low
surface area catalyst as the only OCM active catalyst.

[0545] Table 1 provides data for a catalytic material pre-
pared according to Example 2 (i.e., “preshrunk’) relative to
a catalytic material prepared without admixing the higher
surface area catalyst (greater than 5 m®/g) with the lower
surface area catalyst (less than 2 m*/g). The data show an
increase in crush strength for catalytic materials prepared
according to Example 2.

TABLE 1

Date for Preshrunk Catalvtic Material

Volume  Crush Strength BET Surface

Catalyst Form  Preshrunk? (mm~) (N/mm) Area (m?*/g)
10 mm/6 mm No 361.9 2.3 5.7
Ring Yes 341.0 3.5 2.3
6 mm/3 mm No 106.0 3.0 6.4
Ring Yes 99.7 4.5 3.2

33
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Example 3

Catalysts of Formula (I) and (IA)

[0546] Catalysts of Formula (I) and (I1A) were prepared by
admixing the appropriate elements 1n their nitrate or oxide
form and calcining the resulting mixture. FIGS. 8 and 9
provide C2 vield, C2+ selectivity and methane conversion
data for a catalyst of Formula (I) and a catalyst of Formula
(II), respectively.

[0547] The catalyst of Formula (I) (FIG. 8) comprised
approximately equal amounts of bartum and cerium and
from about 5-10% each of yttrium and zircommum dopants.
This catalyst had a C2+ selectivity of greater than 65% at
temperatures above 700° C.

[0548] The catalyst of Formula (IA) (FIG. 9) comprised
approximately a 2:1 ratio of barium to cerium and about
15-25% of each of a group 13 element and a lanthanide. This
catalyst had a C2+ selectivity of greater than 55% at
temperatures above 700° C.

Example 4

XRD of Catalysts

[0549] Shown in FIG. 10 1s an x-ray diffraction (XRD)
measurement of a sample of Formula (IA) (labeled as A
peaks). The reference peaks are superimposed on the plot as
evidence that the sample 1s predominantly a perovskite
structure similar to the perovskite reference. The peaks show
the locations where the pure perovskite would fall (labeled
as B peaks). It 1s clear from this plot that the measured
material 1s this type of perovskite structure. A couple of the
peaks are slightly offset which 1s evident that the dopants
(labeled as C peaks) are truly incorporated into the per-
ovskite structure of the sample. The dopant reference peaks
(C peaks) show that only a small amount of this exists in the
sample which adds to the evidence that the dopant 1s
incorporated 1nto the perovskite structure. In other words the
dopants have substituted in the perovskite structure.

[0550] 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 1n this specification and/
or listed in the Application Data Sheet, are incorporated
herein by reference, 1n their entirety. Aspects of the embodi-
ments can be modified, 1f 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 1n 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 1n 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.

1. A catalyst comprising the following formula (IA):

A B C.D O

Xy =yt wz

(IA)

wherein:
A 1s a lanthamde or group 4 element;
B 1s a group 2 element;

C 1s a group 13 element;
D 1s a lanthanide element;
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O 1s oxygen;

v and w are independently O or a number greater than O,
provided at least one of v and w 1s a number greater
than O:

X, v and z are independently numbers greater than O, and
v, W, X, y and z are selected such that A B, C D O, has
an overall charge of O.

2. The catalyst of claim 1, wheremn A 1s a lanthamde.

3. The catalyst of claim 2, wheremn A 1s lanthanum,

cerium, praseodymium or neodymium.

4. The catalyst of claim 1, wherein A 1s a Group element.

5. The catalyst of claim 4, wherein A 1s titanium, zirco-
nium or hatnium.

6. The catalyst of claim 1, wherein B 1s magnesium,
calcium, strontium or barium.

7. The catalyst of claim 1, wherein A 1s lanthanum and B
1s strontium, A 1s cerium and B 1s barium, A 1s praseo-
dymium and B 1s barium, A 1s certum and B 1s strontium, A
1s titanium and B 1s barium, A 1s titanium and B 1s strontium
or A 1s titanium and B 1s calcium.

8. The catalyst of claam 1, wheremn C 1s aluminum,
gallium, 1ndium or thallium.

9. The catalyst of claim 1, wherein D 1s lanthanum,
neodymium, gadolintum or ytterbium.

10. The catalyst of claim 1, wherein:

A 1s titanium, zirconium oOr cerium;

B 1s calcium, strontium or barium;

C 1s aluminum, galllum or indium; and

D 1s lanthanum, neodymium; gadolinium or ytterbium.

11. The catalyst of claim 1, comprising one of the fol-
lowing formulas: Ce, Ba In Nd, O;; Ti1,CalnLa, O5; Ti,-
Ca In Nd O;; Ti,Ca In Gd, O, T1,Ca In Yb, O, Zr Ca, -
In La Ox; /r,Ca In Nd, O;; /r, Ca In Gd, O;;
/r.Ca In Yb, O;; CeCalnLa, O;; Zr Ca In Nd, O;; Zr -
Ca In,Gd, O5; Zr Ca In Yb O;; 11,5r In La O;; 11, Sr In-
N, O35 T1.58r In, Gd, 05, 11,.Sr In Yb, Os; Zr Sr In,-
La, O,; Zr Sr In, Nd, O,; Zr Sr In Gd O;;
/r—Sr In Yb, O5; Ce,Sr In La,O;; Ce Sr In Nd O;; Ce, -
Sr In Gd, O;; Ce Sr In Yb, O;; T1,Ba In La, O,; T1 Ba In-
Nd, O5; T1,Ba In Gd, 05, TiBaln Yb O;; ZrBaln,
La, Oj; /r,Ba In Nd, Os;; /r,Ba In, Gd, O;;
/r,Ba In Yb, O;; Ce Ba n La, O;; CeBa In Nd, O;; Ce,
Ba In,Gd, O; or Ce Ba, In, Yb, O;.

12. The catalyst of claim 1, wherein z 1s 3.

13. The catalyst of claim 1, wherein the sum of v, w, x and
y 18 2.

14. The catalyst of claim 1, wherein v and w each
independently range from about 0.1 to about 0.6.

15. The catalyst of claim 1, wherein X ranges irom about
0.2 to about 0.8.

16. The catalyst of claim 1, wherein y ranges irom about
0.4 to about 1.0.

17. The catalyst of claim 1, wherein v ranges from about
0.25 to about 0.45, w ranges from about 0.4 to about 0.6, x

ranges from about 0.3 to about 0.5 and y ranges from about
0.6 to about 1.0.
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18. The catalyst of claim 1, wherein the catalyst 1s a
nanostructured catalyst.

19. The catalyst of claim 18, wherein the catalyst 1s a
nanowire.

20. The catalyst of claim 1, wherein the catalyst 1s a bulk
catalyst.

21. The catalyst of claim 1, 1n combination with a diluent
Oor support.

22. A formed catalytic material comprising the catalyst of
claim 1.

23-26. (canceled)

27. A method for the oxidative coupling of methane, the
method comprising contacting methane with the catalyst of
claim 1, thereby converting the methane to C2 hydrocar-
bons, C2+ hydrocarbons, or combinations thereof.

28. (canceled)

29. A method for performing the oxidative coupling of
methane, the method comprising tlowing a gas comprising
methane from a front end to a back end of a catalyst bed
comprising an OCM active catalyst, the catalyst bed having
a total length L and a total OCM active catalyst surface area,
wherein greater than 50% of the total OCM active catalyst
surface area resides 1in a portion of the catalyst bed ranging
from the front end to a distance equal to 50% of L.

30-37. (canceled)

38. A catalyst bed comprising a front end, a back end and
an OCM active catalyst, the catalyst bed having a total
length L and a total OCM active catalyst surface area,
wherein greater than 50% of the total OCM active surface
area resides 1n a portion of the catalyst bed ranging from the
front end to a distance equal to 50% of L.

39. A formed catalytic material comprising first and
second OCM active catalysts, wherein the first OCM active
catalyst 1s a nanostructured catalyst having a BET surface
area of greater than 5 m”/g, and the second OCM active
catalyst 1s a catalyst having a BET surface area of less than

2 m~/g, and wherein the catalytic material has a volume loss
of less than 20% when heated to 900° C. 1n air for 100 hours.

40-50. (canceled)

51. A method for preparing a formed catalytic matenal,
the method comprising:

1) providing a {irst nanostructured OCM active catalyst
having a BET surface area of greater than 5 m*/g;

11) sintering the first nanostructured OCM active catalyst
at a temperature above 1000° C. to obtain a second
OCM active catalyst having a BET surface area of less
than 2 m*/g;

111) admixing the first and second OCM active catalysts;
and

1v) forming the mixture to obtain the formed catalytic
material.

52-64. (canceled)
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