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ALKALI PROMOTED MANGANESE OXIDE
COMPOSITIONS CONTAINING ZIRCONIUM

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This application is a continuation-in-part of the fol-
lowing U.S. patent applications: (1) Ser. No. 522,937
filed Aug. 12, 1983, now U.S. Pat. No. 4,499,322; (2)
Ser. No. 522,936 filed Aug. 12, 1983, now U.S. Pat. No.
4,495,374; (3) Ser. No. 600,654 filed Apr. 16, 1984, now
U.S. Pat. No. 4,547,611, which in turn is a continuation-
in-part of Ser. No. 522,937 filed Aug. 12, 1983, now U.S.
Pat. No. 4,499,322, and of Ser. No. 522,936 filed Aug.
12, 1983, now U.S. Pat. No. 4,495,374; (4) Ser. No.
600,655 filed Apr. 16, 1984, now abandoned, which in
turn is a continuation-in-part of Ser. No. 522,937 filed
Aug. 12, 1983, now U.S. Pat. No. 4,499,322, and of Ser.
No. 522,936 filed Aug. 12, 1983, now U.S. Pat. No.
4,495,374,

BACKGROUND OF THE INVENTION

The present invention relates to compositions com-
prising oxides of Mn and alkali metals. More specifi-
cally, ‘the present invention relates to compositions
comprising oxides of Mn, alkali metals, and a- third
component containing oxides or mixed. oxides of Zr.
The present invention also relates to hydrocarbon con-
version processes employing alkali metal promoted Mn
oxide compositions. In one particular aspect, it relates
to methods for converting methane to higher hydrocar-
bons. In another particular aspect, it relates to processes

.for the oxidative dehydrogenation of .hydrocarbons,

especially to processes.for the oxidative dehydrogena-
tion of paraffinic hydrocarbons to the corresponding
mono-olefins, The: central aspect of the presently
claimed invention'is the catalyst composition employed
in such hydrocarbon conversion processes.

Hydrocarbon conversion processes employing the
composition of this invention are characterized by rela-
tively severe reaction conditions and by the formation
of coproduct water. Thus, hydrothermal stability at
elevated temperatures (e.g:, 500° to 1000° C.) is an im-
portant criteria for the compositions. Moreover, uses
contemplated for the present compositions require cata-
lysts which are rugged, attrition-resistant, and stable at
high temperatures. It is also desirable that the composi-
tions are able to operate effectively for relatively long
periods while cycling between -oxidized and reduced
states.

An object of the present invention is.a composition
and process for hydrocarbon conversion processes,
especially for processes characterized by the formation
of byproduct water. A related object is a rugged, stable,
attrition-resistant oxidant- composition for such pro-
cesses. ‘

Another object of the present invention is a composi-
tion and process for converting methane to higher hy-
drocarbons, especially for processes characterized by
the formation of byproduct water. A related object is a
rugged, stable, attrition-resistant oxidant composition
for such methane conversion process.

Still another object of the present invention is a com-
position and process for the oxidative dehydrogenation
of hydrocarbons. A related object is a rugged, stable,
attrition-resistant oxidant composition for such pro-
cesses. Another related object is a composition and
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process for the oxidative dehydrogenation of paraffinic
hydrocarbons to form the corresponding mono-olefins.
Other objects, aspects and advantages of the inven-
tion will be apparent to those skilled in the art upon
studying the specification and the appended claims.

SUMMARY OF THE INVENTION

This invention is a class of catalyst compositions

comprising:

(a) Mn-containing oxides,

(b) at least one alkali metal or compound thereof, and

(c) at least one member of the group consisting of oxides
of Zr, mixed oxides of Zr and Si, and mixed oxides of

Zr and at least one alkaline earth metal.

The compositions are characterized by Mn content and
by the ratio of alkali metal: Mn. In general, preferred
compositions contain more than about 50 wt. % of
component (c), more preferably they contain more than
about 60 wt. % of component (c). Stated in another
way, Mn is preferably present in an amount within the
range of about 1 to 40 wt. % based on the combined
weight of Mn and component (c). The atomic ratio of
alkali metal: Mn is preferably within the range of about
0.01 to 10:1. :

Alkali metals are selected from the group consisting
of lithium, sodium, potassium, rubidium and cesium.
Lithium, sodium and potassium, and especially lithium
and sodium, are preferred alkali metals. Sodium is par-
ticularly preferred. When component (b) of the compo-
sition is sodium (or compounds thereof), the atomic
ratio of Na:Mn is preferably within the range of about
0.1-3.3:1.

Alkaline earth metals are selected from the group
consisting of magnesium, calcium, strontium and bar-
ium. Presently preferred members of this group are
magnesium and calcium. Compositions derived from
magnesia have been found to be particularly effective
catalytic materials.

The compositions of this invention are useful in a
variety of hydrocarbon conversion processes. When the
active form of the composition (i.e., the composition in
an oxidized state) is contacted with methane at elevated
temperatures (e.g., at temperatures within the range of
about 500° to 1000° C.), methane is converted to higher
hydrocarbon products. The compositions are also effec-
tive contact agents (i.e., catalysts) in oxidative dehydro-
genation processes.

DETAILED DESCRIPTION OF THE
INVENTION

While the composition of the present invention is

referred to as a “catalyst”, it will be understood that,
under conditions of use, it serves as a selective oxidant,
and, therefore, takes on the characteristics of a reactant
during use.
_ In the following formulae describing the composi- ~
tions of this invention, the relative number of oxygens is
designated by “x”. This x is variable because the com-
positions may continually gain and lose oxygen during
use. Thus setting a strict range of values for x would be
imprecise and possibly misleading. Generally, the value
ascribed to x falls within the range of the number of
oxygens required in the higher oxidation states (the
“active” or “oxidized” composition) to the number of
oxygens required in the lower oxidation states (the “re-
duced” composition).

The principal component of the compositions is de-
scribed as “Mn-containing oxides”. This term is meant
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to embrace both reducible oxides of Mn and reduced
oxides of Mn, it being understood that reducible oxides
comprise the principal active component of the compo-
sition. In its active state, then, the present composition
comprises at least one reducible oxide of Mn, which
oxide when contacted with methane (or higher hydro-
carbons) at synthesizing (or dehydrogenation) condi-
tions (e.g., at a temperature within the range of about
500° to 1000° C.) produces higher hydrocarbon prod-
ucts (or in the case of higher hydrocarbon dehydrogen-
ation, dehydrogenated hydrocarbon products), coprod-
uct water, and a reduced Mn oxide. The term “reduc-
ible” is used to identify those oxides of Mn which are
reduced under the aforesaid conditions. The term “re-
ducible oxides of Mn” includes: (1) compounds de-
scribed by the general formula Mn,O, wherein x and y
designate the relative atomic proportions of metal and
oxygen in the composition and/or (2) one or more oxy-
gen-containing Mn compounds (i.e., compounds con-
taining elements in addition to Mn and O), provided
that such oxides and compounds have the capability of
producing higher hydrocarbon products from methane,
or of producing dehydrogenated hydrocarbons from
dehydrogenatable hydrocarbons, as described herein.

In addition to Mn, other reducible metal oxides may
be included in the compositions of this invention. Exam-
ples are reducible oxides of Sn, In, Ge, Sb, Pb, Bi, Pr,
Tb, Ce, Fe and Ru. However, in certain embodiments
of this invention, the compositions are characterized by
the substantial absence of catalytically effective Fe, to
distinguish known oxidative dehydrogenation catalysts
based on use of Mn ferrites.

One class of preferred compositions is characterized
by the substantial absence of catalytically effective Ni
and the noble metals (e.g., Rh, Pd, Ag, Os, Ir, Pt and
Au) and compounds thereof, to minimize the deleteri-
ous catalytic effects of such metals and compounds
thereof. For example, at the conditions (e.g., tempera-
tures) under which the present compositions are used,

- these metals tend to promote coke formation and oxides

- of these metals tend to promote formation of combus-

tion products (COy) rather than the desired hydrocar-
bons. The term “catalytically effective” is used to iden-
tify that quantity of one or more of nickel and the noble
metals and compounds thereof which, when present,
substantiaily changes the distribution of products ob-
tained when employing the compositions of this inven-
tion.

Other additives may also be incorporated into the
composition of this invention. For example, addition of
a phosphorus component has been found to enhance the
stability of the composition. When used, P may be pres-
ent up to an amount providing a P/Mn ratio of about
2/1. If P is employed, it is desirable to provide it during
catalyst preparation in the form of phosphates of alkali
metals (e.g., orthophosphates, metaphosphates and py-
rophosphates). Pyrophosphates are preferred. Sodium
pyrophosphate is particularly preferred. P can be pro-
vided in other forms though. Examples include ortho-
phosphoric acid, ammonium phosphates and ammo-
nium hydrogenphosphates.

Further examples of other components which may be
present in the compositions of this invention are halo-
gen and chalcogen components. Such components may
be added either during preparation of the catalysts or
during use. Methane conversion processes employing
halogen-promoted, reducible metal oxides are disclosed
in U.S. patent application Ser. No. 600,668, filed Apr.
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16, 1984, the entire content of which is incorporated
herein by reference. Methane conversion processes
employing chalcogen-promoted, reducible metal oxides
are disclosed in U.S. patent application Ser. No.
600,659, filed Apr. 16, 1984, the entire content of which
is incorporated herein by reference.

CATALYST COMPOSITIONS

One broad class of compositions within the scope of
this invention comprises:
(a) Mn-containing oxides,
(b) at least one alkali metal or compounds.thereof, and
(c) at least one member of the group consisting of oxides
of Zr, mixed oxides of Zr and Si, and mixed oxides of
Zr and at least one alkaline earth metal.
The amount of Mn present is preferably within the
range of about 1 to 40 wt. % based on the combined
weight of Mn and component (c), more preferably
within the range of about 5 to 30 wt. %, the composi-
tion being substantially free of catalytically effective
iron. Examples of specific embodiments within this
broad class are described below.

MnAZr;Ox

Another class of compositions within the scope of
this invention comprises Mn-containing oxides, at least
one alkali metal or compound thereof, and at least one
oxide of Zr, said composition satisfying the formula:

MnAgZrpOx

wherein A is at least one alkali metal and wherein a is
within the range of about 0.01 to 10, b is within the
range of about 1 to 45, and x is the number of oxygen
atoms required by the valence of the other elements.
The composition is preferably substantially free of cata-
lytically effective iron. Preferably, b is within the range
of about 1 to 9. The zirconium component may be pro-
vided as zirconia or as zirconates of various metals.

MnAZr1pSiOx

Another class of compositions within the scope of
this invention comprises Mn-containing oxides, at least
one alkali metal or compound thereof, and mixed oxides
of Zr and Si, said composition satisfying the formula:

MnA  ZrpSiOx

wherein A is at least one alkali metal and wherein a is
within the range of about 0.01 to 10, b is within the
range of about 0.2 to 45, c is within the range of about
0.4 to 45, the ratio of b:c is within the range of about
0.01-100:1, the sum of b-+c is greater than about 1, and
x is the number of oxygen atoms required by the va-
lence states of the other elements. The subscript b is
preferably within the range of about 1 to 45, more pref-
erably about 1 to 9. The subscript c is preferably within
the range of about 2 to 17. '

The composition may be prepared from zirconia and
silica. However, other sources of mixed oxides may also
be employed. One source of particular interest is Zircon
(Z1Si0y).

MnABpZrcOx

Another class of compositions within the scope of
this invention comprises Mn-containing oxides, at least
one alkali metal or compound thereof, and mixed oxides
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of Zr and at least one alkaline earth metal, said composi-
tion satisfying the formula:

MnA BpZrOx

wherein A is at least one alkali metal, B is at least one
alkaline earth metal, and wherein a is within the range
of about 0.01 to 10, b is within the range of about 0.1 to
90, ¢ is within the range of about 0.2.to 45, the ratio of
b: ¢ is within the range of about 0.01 to 100:1, the sum
of b+c is greater than about 1, and x is the number of
oxygen atoms required by the valence states of the
other_elements. When B is Mg, b is preferably within
the range of about 0.6 to 10. When B is.Ca, b is prefera-
bly within the range of about 0.4 to 10. When B is Ba, b
is preferably within the range of about 0.1 to 5.

The composition may be prepared from zirconia and
alkaline earth oxides such as MgO, CaO, SrO and BaO.
However, other sources of mixed oxides may also be
employed. One source of particular interest is the alka-

. line earth zircomates. Zirconates may be formed by

combining oxides, hydroxides, nitrates, etc. of Zr and
alkaline earth metals and firing the mixture at 1000° to
2500° C. Examples are CaZrO3 and MgZnO3.

CATALYST PREPARATION

The catalysts of this invention are conveniently pre-
pared by any of the methods associated with similar
compositions known in the art. Thus, methods such as
precipitation, - co-precipitation, impregnation, granula-
tion, spray drying, or dry-mixing can be used. The Mn
and alkali metal components can be composited or asso-
ciated with the third component of the composition by
any of the methods associated with the preparation of
supported catalyst compositions known in the art. Such

" “supported” compositions may be prepared by methods

such as adsorption, impregnation, precipitation, co-
precipitation, granulation, spray drying, or dry mixing.
Substantially any compound of the recited components
can be employed in the preparation of the composition.

One suitable method of preparation is to impregnate
compounds of the third component of the composition

+.. with solutions of compounds of Mn and/or alkali met-

als. Suitable compounds for impregnation include the
acetates, acetyl acetonates, oxides, carbides, carbonates,
hydroxides, formates, oxalates, nitrates, phosphates,
sulfates, sulfides, tartrates, fluorides, chlorides, bro-
mides, or iodides. After impregnation the preparation is
dried to remove solvent and the dried solid is calcined,

- preferably in air at a temperature selected within the

range of about 300° to 1200° C. Particular calcination
temperatures will vary depending on the compounds
employed.

Preferably, the alkali metal component is provided as
a basic composition of the alkali metal(s). Examples are
sodium hydroxide, sodium acetate, lithium hydroxide,
lithium acetate, etc. When P is employed as an additive,
it has been found desirable to add the alkali metal and P
to the composition as compounds such as the ortho-
phosphates, metaphosphates, and pyrophosphates of
alkali metals. Pyrophosphates are- preferred. Sodium
pyrophosphate is particularly preferred.

When' the third component of the composition is
mixed oxides of two of more elements, a suitable
method of preparation is to prepare aqueous slurries of
the oxides, add solutions containing other catalyst com-
ponents ‘and dry and calcine the resulting mixtures.
Alternatively, as discussed in the above composition
descriptions, the mixed oxides may be provided as pre-
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formed compounds, with the other components added
as described above.

Regardless of how the components are combined, the
resulting composite will generally be dried and calcined
at elevated temperatures prior to use.

HYDROCARBON CONVERSION PROCESS

The catalyst compositions of the present invention
are generally useful for hydrocarbon conversion pro-
cesses. Contacting a hydrocarbon feed with the active
composition produces hydrocarbon product, coproduct
water, and a reduced catalyst composition. The reduced
catalyst composition is readily reoxidized to an active
state by contact with an oxidant such as air or other
oxygen-containing gases. The process may be effected
in a cyclic manner wherein the catalyst is contacted
alternatively with a hydrocarbon feed and then with an
oxygen-containing ‘gas. The process may also be ef-
fected in a noncyclic manner wherein the catalyst is
contacted concurrently with a hydrocarbon feed and an
oxygen-containing gas. Operating conditions are not
critical to the use of this invention, although tempera-
tures are generally within the range of about 500° to
1000° C. Gas/solid contacting steps may be performed
according to any of the known techniques: e.g., the
solids may be maintained as fixed beds, fluidized beds,
moving beds, ebullating beds, etc. Solids may be main-
tained in one contact zone or may recirculate between
multiple contact zones (e.g., between oxygen-contact
and hydrocarbon-contact zones).

METHANE CONVERSION PROCESS

One more specific application for the compositions of
this invention is the conversion of methane to higher
hydrocarbon products. The process comprises contact-
ing a gas comprising methane with a composition com-
prising a reducible oxide of Mn to produce higher hy-
drocarbon products, coproduct water, and a composi-
tion comprising a reduced oxide of Mn. In addition to
methane, the feedstock may contain other hydrocarbon
or non-hydrocarbon components, although the methane -
content should typically be within the range of about 40
to 100 volume percent, preferably about 80 to 100 vol-
ume percent, more preferably about 90 to 100 volume
percent. Operating temperatures are generally within
the range of about 500° to 1000° C. Although not nar-
rowly critical in the context of this invention, both total
pressure and methane partial pressures effect results.
Preferred operating pressures are within the range of
about 1 to 100 atmospheres, more preferably about 1 to
30 atmospheres.

As indicated in the description of hydrocarbon con-
version processes, a variety of process embodiments,
including various gas/solids-contacting modes, may be
employed. :

OXIDATIVE DEHYDROGENATION PROCESS

Another more specific application for the composi-
tion of this invention is the dehydrogenation of dehy-
drogenatable hydrocarbons. The process comprises
contacting a gas comprising a dehydrogenatable hydro-
carbon with a composition comprising a reducible oxide
of Mn to produce dehydrogenated hydrocarbon prod-
ucts, coproduct water, and a composition comprising a
reduced oxide of Mn. Dehydrogenatable hydrocarbons
include a wide variety of hydrocarbons: e.g., C2+ al-
kanes, cycloalkanes, olefins, alkylaromatics, etc. The
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dehydrogenated product depends in part on the feed-
stock selected. For example, alkanes may be dehydro-
genated to form olefins, diolefins, alkynes, etc., and
olefins may be dehydrogenated to form diolefins, al-
kynes, etc. One preferred class of feedstock comprises
Cy-Cs alkanes. One preferred process embodiment
comprises oxidative dehydrogenation of C>-Cs alkanes
to form the corresponding mono-olefins.

Operating temperatures are generally within the
range of about 500° to 1000° C. Operating pressures are
not narrowly critical. In general, the process is con-
ducted within the parameters of the oxidative dehydro-
genation art, but uses a novel catalyst.

What is claimed:

1. A catalyst composition consisting essentially of:

(a) Mn-containing oxides,

(b) at least one alkali metal or compound thereof, and

(c) at least one member of the group consisting of

oxides of Zr, mixed oxides of Zr and Si; and mixed

oxides of Zr and at least one alkaline earth metal,
wherein the amount of Mn present is within the range of
about 1 to 40 wt. % based on the combined weight of
Mn and component (c) and wherein the atomic ratio of
alkali metal: Mn is within the range of about 0.01 to
10:1.

2. The composition of claim 1 which is substantially
free of catalytically effective iron.

3. The composition of claim 1 wherein the amount is
Mn present is within the range of about 5 to 30 wt. %,
based on the combined weight of Mn and component
(©).

4. A catalyst composition consisting essentially of:

(a) Mn-containing oxides,

(b) at least one alkali metal or compound thereof, and

(c) mixed oxides of Zr and at least one alkaline earth

metal,
said composition being substantially free of catalytically
effective iron.

5. A catalyst composition satisfying the formula:

MnAZrs0x

wherein A is at least one alkali metal and wherein a is
within the range of about 0.01 to 10, b is within the
range of about 1-45, and x is the number of oxygen
atoms required by the valence states of the other ele-
ments.

6. The composition of claim 5 wherein A is sodium.

7. The composition of claim 6 wherein a is within the
range of about 0.1 to 3.3.

8. The composition of claim 5 wherein A is lithium.

9. The composition of claim 5 wherein A is potas-
sium.
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10. The composition of claim 5 wherein b is within
the range of about 1 to 9.
11. The composition of claim 5 which is substantially
free of catalytically effective iron.
12. A catalyst composition satisfying the formula:

MnAZrpSilOx

wherein A is at least one alkali metal and wherein a is
within the range of about 0.01 to 10, b is within the
range of about 0.2 to 45, ¢ is within the range of about
0.4 to 45, the ratio of b:c is within the range of about
0.01-100:1, the sum of b+c is greater than 1, and x is the
number of oxygen atoms required by the valence states
of the other elements.

13. The composition of claim 12 wherein b is within
the range of about 1 to 45 and c is within the range of
about 2 to 17.

14. The composition of claim 13 wherein b is within
the range of about 1 to 9.

15. The composition of claim 12 wherein A is sodium.

16. The composition of claim 15 wherein a is within
the range of about 0.1 to 3.3.

17. The composition of claim 12 wherein A is lithium.

18. The composition of claim 12 wherein A is potas-
sium.

19. The composition of claim 12 which is substan-
tially free of catalytically effective iron.

20. A catalyst composition satisfying the formula:

MnA ByZrOx

wherein A is at least one alkali metal, B is at least one
alkaline earth' metal, and wherein a is within the range
of about 0.01 to 10, b is within the range of about 0.1 to
90, c is within the range of about 0.2 to 45, the ratio of
b:c is within the range of about 0.1 to 100:1, the sum of
b-c is greater than about 1, and x is the number of
oxygen atoms required by the valence states of the
other elements.

21. The composition of claim 20 wherein B is Mg.

22. The composition of claim 21 wherein b is within
the range of about 0.6 to 10.

23. The composition of claim 20 wherein B is Ca.

24. The composition of claim 23 wherein b is within
the range of about 0.4 to 10.

25. The composition of claim 20 wherein B is Ba.

26. The composition of claim 25 wherein b is within
the range of about 0.1 to 5.

27. The composition of claim 20 wherein A is sodium.

28. The method of claim 27 wherein a is within the
range of about 0.1 to 3.3.

29. The composition of claim 20 wherein A is lithium.

30. The composition of claim 20 wherein A is potas-

sium.
x * * * *



