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MOLYBDENUM MIXED METAL OXIDE CATALYSTS FOR THE PRODUCTION OF UNSATURATED
ALDEHYDES FROM OLEFINS

BACKGROUND OF THE INVENTION
1. Field of the Invention

[0001] Embodiments of this invention relate to highly active catalysts including
molybdenum-containing mixed metal oxides for the production of unsaturated aldehydes
from olefins, such as methacrolein, by gas phase catalytic oxidation of isobutylene in the
presence of air or another gas containing molecular oxygen.

[0002] More particularly, embodiments of this invention relate to highly active
catalysts including molybdenum-containing mixed metal oxides for the production of
unsaturated aldehydes from olefins, where the molybdenum-containing mixed metal include
oxides of (1) molybdenum or molybdenum and tungsten, (2) trivalent metals, (3) divalent
metals, (4) monovalent metals and, (5) optionally, other metals that are added as oxides
during catalyst preparation. The mixed metal oxides are characterized by having an anion to
cation molar (ACM) ratio of >1.06 and < 2.0 and a divalent to trivalent metal molar ratio
between 1.95 and 2.15. The resulting catalyst compositions show an increased relative
catalytic activity of at least 2 times compared to mixed metal oxides not having an ACM ratio
greater than 1.00 and less than 2.00, and a divalent to trivalent metal molar ratio between 1.95
and 2.15. In other embodiments, when the ingredients at the indicated ratios are combined
with a binder such as a silica binder, then the relative catalytic activity is even higher. In
other embodiments the ingredients at the indicated ratios are combined with a pore forming

agent to produce a different pore distribution in the final catalyst.

2. Description of the Related Art
[0003] Many catalysts have been disclosed for use in the production of acrolein or
methacrolein by catalytic vapor phase oxidation of propylene or isobutylene. U.S. Pat. No.
4,816,603 discloses a catalyst for production of methacrolein and methacrylic acid of the
formula:
Mo, W:Bi:FeaNi SbiXY 1 ZiAOx
where X is potassium, rubidium and/or cesium, Y is phosphorus, sulfur, silicon, selenium,

germanium and/or boron, Z is zinc and/or lead, A is magnesium, cobalt, manganese and/or
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tin, ais 12, b is 0.001 to 2, ¢ is 0.01 to 3, d is 0.01 to &, ¢ is 0.01 to 10, fis 0.01 to 5, g s 0.01
to2,his0to 5,115 0.01 to 5,jis 0 to 10 and k is sufficient to satisfy the valences.

[0004] U.S. Pat. No. 4,511,671 discloses a catalyst for manufacturing methacrolein of
the formula: Mo, WBicFeqAB{CoDOx
where A is at least one of nickel and/or cobalt; B is at least one of alkali metals, alkaline carth
metals and/or thallium; C is at least one of phosphorus, tellurium, antimony, tin, cerium, lead,
niobium, manganese and/or zinc; D is at least one of silicon, aluminum, zirconium, and/or
titanium; a is 12, bis 0 to 10, cis 0.1 to 10, d is 0.1 to 20, e is 2 to 20, fis 0 to 10, g is 0 to 4,
h is 0 to 30 and x is determined by the atomic valences.

[0005] U.S. Pat. No. 4,556,731 discloses a catalyst for production of methacrolein
and methacrylic acid of the formula:

A,BpFeXaMeMo1,0x

where A is an alkali metal, such as potassium, rubidium, cesium or mixtures thereof,
thallium, silver or mixtures thereof, B is cobalt, nickel, zinc, cadmium, beryllium, calcium,
strontium, barium, radium or mixtures thereof, X is bismuth, tellurium or mixtures thercof
and M is (1) Cr+W, Ge+W, Mn+Sb, Cr+P, Ge+P, Cu+W, Cu+Sn, Mn+Cr, Pr+W, CetW,
Sn+Mn, Mn+Ge or combinations thereof, (2) Cr, Sb, Ce, Pn, Ge, B, Sn, Cu or combinations
thereof, or (3) Mg+P, Mg+Cu, Mg+Cr, Mg+Cr+W, Mg+W, Mg+Sn or combinations thereof,
ais0to5,bis0to 20, cis 0to20,dis 0 to 20, cis0.01 to 12 and x satisfies the valence
requirements.

[0006] U.S. Pat. No. 5,245,083 discloses a catalyst for preparing methacrolein of a
mixture of composition (1) of the formula:

Mo,BiyFe X4Z:O,
where X is Ni and/or Co, Z is at least one of W, Be, Mg, S, Ca, Sr, Ba, Te, Se, Ce, Ge, Mn,
Zn, Cr, Ag, Sb, Pb, As, B, P, Nb, Cu, Cd, Sn, Al, Zr and Ti, ais 12 b is 0.1 to 10, c is 0 to 20,
dis 0 to 20, fis 0 to 4 and g satisfies the valence requirement and composition (2) of the
formula:
AnMo,0,

where A is at least one of K, Rband Cs, mis 2, nis 1 to 9 and p is 3n+1.

[0007] U.S. Pat. No. 5,138,100 discloses a catalyst for preparing methacrolein with a
mixture of composition (1) of the formula:

Mo,BisFecXqY ZOg
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where X is at least one of Ni and Co, Y is at lcast one of K, Rb, Cs and Ti, Z is at least on¢ of
the elements belonging to Groups 2, 3, 4, 5, 6,7, 11, 12, 13, 14, 15 and 16, specifically
beryllium, magnesium, calcium, strontium, barium, titanium, zirconium, cerium, niobium,
chromium, tungsten, manganese, coppet, silver, zinc, cadmium, boron, aluminum,
germanium, tin, lead, phosphorus, arsenic, antimony, sulfur, selenium and tellurium, a is 12,
bis 0.1to 10, cis 0 to 20,d is 0 to 20, e is 0 to 2, fis 0 to 4, and g satisfies the valence
requirement and composition (2) of the formula:
LnyMo;0;

where Ln is at least one of the rare earth elements, h is 0.2 to 1.5, I is 1 and j satisfies the
valence requirement. The atomic ratio of the rare earth element to molybdenum is disclosed
to be in the range from 0.2 to 1.5 with an atomic ratio less than 0.2 resulting in high
selectivity but poor activity and with an atomic ratio greater than 1.5 resulting in high activity
but poor selectivity.

[0008] U.S. Pat. No. 4,537,874 discloses a catalyst for production of unsaturated
aldehydes of the formula:

Bi,WiFecM0oyABC,DnOx

where A is nickel and/or cobalt, B is at lecast one of alkali metal, alkaline earth metals and
thallium, C is at least one of phosphorus, arsenic, boron, antimony, tin, cerium, lead and
niobium, D is at least one of silicon, aluminum, zirconium and titanium, a is 0.1 to 10.0, b is
0.5t010.0, cis 0.1to 10.0,d is 12, e is 2.0 to 20.0, fis 0.001 to 10.0, gis 0 to 10.0 and h
satisfies the valence requirement. The ratio of a/b is 0.01 to 6.0 so that bismuth is combined
very stably with tungsten and compounds such as bismuth trioxide and bismuth molybdate
are not formed.

[0009] U.S. Pat. No. 5,728,894 discloses a catalyst for producing methacrolein of the
formula:

Mo 1,Bi,CepKcFedAcBO,

where A is Co or a mixture of Co and Mg having an atomic ratio of Mg to Co not more than
0.7, B is Rb, Cs or a mixture thereof, ais0to 8, bis0to &, cis0to 1.2, dis0to2.5,eis 1.0
to 12, fis 0 to 2.0, g satisfies the valence requirement. The relative atomic ratio of iron to
bismuth and cerium should be 0<d/(a+b+d)<0.9. The relative atomic ratio of bismuth,
cerium and potassium should be 0.05<b/(a+b+c)<0.7. The relative atomic ratio of potassium
to bismuth and cerium should be 0<c/(a+b+c)<0.4. Bismuth, cerium, potassium, iron and

cobalt are indispensable elements for the disclosed invention.
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[0010] U.S. Pat. No. 5,166,119 discloses a method for preparing a catalyst of
molybdenum, bismuth, iron and cesium or thallium for producing methacrolein and
methacrylic acid by gas phase catalytic oxidation of isobutylene or tert-butanol with
molecular oxygen. There is no preference disclosed of cesium over thallium.

[0011] U.S. Pat. No. 6,9464,22 discloses a process for making a catalyst containing
oxides of molybdenum, bismuth, iron, cesium and, optionally, other metals, such as tungsten,
cobalt, nickel, antimony, magnesium, zinc, phosphorus, potassium, rubidium, thallium,
manganese, barium, chromium, boron, sulfur, silicon, aluminum, titanium, cerium, tellurium,
tin, vanadium, zirconium, lead, cadmium, copper and niobium wherein metal compounds are
dissolved and then precipitated as a catalyst precursor which is calcined to form a mixed
metal oxide catalyst. The process of the present invention uses an organic acid, such as acetic
acid, instead of nitric acid to dissolve the bismuth compound and, optionally, other metal
compounds. The catalyst synthesized by this process may be used for the production of
unsaturated aldehydes, such as methacrolein, by gas phase catalytic oxidation of olefins, such
as isobutylene.

[0012] U.S. Pat. No. 7,229,945 disclosed a process for making a catalyst for
production of unsaturated aldehydes, such as methacrolein, by gas phase catalytic oxidation
of olefins, such as isobutylene, said catalyst containing oxides of molybdenum, bismuth, iron,
cesium, tungsten, cobalt, nickel, antimony, magnesium and zinc. The process is a two-part
synthesis of the catalyst with the water insoluble components in one part and the water
soluble components in the other part. The water insoluble components are co-precipitated to
form an intermediate catalyst precursor of a precipitated support incorporating oxides of the
metal components. The intermediate catalyst precursor is filtered and washed to remove
nitrates. The intermediate catalyst precursor is slurried with the remaining water soluble
components. A final catalyst precursor is formed by removing the water and incorporating
the water soluble components. This two-part process reduces the amount of nitrates in the
final catalyst precursor.

[0013] U.S. Pat. No. 7,232,788 disclosed a catalyst for production of unsaturated
aldehydes, such as methacrolein, by gas phase catalytic oxidation of olefins, such as
isobutylene, contains oxides of molybdenum, bismuth, iron, cesium and, optionally, other
metals. The catalyst has a certain relative amount ratio of cesium to bismuth, a certain

relative amount ratio of iron to bismuth and a certain relative amount ratio of bismuth, iron,
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cesium and certain other metals to molybdenum and, optionally, tungsten. For a catalyst of
the formula:

Mo1,Bi, Wi Fe CogNiSbiCs MghZn;P;O
whereinais 0.1to 1.5,bis0to4,cis0.2t05.0,dis0t0 9,eis 0to 9, fis 0 to 2.0, g is from
04to 1.5, his0to 1.5,1is0t0 2.0, j1s 0 to 0.5 and x is determined by the valences of the
other components, c:g=3.3 5.0, c:a=2.0 6.0 and (3a+3c+2d+2e+g+2h+21)/(2x12+2b)=0.95
1.10.

[0014] U.S. Pat. No. 7,361,791 disclosed a catalyst for production of unsaturated
aldehydes, such as methacrolein, by gas phase catalytic oxidation of olefins, such as
isobutylene, contains oxides of molybdenum, bismuth, iron, cesium and, optionally, other
metals. The catalyst has a certain relative amount ratio of cesium to bismuth, a certain
relative amount ratio of iron to bismuth and a certain relative amount ratio of bismuth, iron,
cesium and certain other metals to molybdenum and, optionally, tungsten. For a catalyst of
the formula:

Mo1,Bi, Wi Fe CogNiSbiCs MghZn;P;O
whereinais 0.1to 1.5,bis0to4,cis0.2t05.0,dis0t0 9,eis 0to 9, fis 0 to 2.0, g is from
04to 1.5, his0to 1.5, 1is0t0 2.0,j1s 0 to 0.5 and x is determined by the valences of the
other components, ¢:g=3.3-5.0, c:a=2.0-6.0 and (3a+3c+2d+2e+g+2h+21)/(2x12+2b)=0.95-
1.10.

[0015] U.S. Pat. No. 7,494,952 disclosed a process for making a catalyst for
production of unsaturated aldehydes, such as methacrolein, by gas phase catalytic oxidation
of olefins, such as isobutylene, said catalyst containing oxides of molybdenum, bismuth, iron,
cesium, tungsten, cobalt, nickel, antimony, magnesium and zinc. The process is a synthesis
of the catalyst with aging or digestion of the reaction slurry with little or no agitation. A
catalyst precursor is formed from the water insoluble and water soluble components and is
dried. The metal oxide catalyst is formed by calcination of the catalyst precursor.

[0016] U.S. Pat. No. 7,501,377 disclosed a catalyst for production of unsaturated
aldehydes, such as methacrolein, by gas phase catalytic oxidation of olefins, such as
isobutylene, contains oxides of molybdenum, bismuth, iron, cesium and, optionally, other
metals. The catalyst has a certain relative amount ratio of cesium to bismuth, a certain
relative amount ratio of iron to bismuth and a certain relative amount ratio of bismuth, iron,
cesium and certain other metals to molybdenum and, optionally, tungsten. For a catalyst of

the formula;:
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Mo1,Bi, Wi Fe CogNiSbiCs MghZn;P;O
whereinais 0.1to 1.5,bis0to4,cis0.2t05.0,dis0t0 9,eis 0to 9, fis 0 to 2.0, g is from
04to 1.5, his0to 1.5,1is0t0 2.0, j1s 0 to 0.5 and x is determined by the valences of the
other components, c:g=3.3-5.0, c:a=2.0-6.0 and (3a+3c+2d+2e+g+2h+21)/(2x12+2b)=0.95-
1.10.

[0017] The prior art disclosed mixed metal oxide catalysts, which contain
molybdenum, bismuth, iron, nickel, cobalt, cesium and other metals for the production of
methacrolein. Furthermore, the prior art disclosed certain ranges of amounts of these metals.
Some of the prior art disclosed relative ratios of certain components to other components.
The effect of the selection of certain components for a mixed metal oxide catalyst
compositions for the production of methacrolein and the relative relationship of some of these
components to other components has not been investigated in complete detail. However,
there is still an need in the art for mixed metal oxidation catalyst compositions, for the
production of unsaturated aldehydes, having enhanced relative catalytic activity due to the
addition of an amount of molybdenum above an anion to cation molar ratio of 1.0, where the
amount is sufficient to ensure that all or substantially all divalent metals are converted to
molybdate phases, where the increased molybdate-divalent metal oxide phases correlate with
enhanced relative catalytic activity of the catalyst compositions of this invention compared to

catalyst compositions not including the additional molybdenum.

SUMMARY OF THE INVENTION

[0018] Embodiments of this invention provide highly active catalysts for the
production of unsaturated aldehydes and acids from olefins comprising mixed metal oxides
including: (1) molybdenum or molybdenum and tungsten; (2) trivalent metals, M, selected
from the group consisting of trivalent transition metals, trivalent non-transition metals, and
mixtures thereof; (3) divalent metals, M', selected from the group consisting of alkaline earth
metals, divalent transition metals, divalent non-transition metals, and mixtures thereof; and
(4) monovalent metals, M, selected from the group consisting of alkali metals, monovalent
transition metals, and mixtures thereof, wherein the mixed metal oxides have an anion to
cation molar (ACM) ratio greater than 1.00 and less than 2.00; and an M' to M molar ratio
between 1.95 and 2.15. The ACM ratio is defined as

(2x([MoH[W D)/ GX[M]+2x[M"H{[M"]).
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[0019] Embodiments of this invention provide highly active molybdenum mixed
metal oxide catalyst compositions including at least one compound of the general formula:

Mo, WpMM'¢M" Z:O, D
where:

M is a trivalent metal (M) selected from the group consisting of trivalent transition
metals, trivalent non-transition metals, and mixtures thereof;

M' is a divalent metal (M") selected from the group consisting of alkaline earth
metals, divalent transition metals, divalent non-transition metals, and mixtures thereof;

M'" is a monovalent (M") metal selected from the group consisting of alkali metals,
monovalent transition metals, and mixtures thereof;

Z is an clement in the form of an oxide when added to a pre-catalyst preparation and
is selected from the group consisting of cerium, antimony, phosphorus, boron, sulfur, silicon,
aluminum, titanium, tellurium, vanadium, zirconium, niobium, and mixtures thereof;

a 1S a number between 12.3 and 14.0;

b is a number between 0.0 and 0.4,

¢ is a number between 2.0 and 4.0;

d is a number between 5.0 and 8.0;

e is a number between 0.5 and 1.5;

f is a number between 0.5 and 1.5; and

g is a number that completes the valency of the formula;
wherein the mixed metal oxide has:

Mo is present in an amount sufficient to produce an anion to cation molar (ACM)

ratio greater than 1.00 and less than 2.00; and

an M' to M molar ratio is between 1.95 and 2.15, and
wherein:

the ACM ratio is defined as (2x[Mo]+2x[W]) to (3x[M] + 2x[M'] + [M"']) or

Cx[Mo]+2x[WD/(3X[M] + 2X[M'] + [M"]) or 2(a + b)/(3¢ + 2d + ).

[0020] Other embodiments of the catalyst include those of formula (II), formula (III),
formula (IV), formula (V), and formula (VI), as further described herein. Other aspects of
the invention include processes for catalytic oxidation of olefins to aldehydes using the
catalyst of any of the formulas described, as further described herein. Other aspects of the
invention include the mixed metal oxides of any of formula (I), formula (II), formula (I11),

formula (IV), formula (V), and formula (VI). In each of the embodiments of catalysts,
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processes, and mixed metal oxides disclosed herein, the ACM ratio not only includes the
broad range of greater than 1.00 and less than 2.00 as discussed above, but each of said
embodiments also include, for said ACM ratio: the more preferred range of greater than 1.00
and less than 1.80, the even more preferred range of greater than 1.00 and less than 1.60, the
even more preferred range of greater than 1.00 and less than 1.40, the even more preferred
range of greater than 1.00 and less than 1.20, and the most preferred range of greater than or
equal to 1.06 and less than 1.20. Additionally, each such embodiment includes the ACM
ratio range of greater than or equal to 1.06 and less than 2.00; greater than or equal to 1.06
and less than 1.80; greater than or equal to 1.06 and less than 1.60; and, greater than or equal
to 1.06 and less than 1.40.

[0021] The ranges recited above for ACM ratio and the M' to M molar ratio result in
enhanced catalytic activity. In certain embodiments, the increased relative catalytic activity
is at least 1.5 times the relative catalytic activity of the analogous catalyst not within the
recited ranges. In other embodiments, the increased relative catalytic activity is at least 1.75
times a relative catalytic activity of the analogous catalyst not within the recited ranges. In
other embodiments, the increased relative catalytic activity is at least 2.0 times a relative
catalytic activity of the analogous catalyst not within the recited ranges. In other
embodiments, the increased relative catalytic activity is at least 2.1 times a relative catalytic
activity of the analogous catalyst not within the recited ranges. In other embodiments, the
increased relative catalytic activity is at least 2.2 times a relative catalytic activity of the
analogous catalyst not within the recited ranges. In other embodiments, the increased relative
catalytic activity is at least 2.3 times a relative catalytic activity of the analogous catalyst not
within the recited ranges. In other embodiments, the increased relative catalytic activity is at
least 2.4 times a relative catalytic activity of the analogous catalyst not within the recited
ranges. In other embodiments, the increased relative catalytic activity is at least 2.5 times a
relative catalytic activity of the analogous catalyst not within the recited ranges.

[0022] For each of the embodiments of catalysts, processes, and mixed metal oxides
disclosed herein, as applied to any and all of the formulas disclosed herein (including any one
of formulas (I)-(VI)), the M' to M molar ratio not only includes the broad range of between
1.95 and 2.15 as discussed above, but each of said embodiments also include, for said M' to
M molar ratio: the more preferred M' to M molar ratio of between 2.00 and 2.10, the more
preferred M' to M molar ratio of between 2.05 and 2.10, the more preferred M' to M molar
ratio of between 2.05 and 2.07, and the most preferred M' to M molar ratio of 2.06.

8
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[0023] In the catalyst compositions of this invention, the molybdenum is present
completely or substantially completely as molybdate, MoO,”, which along with tungsten, if
present, in the form of tungstate, WO,”, represent the anions in determining the ACM ratio.
The catalyst compositions of this invention are prepared using a total number of moles of
molybdate, [MoO4* Jiowt. The term substantially means that 90% of the molybdenum is in the
form of molybdate, preferably, at least 95%, and especially, at least 99%. During catalyst
preparation, a portion of [MoO4* Ji reacts with all or substantially all of the monovalent
metals M" and trivalent metals M in the catalyst compositions, where substantially has an
analogous meaning here. The number of moles of molybdate remaining are referred to as the
net number of moles of molybdate, [M0oO4* Jnt. The net number of moles of molybdate
represents the moles of molybdate needed to react with the divalent metals, M'. The total
number of moles of molybdate also includes an additional number of moles of molybdate
referred to as the residual number of moles of molybdate, [M0O4* ]xs.

[0024] While not intended to being bound by any particular theory, we believe that
the residual number of moles of molybdate ensures that all or substantially all the divalent
metals M' are converted into M'-molybdate mixed metal oxides, resulting in an increased
amount of these M'-molybdate mixed metal oxides in the catalyst compositions. We further
believe that the increase in these M'-molybdate mixed metal oxides results in the increased
relative catalytic activity of the catalyst compositions of this invention. Moreover, the
inventors have found that a narrow range of [MoO4* J.es values increases the relative catalytic
activity of the catalyst compositions of this invention, while values above and below this
range decreases relative catalytic activity. Ideally, the residual number of moles of
molybdate ranges from greater than or equal to 0.4 to less than 2.0. The term substantially
relating to the conversion of M' metals means that at least 51% of the M' metals are reacted
with molybdate to from M'-molybdenum mixed metal oxides, preferably, at least 75%,
particularly, at least 85%, more particularly, at least 95%, and especially, at least 99%.

[0025] These compositional characteristics of the catalyst compositions of this
invention may be expressed symbolically as well. Thus, the net number of moles of
molybdate may be defined as

[M0O4* Juer = [M0O4* Joowt — ([M] + [M"'])
and the residual number of moles of molybdate may be defined as

[M0O4" ]res = [M0O4* Jnet — [M'].
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The catalyst compositions of this inventions are characterized in that [MoO4* ] is greater
than or equal to 0.4 and less than 2.0. In other embodiments, [MoO4* ] is between 0.5 and
1.5. Inother embodiments, [MoO4* ]xs is between 0.75 and 1.25. In other embodiments,
[M0O4* s is between 0.8 and 1.0. In other embodiments, [M0oO4* s is 0.9. It should be
recognized that [Mo] is equal to [MoO4*] so that these symbolic representations set forth
above may be formulated equally well in terms of [Mo].

[0026] Alternatively, the catalyst compositions of this invention may be characterized
as comprising mixed metal oxides satisfying the following two conditions: (1) an ACM ratio
greater than 1.00 and less than 2.00 and (2) an M' to M molar ratio between 1.95 and 2.15.
In other embodiments, catalyst compositions of this invention may be characterized as
comprising mixed metal oxides satisfying the following two conditions: (1) an ACM ratio
greater than 1.00 and less than 1.80 and (2) an M' to M molar ratio between 1.95 and 2.15.
In other embodiments, catalyst compositions of this invention may be characterized as
comprising mixed metal oxides satisfying the following two conditions: (1) an ACM ratio
greater than 1.00 and less than 1.60 and (2) an M' to M molar ratio between 1.95 and 2.15.
In other embodiments, catalyst compositions of this invention may be characterized as
comprising mixed metal oxides satisfying the following two conditions: (1) an ACM ratio
greater than 1.00 and less than 1.40 and (2) an M' to M molar ratio between 1.95 and 2.15.
In other embodiments, catalyst compositions of this invention may be characterized as
comprising mixed metal oxides satisfying the following two conditions: (1) an ACM ratio
greater than 1.00 and less than 1.20 and (2) an M' to M molar ratio between 1.95 and 2.15.
In other embodiments, catalyst compositions of this invention may be characterized as
comprising mixed metal oxides satisfying the following two conditions: (1) an ACM ratio
greater than or equal to 1.06 and less than 1.20 and (2) an M' to M molar ratio between 1.95
and 2.15. The ACM ratios and M' and M molar ratios set forth above apply equally well to
all mixed metal oxide of formulas (I-VI).

[0027] The fact that catalyst compositions prepared having this additional amount of
molybdenum and satisfying these two conditions, correlated with unusually high relative
catalytic activities compared to catalyst compositions not including the additional amount of
molybdenum and satisfying these two conditions was wholly unexpected. It is known that
catalyst compositions having a molar ratio of anions to cations of 1.0 (i.e., an equal molar
ratio of metal anions to metal cations = 1.0) have good catalyst performance. Here, we have

found that catalyst compositions having an ACM ratio less than 1.0 had diminished relative
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catalytic activity and selectivity, and similarly, catalyst compositions having an ACM ratio
>2.0 also had diminished relative catalytic activity and selectivity. However, when the ACM
ratio is greater than or equal to 1.06, but less than 2.0 (1.06 < ACM ratio < 2.0), then relative
catalytic activity is increased dramatically, by as much as 2 to 2.5 times the relative catalytic
activity of catalyst compositions not satisfying these two conditions. While not wanting to be
bound to a particular theory, the inventors believe that the net and residual number of moles
of molybdate result in the conversion of all or substantially all divalent metals, M', into
molybdate-divalent mixed metal oxide phases and an increase in the amount of these mixed
metal oxide phases in the final catalyst compositions, which results in the unexpected high
relative catalytic activity of the catalyst compositions of this invention. We have also found
that when the ingredients at the indicated ratios are combined with a binder such as a silica
binder, then the relative catalytic activity may be even higher. We have further found that
when the ingredients at the indicated ratios are combined with a pore forming agent or agents,
catalyst compositions having different pore distributions in the final catalyst compositions
may be prepared.

[0028] The processes of using the catalyst compositions of this invention are
generally in a gas phase catalytic oxidation of an olefin to an aldehyde. For example,
propylene or isobutylene may be oxidized with a molecular oxygen-containing gas in the
presence of a catalyst compositions of the present invention to form a product stream
including an aldehyde and an acid such as the unsaturated aldehydes acrolein or methacrolein
and the unsaturated acids acrylic acid or methacrylic acid. In certain embodiments, the use of
the catalyst compositions of the present invention is in a process to increase relative catalytic

activity to the production of methacrolein and methacrylic acid.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The invention can be better understood with reference to the following
detailed description together with the appended illustrative drawings in which like elements
are numbered the same:

[0030] Figure 1 depicts XDR peak intensities of three catalysts: a Mo, Wy 3 catalyst,
a Mo, W catalyst, and a Mo;,2.3Wy o catalyst, showing different oxide peak intensities
including the intensity of the NiMoOy (phase1)/CoMoO, (NiMo1/CoMo) mixed oxide phase
peaks.
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[0031] Figure 2 depicts XRD peak intensities of a catalyst subjected to different
digestion times, showing different oxide peak intensities including the intensity of NiMoQO4
(phase1)/CoMoQO4 (NiMo1/CoMo) mixed oxide phase peaks.

[0032] Figure 3 depicts XRD peak intensities of a MMO-1 catalyst and a MMO-2
catalyst, showing different oxide peak intensities including the intensity of the NiMoO4
(phase1)/CoMoQO4 (NiMo1/CoMo) phase peaks.

[0033] Figure 4 depicts a graph of the concentration of the crystalline phase NiMoQOy4
(phase1)/CoMoQO4 (NiMo 1/CoMo) versus relative catalytic activity.

[0034] Figure S depicts a graph showing that as the molybdenum concentration is
increased in the catalyst, the NiMoOj4 (phase1)/CoMoO4 (NiMo1/CoMo) crystalline phase

composition initially increases to a maximum and then decreases.

DETAILED DESCRIPTION OF THE INVENTION

[0035] According to the present invention, catalysts are provided for producing
acrolein or methacrolein by oxidation of propylene or isobutylene. The oxidation is a
catalytic reaction that converts an olefin in the presence of molecular oxygen to an
unsaturated aldehyde and water:

H,C=C(R)-CH; + O, —> H,C=C(R)-CHO + H,0
where R is hydrogen or a carbyl group. Carboxylic acids are also produced in a side reaction.

[0036] In all of the formulas described and set forth herein, we will use standard
periodic table symbols for all elements such as molybdenum Mo, tungsten W, and oxygen O,
all other terms such as M, M' and M" will be defined in the description of the formulas.

[0037] The catalysts of this invention are mixed metal oxides of the genera formula
(D:

Mo, WpMM'¢M" Z:O, D
where:

M is a trivalent metal selected from the group consisting of trivalent transition metals,
trivalent non-transition metals and mixtures thereof;

M' is a divalent metal selected from the group consisting of alkaline earth metals,
divalent transition metals, divalent non-transition metals, and mixtures thereof;

M'" is a monovalent metal selected from the group consisting of alkali metals,

monovalent transition metals, and mixtures thereof;
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Z is an clement in the form of an oxide when added to a pre-catalyst preparation and
is selected from the group consisting of cerium, antimony, phosphorus, boron, sulfur, silicon,
aluminum, titanium, tellurium, vanadium, zirconium, niobium, and mixtures thereof;

a 1S a number between 12.3 and 14.0;

b is a number between 0.0 and 0.4,

¢ is a number between 2.0 and 4.0;

d is a number between 5.0 and 8.0;

e is a number between 0.5 and 1.5;

f is a number between 0.5 and 1.5; and

g is a number that completes the valency of the formula,
wherein the mixed metal oxide has:

Mo is present in an amount sufficient to produce an anion to cation molar (ACM)

ratio greater than 1.00 and less than 2.00; and

an M' to M molar ratio is between 1.95 and 2.15, and
wherein

the ACM ratio is defined as (2x[Mo]+2X[W]) to (3X[M] + 2x[M'] + [M"']) or

2x[Mo]+2x[W]/(3X[M] + 2X[M'] + [M"]) or 2(a + b)/(3¢ + 2d + e).

[0038] The increased relative catalytic activity of the catalyst compositions of this
invention was totally unexpected. The catalyst compositions of this invention, having an
ACM ratio of at least 1.06 but less than 2.0 (1.06 < ACM ratio < 2.0) and an M' to M molar
ratio between 1.95 and 2.15, have dramatically increased relative catalytic activities. In fact,
in certain embodiments, the increase in relative catalytic activity may be as much as 2.0 times
that of catalyst compositions having the same metal components, but having ACM ratios
outside of the range of less than or equal to 1.06 and less than 2.0 and an M' to M molar ratio
outside of range of 1.95 to 2.15. In other embodiments, especially in the presence of binders,
the increase in relative catalytic activity may be as much as 2.5 times.

[0039] In an embodiment of the present invention, the catalyst is of the general
formula (I1):

Mo.WpBiciFecxMM'dM" ZiOy 1))
where:

M is a trivalent metal selected from the group consisting of trivalent transition metals,

trivalent non-transition metals and mixtures thereof;
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M' is a divalent metal selected from the group consisting of alkaline earth metals,
divalent transition metals, divalent non-transition metals, and or mixtures thereof;

M'" is a monovalent metal selected from the group consisting of alkali metals,
monovalent transition metals, and mixtures thereof;

Z is an element in the form of an oxide when added to a pre-catalyst preparation and
is selected from the group consisting of cerium, antimony, phosphorus, boron, sulfur, silicon,
aluminum, titanium, tellurium, vanadium, zirconium, niobium, and mixtures thereof;

a 1S a number between 12.3 and 14.0;

b is a number between 0.2 and 0.4,

¢l, ¢2 and ¢3 sum to a number between 2.0 and 4.0,

d is a number between 5.0 and 8.0;

e is a number between 0.5 and 1.5;

f is a number between 0.5 and 1.5; and

g is a number that completes the valency of the formula,
wherein Biand Fe in formula (II) are in their plus three oxidation states,
wherein the mixed metal oxide has:

Mo is present in an amount sufficient to produce an anion to cation molar (ACM)

ratio greater than 1.00 and less than 2.00; and

an M' to M molar ratio is between 1.95 and 2.15; and
wherein

the ACM ratio is defined as (2x[Mo]+2X[W]) to (3X[M] + 2x[M'] + [M"']) or

(2X[Mo]+2x[W]/(3X[M] + 2x[M'] + [M"]) or 2(a + b)/(3(c1+c2+¢c3) + 2d + e).

[0040] The catalyst compositions of this invention may also include 1 to 20 wt% of a
silica binder such as LUDOX -40 and 0.1 to 5 wt% of a pore former such as a polyethylene
glycol (PEG), where the wt% is based on the total weight of the catalyst.

[0041] In another embodiment of the invention the catalyst is of the formula (I1I):

Mo, WpBiciFecxMNig1CoaxM'isM " ZOg (I11)
where:

M is a trivalent metal selected from the group consisting of trivalent transition metals,
trivalent non-transition metals and mixtures thereof;

M' is a divalent metal selected from the group consisting of alkaline earth metals,

divalent transition metals, divalent non-transition metals, and mixtures thereof;

14



WO 2013/130146 PCT/US2012/067522

M'" is a monovalent metal selected from the group consisting of alkali metals,
monovalent transition metals, and mixtures thereof;

Z is an clement in the form of an oxide when added to a pre-catalyst preparation and
is selected from the group consisting of cerium, antimony, phosphorus, boron, sulfur, silicon,
aluminum, titanium, tellurium, vanadium, zirconium, niobium, and mixtures thereof;

a 1S a number between 12.3 and 14.0;

b is a number between 0.2 and 0.4,

¢l, ¢2 and ¢3 sum to a number between 2.0 and 4.0,

d1, d2 and d3 sum to a number between 5.0 and 8.0;

e is a number between 0.5 and 1.5;

f is a number between 0.5 and 1.5; and

g is a number that completes the valency of the formula,
wherein Bi and Fe in formula (IIT) are in their plus three oxidation states and Ni and Co in
formula (III) are in their plus two oxidation states,
wherein the mixed metal oxide has:

Mo is present in an amount sufficient to produce an anion to cation molar (ACM)

ratio greater than 1.00 and less than 2.00; and

an M' to M molar ratio is between 1.95 and 2.15, and
wherein

the ACM ratio is defined as (2x[Mo]+2X[W]) to (3X[M] + 2x[M'] + [M"']) or

(2X[Mo]+2x[W])/(3X[M] + 2x[M'] + [M"]) or 2(a + b)/(3(cl + ¢2 + ¢3) + 2(d1 + d2

+ d3) +e).

[0042] The catalyst compositions of this invention may also include 1 to 20 wt% of a
silica binder such as LUDOX -40 and 0.1 to 5 wt% of a pore former such as a polyethylene
glycol (PEG), where the wt% is based on the total weight of the catalyst.

[0043] In another embodiment of the invention the catalyst is of the formula (IV):

Mo.WpBiciFecxMc3Nig1CogzMgazM'asM "' ZO av)
where:

M is a trivalent metal selected from the group consisting of trivalent transition metals,
trivalent non-transition metals and mixtures thereof;,

M' is a divalent metal selected from the group consisting of alkaline earth metals,

divalent transition metals, divalent non-transition metals, and mixtures thereof;
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M'" is a monovalent metal selected from the group consisting of alkali metals,
monovalent transition metals, and mixtures thereof;

Z is an clement in the form of an oxide when added to a pre-catalyst preparation and
is selected from the group consisting of cerium, antimony, phosphorus, boron, sulfur, silicon,
aluminum, titanium, tellurium, vanadium, zirconium, niobium, and mixtures thereof;

a 1S a number between 12.3 and 14.0;

b is a number between 0.2 and 0.4,

¢l, ¢2 and ¢3 sum to a number between 2.0 and 4.0,

d1, d2, d3 and d4 sum to a number between 5.0 and 8.0;

e is a number between 0.5 and 1.5;

f is a number between 0.5 and 1.5; and

g is a number that completes the valency of the formula,
wherein Bi and Fe in formula (IV) are in their plus three oxidation states and Ni, Co, and Mg
in formula (IV) are in their plus two oxidation states,
wherein the mixed metal oxide has:

Mo is present in an amount sufficient to produce an anion to cation molar (ACM)

ratio greater than 1.00 and less than 2.00; and

an M' to M molar ratio is between 1.95 and 2.15, and
wherein

the ACM ratio is defined as (2x[Mo]+2X[W]) to (3X[M] + 2x[M'] + [M"']) or

(2X[Mo]+2x[W])/(3X[M] + 2x[M'] + [M"]) or 2(a + b)/(3(cl + ¢2 + ¢3) + 2(d1 + d2

+ d3 +d4) + e).

[0044] The catalyst compositions of this invention may also include 1 to 20 wt% of a
silica binder such as LUDOX -40 and 0.1 to 5 wt% of a pore former such as a polyethylene
glycol (PEG), where the wt% is based on the total weight of the catalyst.

[0045] In another embodiment of the invention the catalyst is of the formula (V):

Mo, W;Bic1Fe:Mc3Nia1 Coa2MgazZngsM'asCseiM"' 22O V)
where:

M is a trivalent metal selected from the group consisting of trivalent transition metals,
trivalent non-transition metals and mixtures thereof;,

M' is a divalent metal selected from the group consisting of alkaline earth metals,

divalent transition metals, divalent non-transition metals, and mixtures thereof;
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M'" is a monovalent metal selected from the group consisting of alkali metals,
monovalent transition metals, and mixtures thereof;

Z is an clement in the form of an oxide when added to a pre-catalyst preparation and
is selected from the group consisting of cerium, antimony, phosphorus, boron, sulfur, silicon,
aluminum, titanium, tellurium, vanadium, zirconium, niobium, and mixtures thereof;

a 1S a number between 12.3 and 14.0;

b is a number between 0.2 and 0.4,

¢l, ¢2 and ¢3 sum to a number between 2.0 and 4.0,

d1, d2, d3, d4, and d5 sum to a number between 5.0 and &.0;

el and e2 sum to a number between 0.5 and 1.5;

f is a number between 0.5 and 1.5; and

g is a number that completes the valency of the formula,
wherein Bi and Fe in formula (V) are in their plus three oxidation states, Ni, Co, Mg, and Zn
in formula (V) are in their plus two oxidation states and Cs in formula (V) is in its plus one
oxidation state,
wherein the mixed metal oxide has:

Mo is present in an amount sufficient to produce an anion to cation molar (ACM)

ratio greater than 1.00 and less than 2.00; and

an M' to M molar ratio is between 1.95 and 2.15, and
wherein

the ACM ratio is defined as (2x[Mo]+2X[W]) to (3X[M] + 2x[M'] + [M"']) or

(2X[Mo]+2x[W])/(3X[M] + 2x[M'] + [M"]) or 2(a + b)/(3(cl + ¢2 + ¢3) + 2(d1 + d2

+ d3 +d4 + d5) + (el + €2)).

[0046] The catalyst compositions of this invention may also include 1 to 20 wt% of a
silica binder such as LUDOX -40 and 0.1 to 5 wt% of a pore former such as a polyethylene
glycol (PEG), where the wt% is based on the total weight of the catalyst.

[0047] In another embodiment of the invention the catalyst is of the formula (VI):

Mo, WpBiciFecxMc3Nig1CoaxMgazZngsM ' ¢sCse1tM" 2Sbgi Zi, O (VD
where:

M is a trivalent metal selected from the group consisting of trivalent transition metals,
trivalent non-transition metals and mixtures thereof;,

M' is a divalent metal selected from the group consisting of alkaline earth metals,

divalent transition metals, divalent non-transition metal, and or mixtures thereof;
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M'" is a monovalent metal selected from the group consisting of alkali metals,
monovalent transition metals, and mixtures thereof;

Z is an clement in the form of an oxide when added to a pre-catalyst preparation and
is selected from the group consisting of cerium, antimony, phosphorus, boron, sulfur, silicon,
aluminum, titanium, tellurium, vanadium, zirconium, niobium, and mixtures thereof;

a 1S a number between 12.3 and 14.0;

b is a number between 0.2 and 0.4,

¢l, ¢2 and ¢3 sum to a number between 2.0 and 4.0,

d1, d2, d3, d4, and dS sum to a number between 5.0 and 8.0;

el and e2 sum to a number between 0.5 and 1.5;

f1 and f2 sum to a number between 0.5 and 1.5; and

g is a number that completes the valency of the formula,
wherein Bi and Fe in formula (VI) are in their plus three oxidation states, Ni, Co, Mg, and Zn
in formula (VI) are in their plus two oxidation states and Cs in formula (VI) is in its plus one
oxidation state,
wherein the mixed metal oxide has:

Mo is present in an amount sufficient to produce an anion to cation molar (ACM)

ratio greater than 1.00 and less than 2.0; and

an M' to M molar ratio is between 1.95 and 2.15, and
wherein

the ACM ratio is defined as (2x[Mo]+2X[W]) to (3X[M] + 2x[M'] + [M"']) or

(2X[Mo]+2x[W])/(3X[M] + 2x[M'] + [M"]) or 2(a + b)/(3(cl + ¢2 + ¢3) + 2(d1 + d2

+ d3 +d4 + d5) + (el + €2)).

[0048] Although not intending to be bound by theory, it is believed that when the
mixed metal oxide has a ACM ratio greater than 1.00 and less than 2.0, and a M' to M molar
ratio between 1.95 and 2.15, all or substantially all of the M' metals are converted to M'-
molybdates, increasing the concentration of Mo- M' oxide phases (molybdenum divalent
metal oxide phases) in the mixed metal oxide. This results in a significant enhancement of
catalytic activity, routinely showing an increase of catalytic activity of at least two times (i.c.,
at least a doubling of activity). This enhancement of catalytic activity is even more

prominent in the preferred ranges of ACM ratio and M' to M molar ratio described herein.
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[0049] The catalyst compositions of this invention may also include 1 to 20 wt% of a
silica binder such as LUDOX -40 and 0.1 to 5 wt% of a pore former such as a polyethylene
glycol (PEG), where the wt% is based on the total weight of the catalyst.

[0050] The process of making the catalyst is generally to dissolve the metal
compounds in water or in an acid, precipitate a solid catalyst precursor to form a slurry,
separate the solid by removing liquid from the slurry to leave a solid, dry the solid, and
calcine the solid to form a mixed metal oxide catalyst. The Mo or Mo and W metal
compounds are divalent anionic salts (e.g., ammonium MoO,> and ammonium WOQ,*). The
M metal compounds are cationic salts (e.g., nitrates, halides, organic acid, inorganic acid,
hydroxides, carbonates, oxyhalides, sulfates and other groups which may exchange with
oxygen under high temperatures so that the metal compounds become metal oxides, etc.).
The M' metal compounds are divalent cationic salts (e.g., nitrates, halides, organic acid,
inorganic acid, hydroxides, carbonates, oxyhalides, sulfates and other groups which may
exchange with oxygen under high temperatures so that the metal compounds become metal
oxides, etc.). The M" metal compounds are monovalent cationic salts (e.g., nitrates, halides,
organic acid, inorganic acid, hydroxides, carbonates, oxyhalides, sulfates and other groups
which may exchange with oxygen under high temperatures so that the metal compounds
become metal oxides, etc.). The Z compounds are either neutral oxides, other neutral
compounds or compounds that do not enter into the anion to cation molar ratio. In one
embodiment of the invention, the metal compounds are soluble in water or an acid. In
another embodiment of the invention, the molybdenum compound and the tungsten
compound are ammonium salts, such as ammonium paramolybdate or ammonium molybdate
and ammonium paratungstate or ammonium tungstate, respectively, the M metals are nitrates
such as bismuth nitrate and ferric nitrate, the M' metals are nitrates such as cobaltous nitrate,
nickel nitrate, zinc nitrate, and magnesium nitrate, the M' metals are nitrates such as lithium
nitrate, sodium nitrate, potassium nitrate, rubidium nitrate, and cesium nitrate, and Z is an
clement in the form of an oxide when added to a pre-catalyst preparation and is selected from
the group consisting of cerium, antimony, phosphorus, boron, sulfur, silicon, aluminum,
titanium, tellurium, vanadium, zirconium, niobium, and mixtures thereof. In one
embodiment of the invention, the bismuth, iron, cesium, cobalt, nickel, magnesium and zinc
compounds are nitrates. Of course, the M, M' and M" cationic metal salts are used in the

calculation of the anion to cation molar ratio. The binders and pore formers may be added at
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any stage in the preparation method. In certain embodiments, the binders and pore formers
may be added to the final slurry prior to drying.

[0051] The present invention does not depend on a particular order of addition of the
components. While a particular order of addition of the various metal compound components
may affect the performance of the catalyst, the present invention is directed toward the
particular relative amount of certain components to other components without regard to the
order in which the steps in the process of making the catalyst occur.

[0052] Suitable trivalent metals M include, without limitation, trivalent transition
metals including Sc, Fe, Y, La, Ac, Nd, Pm, Gd, Dy, Ho, and Er, and non transition metal
including Ga, In and Bi. Suitable divalent metals M' include, without limitation, alkaline
carth metals including Be, Mg, Ca, Sr, and Ba, divalent transition metals including Co, Ni,
Cu, Zn, Pd, Pt, Cd, and Hg and non-transition metals including Pb. Suitable monovalent
metals M" include, without limitation, alkali metals including Li, Na, K, Rb, and Cs, and
monovalent transition metals including Ag and Au. It should be understood that the above
listed metals may also exist in other oxidation states, but in the mixed metal oxides of
formulas (II-VI), the above listed metals have the specified valence. Thus, in the formulas,
Bi and/or Fe are added as a trivalent salt and will exist in the final catalyst as trivalent oxides,
similarly, Ni, Co, Mg, and/or Zn are added as a divalent salt and will exist in the final catalyst
as divalent oxides.

[0053] An example of making the catalyst of the claimed invention is to dissolve an
ammonium salt of molybdenum, such as ammonium paramolybdate or ammonium molybdate
and/or an ammonium salt of tungsten, such as ammonium paratungstate or ammonium
tungstate in water, dissolve a bismuth nitrate in an acid, dissolve an iron nitrate and,
optionally, a cobalt nitrate, a nickel nitrate, a magnesium nitrate, and a zinc nitrate in water or
in the acid with the bismuth nitrate, mix the solutions at a temperature in the range from 40°C
to 100°C, or at 60°C to 95°C, to obtain a precipitate to form a slurry and then add a cesium
nitrate and, optionally, an antimony oxide to the slurry while maintaining the temperature.
The cesium nitrate and the antimony oxide may be added to the slurry as solids. The slurry
may be aged for 2 to 24 hours, for 8 to 18 hours or for 5 to 10 hours. The liquid of the slurry
is removed by evaporation and the solid precipitate is dried and calcined to obtain a catalyst.
The liquid may be removed and the solid precipitate dried at the same time by spray drying.
The liquid may be evaporated at a temperature of 50°C to 125°C. The binders and pore
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formers may be added at any stage in the preparation method. In certain embodiments, the
binders and pore formers may be added to the final slurry prior to drying.

[0054] Drying of the catalyst precursors may be in air or an inert gas and in an oven
or a spray dryer. In one embodiment of the invention, drying is in an oven in air at a
temperature of 100°C to 150°C for 2 to 5 hours.

[0055] One purpose of calcination of the catalyst precursor is to obtain an oxide of the
metal components. The catalyst precursor may be calcined at a temperature of 200°C to
600°C for 1 to 12 hours. Calcination may be in two stages, one at a temperature of 150°C to
400°C for 1 to 5 hours and another at a temperature of 400°C to 600°C for 4 to 8 hours with a
temperature ramp of 1-20°C/min, or of 5-10°C/min. In an embodiment of the invention for a
two-stage calcination, the first is at a temperature of 290°C to 310°C for 2 hours and second
at a temperature of 460°C to 500°C for 6 hours. Denitrification may occur in the first step.
In the alternative, calcination is in one stage by increasing the temperature from ambient
temperature to about 485°C over two hours instead of an initial step or denitrification.
Calcination may be done in a high temperature oven or kiln.

[0056] The catalyst compositions may be processed by sieving, forming and other
means known in the art to obtain catalyst particles of a certain size. Desired particle size and
particle size distribution are related to the design of the reactor (size, shape, configuration,
etc.), to the pressure drop intended for the process and to the process flow. For a two stage
calcination, the catalyst may be sieved or formed after the first stage calcination and before
the second stage calcination. In a commercial process the catalyst precursors may be sieved
and formed after spray drying and before calcination.

[0057] The conventional mixed metal oxide catalysts containing molybdenum are
referred to as MMO-1 catalysts, and the mixed metal oxide catalyst compositions containing
molybdenum of this invention are referred to as MMO-2 catalysts. When the term MMO is
used, the term is referring to any mixed metal oxide catalyst including MMO-1, MMO-2 and
any other mixed metal oxide catalysts used in aldehyde, such as methacrolein, production.
The X-ray diffraction (XRD) pattern of the mixed metal oxide catalyst compositions made
according to the present invention were measured. These catalyst compositions were found
to have XRD patterns including diffraction peaks at diffraction angles of 20, measured using
Cu Ka radiation, between 24 and 29 degrees. Figures 1-3 show XRD peak intensities for
peaks corresponding to the various crystal phases of comparative MMO-1 catalysts, and

MMO-2 catalysts of this invention. It is believed that MMO-1 and MMO-2 catalysts include
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peaks from left to right corresponding to a MoOy phase, a NiMo, phase 2 oxide, a FeMo
oxide phase, a NiMo (phase 1)/CoMo mixed oxide phase (sometimes referred to herein as
NiMo1/CoMo) and a BiMo oxide phase. There may be several additional diffraction peaks
present in a catalyst composition of the present invention, but these peaks will normally be
evident. It is also believed that the increased intensities of the highest XRD peaks correspond
to increased amounts of the NiMo1/CoMo phase in the mixed metal oxides of this invention,
where the increased amounts of the NiMo 1/CoMo phase are believed to be primarily
responsible for the increased relative catalytic activities of the catalyst compositions of this
invention. Figure 1 shows XRD data for three MMO-1 catalyst (appearing as Mo1, Wo 3,

Mo 1,Wo.0, and Moj,3Wo o in the legend). The significance of Figure 1 is that the
NiMo1/CoMo phase peak intensity is enhanced upon addition of Mo, but not enhanced upon
the addition of W.

[0058] The catalyst of the present invention may be used as an unsupported catalyst
or a supported catalyst. The surface area of an unsupported catalyst is from 0.1 to 150 square
meter per gram (m’/g) or from 1 to 20 m*/g. If supported, the support should be an inert solid
which is chemically unreactive with any of the active components of the catalyst and in one
embodiment of the invention is silica, alumina, niobia, titania, zirconia or mixtures thereof.
The catalyst may be affixed to the support by methods known in the art, including incipient
wetness, slurried reactions and spray drying. The catalyst compositions, supported or
unsupported, are not limited by shape, size or particle distribution and may be formed as
appropriate for the reaction vessel in the process. Examples are powder, granules, spheres,
cylinders, saddles, etc.

[0059] The catalysts compositions are used in the gas phase catalytic oxidation of a
feedstock gas comprising an olefin, such as propylene or isobutylene, with a molecular
oxygen-containing gas, such as oxygen, to produce an aldehyde, such as acrolein or
methacrolein. Oxygen may be supplied in the pure form or in an oxygen-containing gas,
such as air or as an oxygen-diluent gas mixture. The diluent gas may be nitrogen, a
hydrocarbon which is gaseous under the process conditions or carbon dioxide. Water and/or
an inert gas, such as nitrogen, may also be present. In one embodiment of the invention, the
reaction temperature is from 250°C to 450°C or from 330°C to 410°C. The reactor may be a
fixed bed or a fluidized bed reactor. Reaction pressure may be from 0 to 100 pounds per
square inch gauge (psig) or from 0 to 55 psig. Space velocity may be from 1000 to 12,500
hr!, 5000 to 10,000 hr™' or 7500 to 10,000 hr™'. Operating conditions will depend upon the
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specifics of catalyst performance and the economics of process design for the individual
process.

[0060] Suitable binder for use in the present invention include, without limitation,
silica binders, alumina binder, kaoline binders, colloidal metal oxide binders, colloidal
metalloid oxide binders or mixtures therecof. Exemplary colloidal metal oxide binders,
colloidal metalloid oxide binders include, without limitation, silica-containing colloidal
binders, alumina-containing colloidal binders, or mixtures thereof. Exemplary silica binders
and alumina binders include, without limitation, LUDOX* collodial silica catalyst binders,
LUDOX* HS collodial silica catalyst binders, and LUDOX* AS collodial silica catalyst
binders available from W.R. Grace & Co. such as LUDOX* HS-40 collodial silica,
NYACOL* colloidal alumina available from Nyacol Nano Technologies, Inc., binders
disclosed in U.S. Pat. No. 5,948,726.

[0061] Suitable pore formers for use in this invention include, without limitation,
formates, oxalates, citrates, acetates, amine complex salts, ammonium salts, organic
molecule, organic particle, organic nano-particle or mixtures thereof, that convert to a gas
during catalyst calcination. Exemplary pore formers include, without limitation, carboxylic
acids, polyols, saccharides and polysaccharides, ammonium organic compounds,
polyethylene glycols (PEGs), alcohols, amines, other organic compounds that undergo
thermal decomposition to volatile components and mixtures thereof. Exemplary examples of
such ammonium-containing compounds include, without limitation, ammonium salts of
alkanoic (carboxylic) acids, or mixtures or combinations thereof.

[0062] Set forth below are examples of embodiments of the mixed metal oxides,
catalysts, and processes disclosed herein.

[0063] Embodiment 1: A mixed metal oxide having the formula (I):

Mo, WpMM'¢M" Z:O, D
where:

M is a trivalent metal selected from the group consisting of trivalent transition metals,
trivalent non-transition metals and mixtures thereof;

M' is a divalent metal selected from the group consisting of alkaline earth metals,
divalent transition metals, divalent non-transition metals, and or mixtures thereof;,

M'" is a monovalent metal selected from the group consisting of alkali metals,

monovalent transition metals, and mixtures thereof;
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Z is an element in the form of an oxide when added to a pre-catalyst preparation and
is selected from the group consisting of cerium, antimony, phosphorus, boron, sulfur, silicon,
aluminum, titanium, tellurium, vanadium, zirconium, niobium, and mixtures thereof;

a 1S a number between 12.3 and 14.0;

b is a number between 0.0 and 0.4,

¢ is a number between 2.0 and 4.0;

d is a number between 5.0 and 8.0;

e is a number between 0.5 and 1.5;

f is a number between 0.5 and 1.5; and

g is a number that completes the valency of the formula;

wherein the mixed metal oxide has:

an anion to cation molar (ACM) ratio greater than 1.00 and less than 2.00; and

an M' to M molar ratio is between 1.95 and 2.15, and
wherein the ACM ratio is defined as (2x[Mo]+2x[W]) to (3x[M] + 2X[M'] + [M"']) or
2x[Mo]+2x[W]/(3X[M] + 2X[M'] + [M"]) or 2(a + b)/(3¢ + 2d + e).

[0064] Embodiment 2: The catalyst of Embodiment 1, wherein the catalyst comprises
a mixed metal oxide having the formula (II): Mo,Wy,Bi FeooMaM'aM" Z O,  (11)
where b is a number between 0.2 and 0.4; and c1, ¢2 and ¢3 sum to a number between 2.0
and 4.0; and wherein Bi and Fe in formula (II) are in their plus three oxidation states, and
wherein the ACM ratio is defined as (2x[Mo]+2%[W]) to (3x[M] + 2X[M'] + [M"']) or
X[Mo[+2x[W]/(3X[M] + 2x[M'] + [M"]) or 2(a + b)/(3(c1+¢2 + ¢3) + 2d + e).

[0065] Embodiment 3: The catalyst of Embodiment 1, wherein the catalyst comprises
a mixed metal oxide having the formula (II1): M0, WpBiciFecsMc3NigiCoaaM'asM" ZOg
(I11)
where: b is a number between 0.2 and 0.4; ¢1, ¢2 and ¢3 sum to a number between 2.0 and
4.0; and d1, d2 and d3 sum to a number between 5.0 and 8.0. Bi and Fe in formula (III) are
in their plus three oxidation states and Ni and Co in formula (III) are in their plus two
oxidation states, and the ACM ratio is defined as (2x[Mo]+2x[W]) to (3x[M] + 2x[M"'] +
[M"]) or 2X[Mo]+2X[W]/(3X[M] + 2X[M'] + [M"]) or 2(a + b)/(3(c1 + ¢2 + ¢3) + 2(d1 +
d2 +d3) +e).

[0066] Embodiment 4: The catalyst of Embodiment 1, wherein the catalyst comprises
a mixed metal oxide having the formula (IV):

Mo.WpBiciFecxMc3Nig1CoazxMgasM'asM "' ZiO; (IV), where: b is a number between 0.2 and
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0.4; ¢1, ¢2 and ¢3 sum to a number between 2.0 and 4.0; and d1, d2, d3 and d4 sumto a
number between 5.0 and 8.0. Bi and Fe in formula (IV) are in their plus three oxidation
states and Ni, Co, and Mg in formula (IV) are in their plus two oxidation states, and the ACM
ratio is defined as (2x[Mo]+2x[W]) to (3x[M] + 2x[M'] + [M"']) or
(2X[Mo]+2x[W]/(3X[M] + 2x[M'] + [M"]) or 2(a + b)/(3(cl + ¢2 + ¢3) + 2(d1 + d2 + d3
+d4) + e).

[0067] Embodiment 5: The catalyst of Embodiment 1, wherein the catalyst comprises
a mixed metal oxide having the formula (V):

Mo, W;Bic1Fe:Mc3Nia1 Coa2MgazZngsM'asCseiM"' 22O V)
where b is a number between 0.2 and 0.4; ¢l, ¢2 and ¢3 sum to a number between 2.0 and
4.0; d1, d2, d3, d4, and d5 sum to a number between 5.0 and 8.0; and el and e2 sum to a
number between 0.5 and 1.5. Bi and Fe in formula (V) are in their plus three oxidation states,
Ni, Co, Mg and Zn in formula (V) are in their plus two oxidation states and Cs in formula (V)
is in its plus one oxidation state, and the ACM ratio is defined as (2x[Mo]+2X[W]) to (3%x[M]
+ 2X[M'] + [M"']) or Cx[Mo]+2X[W])/(3x[M] + 2x[M'] + [M"']) or 2(a + b)/(3(el + ¢2 +
c3) + 2(d1 + d2 + d3 +d4 + d5) + (el + e2)).

[0068] Embodiment 6: The catalyst of Embodiment 1, wherein the catalyst comprises
a mixed metal oxide having the formula (VI):

Mo, WpBiciFecxMc3Nig1CoaxMgazZngsM ' ¢sCse1tM" 2Sbgi Zi, O (VD
where b is a number between 0.2 and 0.4; ¢l, ¢2 and ¢3 sum to a number between 2.0 and
4.0; d1, d2, d3, d4, and d5 sum to a number between 5.0 and 8.0; el and €2 sum to a number
between 0.5 and 1.5; and f1 and 2 sum to a number between 0.5 and 1.5. Biand Fe in
formula (V1) are in their plus three oxidation states, Ni, Co, Mg, and Zn in formula (VI) are
in their plus two oxidation states and Cs in formula (V1) is in its plus one oxidation state, and
the ACM ratio is defined as (2xX[Mo]+2x[W]) to (3x[M] + 2x[M'] + [M"']) or
CX[Mo[+2x[W]/(3X[M] + 2x[M'] + [M"] or 2(a + b)/(3(cl + ¢2 + ¢3) + 2(d1 + d2 + d3
+d4 + d5) + (el + e2)).

[0069] Embodiment 7: The catalyst of any of Embodiments 1 — 6, wherein the M' to
M molar ratio is between 2.00 and 2.10.

[0070] Embodiment 8: The catalyst of any of Embodiments 1 — 7, wherein the M' to
M molar ratio is 2.06.

[0071] Embodiment 9: The catalyst of any of Embodiments 1 — &, wherein the ACM
ratio is greater than 1.00 and less than 1.80.
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[0072] Embodiment 10: The catalyst of any of Embodiments 1 — 9, wherein the
ACM ratio is greater than 1.00 and less than 1.60.

[0073] Embodiment 11: The catalyst of any of Embodiments 1 — 10, wherein the
ACM ratio is greater than 1.00 and less than 1.40.

[0074] Embodiment 12: The catalyst of any of Embodiments 1 — 11, wherein the
ACM ratio is greater than 1.00 and less than 1.20.

[0075] Embodiment 13: The catalyst of any of Embodiments 1 — 12, wherein the
ACM ratio is greater than or equal to 1.06 and less than 1.20.

[0076] Embodiment 14: The catalyst of any of Embodiments 1 — 13, wherein the
mixed metal oxide further has a [Mo];es between 0.4 and less than 2.0.

[0077] Embodiment 15: The catalyst of any of Embodiments 1 — 14, wherein [Mo0];es
15 0.9.

[0078] Embodiment 16: The catalyst of any of Embodiments 1 — 15, further
comprising 1 wt% to 20 wt% of a silica binder and 0.1 wt% to 5 wt% of a pore former, where
the wt% is based on the total weight of the catalyst.

[0079] Embodiment 17: The catalyst of any of Embodiments 1 — 16, wherein the
mixed metal oxide further has an enhanced relative XRD peak corresponding to a NiMo
(phase 1)/CoMo mixed oxide phase compared to a mixed metal oxide not meeting one or
both of the following conditions:

(1) an ACM ratio greater than or equal to 1.06 and less than 1.20 and

(2) an M' to M molar ratio between 1.95 and 2.15.

[0080] Embodiment 18: The catalyst of any of Embodiments 1 — 17, wherein the
mixed metal oxide is characterized in that an intensity of a relative XRD peak corresponding
to a NiMo (phase 1)/CoMo mixed oxide phase is increased compared to a mixed metal oxide
not meeting one or both of the following conditions:

(1) an ACM ratio greater than or equal to 1.06 and less than 1.20 and

(2) an M' to M molar ratio between 1.95 and 2.15.

[0081] Embodiment 19: A catalyst for the oxidation of an olefin to an unsaturated
aldehyde comprising the mixed metal oxide of any of Embodiments 1 — 18.

[0082] Embodiment 20: A process for the gas phase catalytic oxidation of an olefin
to an aldehyde comprising: contacting an olefin and a molecular oxygen-containing gas to
form an unsaturated aldehyde in the presence of a catalyst comprising the mixed metal oxide

of any of Embodiments 1 — 18; and recovering a product stream comprising an aldehyde.
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[0083] The invention having been generally described, the following examples are
given as particular embodiments of the invention and to demonstrate the practice and
advantages thercof. It is understood that the examples are given by way of illustration and

are not intended to limit the specification or the claims to follow in any manner.

EXPERIMENTS OF THE INVENTION

[0084] The present invention affords unexpected improvements in mixed metal oxide
catalysts for oxidation of olefins to unsaturated aldehydes such as the oxidation of
isobutylene to methacrolein in the first stage of the MMA process. The improvement
comprises a significant increase in relative catalytic activity of up to 2 and even up to 2.5
times due to a novel molar ratio of anions to cations and a novel divalent metal to trivalent
metal molar ratio in the catalyst formulation compared to the conventional catalyst
formulations. In certain embodiments, the improvement may be further improved with the
addition of a binder such as a silica binder. In other embodiments, the catalyst preparation
may be performed in the presence of an organic pore former. The conventional
molybdenum-containing catalysts are referred to as MMO-1 catalysts, and the molybdenum-
containing catalysts of this invention are referred to as MMO-2 catalysts, while MMO refers

to all mixed metal oxide catalysts.

DEFINITION OF ANION TO CATION MOLAR RATIO
[0085] The anion to cation molar (ACM) ratio is defined in Equation 1:

ACM ratio — > (IMol * [W]) M)
3 <x[MH-2 <x[M]+1<x|[M"']

where [Mo] represents moles of Mo oxide anions, [W] represents moles of W oxide anions,

[M] represents moles of trivalent metal cations, [M'] represents moles of divalent metal
cations and [M"] represents moles of monovalent metal cations. Of course, the anions and
cations are present during catalyst preparation, i.e., the charge on the metal sources is either
negative (anions) or positive (cations). After preparation, the metal sources are converted to
mixed metal oxides in the final catalyst. For example, an MMO-1 catalyst having the general
formula:

Mo1, Wy 3Bi10Fe;.4Nis0C02.0Mgo.5Zn05C80.65b0.704
where g is a number that satisfies the valency of the catalyst. This MMO-1 catalyst has a

near equivalency of anions and cations: ACM ratio = 2x(12+0.3) / (3%(1.0+2.4) +
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2%(4.0+2.0+0.5+0.5) + 0.6) = 0.992 = 1.0. Similarly, an MMO-2 catalyst having the general
formula:

Mo012.9Wo.3Bi1.oFe1.4Nis 0C02.0Mgo.5Zny 5CS9.65by.70¢
where g is a number that satisfies the valency of the catalyst. This MMO-2 catalyst has a
greater amount of anions to cations: ACM ratio = 2x(12.9+0.3) / (3%(1.0+2.4) +
2x(4.0+2.0+0.5+0.5) + 0.6) = 1.065 = 1.1. All of the metal sources are salts (e.g., ammonium
salts or nitrate salts) in the preparation and are considered to exist as anions or cations.
Antimony is considered to have a neutral charge existing only as a neutral oxide. When
calcined, the catalyst is considered to be charge neutral with the charges balanced by oxygen.
When only the molybdenum is increased above the stoichiometric amount to give an ACM
ratio greater than 1.00 and less than 2.00, then a relative catalytic activity increase is
observed. The relative catalytic activity increase may be on the order of 2.0 to 2.5 times the
relative catalytic activity of an analogous MMO-1 catalyst having an ACM ratio near 1.0. In
certain embodiments, a binder is included in the catalyst, and the binder also acts to increase
the relative catalytic activity. In certain embodiments, a binder and a pore former are
included in the catalyst, and the binder and pore former also act to increase the relative

catalytic activity.

DEFINITION OF CONVERSION AND SELECTIVITY

[0086] The activity of the catalyst compositions of this invention were defined
relative to an internal reference catalyst. The internal reference catalyst has an activity
defined as 1.0, so that if a catalyst shows an activity 30% higher than the internal reference
catalyst, then this catalyst would have a relative catalytic activity or relative activity of 1.3.
Similarly, the relative catalytic selectivity or relative selectivity of the internal reference
catalyst is defined as 0.0. The selectivity vs. conversion curve is compared between a
catalyst of this invention and the internal reference catalyst, so that if the catalyst of this
invention showed a selectivity 1.0% higher than the internal reference catalyst at the same
percentage conversion of methacrolein, then, that catalyst would have a relative selectivity of
1.0. The data set forth in the tables below are consistent within cach table, but the data
between tables are not directly comparable.

[0087] To understand the following results, the following definitions are set forth for

actual conversion of a reactant and actual selectivity to a given product:

28



WO 2013/130146 PCT/US2012/067522

% conversion of i-C4Hs=
{[moles of i-C4Hg converted)]/[(moles of unconverted i-C4Hg+ moles of i-C4Hg
converted]}*100
% selectivity to MAC =
{[(moles of MAC produced)]/[(moles of all products produced)]}*100
% selectivity to MAA =
{[(moles of MAA produced)]/[(moles of all products produced)]}*100
where i-C4Hs is isobutene, MAC is methacrolein MAA is methacrylic acid, and the moles of

all products produced is on a four-carbon product count.

MMO-2 CATALYST TEST RESULTS

[0088] The reference, unbound laboratory catalyst sample that gave the best
performance, the catalyst of Example 1, showed a relative catalytic activity of 2.1 with 84%
selectivity at 96% conversion. However, as this sample is unbound, it would not be used
commercially and, therefore, is not a good catalyst for comparative purposes to bound
samples. A commercially available reference catalyst was, therefore, used for comparison
purposes to bound samples. The Example 3 and Example 4 catalysts were prepared using
this commercially available catalyst calcined using two different calcination procedures as
reference catalysts to compare bound MMO-2 catalysts of this invention represented by the
MMO-2 catalyst compositions of Example 7, Example 8 and Example 9.

[0089] In order to make a side-by-side comparison of the reference MMO-1 catalysts
and the MMO-2 catalysts of this invention for the oxidation of isobutylene to methacrolein,
we used polyethylene glycol (PEG) as a pore former and a LUDOX -40 as a silica binder to
make bound catalysts. All of the MMO-2 catalysts were prepared to have a nominal ACM
ratio of about 1.1, i.e., an ACM greater than or equal to 1.06. Laboratory samples prepared
according to this method show a 220% to 250% increase in relative catalytic activity, while

maintaining good relative selectivity, preferably £2%, as tabulated in Table 1.
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TABLE 1: Improved MMO Catalyst Results

Example | Sample Description % i-C4Hs | %MAC + |Relative |ACM
Conversion (%MAA Activity |Ratio
Selectivity'
Unbound MMO-1 Catalyst
1 particle: -20/+30 mesh 96 84 2.1 1.00
2 Slow ramp, long denitrification cycle. [na na 0.12 2.27

Catalyst obtained by filtering slurry.

Bound MMO-1 Catalyst

3 25 kg commercially manufactured 96 81 2.1 1.00
MMO-1, extrudate, 1/16" diameter,
calcined in 4" calciner.

4 25 kg commercially manufactured 96 83 2.1 1.00
extrudate, 1/16" diameter, calcined in
screen calciner.

Unbound MMO-2 Catalyst

5 Slow ramp, long denitrification cycle. [96 84 3.6 1.07
Unbound MMO-1 Catalyst

6 Slow ramp, long denitrification cycle. [96 81 1.4 0.95
Bound MMO-2 Catalyst

7 LUDOX -40 silica binder + PEG pore |96 77 52 1.07

former. Rapid ramp, short
denitrification cycle.

8 LUDOX -40 silica binder + PEG pore |96 82 53 1.07
former. Slow ramp, long
denitrification cycle.

9 LUDOX -40 silica binder, + Zero 96 83 52 1.07
PEG, Slow ramp, long denitrification
cycle.

" 9% conversion is as defined above and % selectivity is defined above.

Bound MMO-1 Catalyst Performance — ACM ratio = 1.0

[0090] A commercially manufactured, silica bound and extruded catalyst was
calcined in a large 4" calciner (Example 3) and a screen calciner (Example 4) to determine if
there are any significant differences between the two calciners that may indicate scale-up
considerations. The commercially manufactured catalyst is an extrudate having a diameter of
1/16" (1.6 mm) and has been bound to give the required crush strength for a tubular reactor.
The commercially manufactured catalyst showed a relative catalytic activity comparable to
that of a laboratory reference catalyst. The commercially manufactured catalyst showed a

slight decrease of 2-3% in selectivity for the 4" calciner and may indicate there is a slight
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decline in selectivity due to binding of the catalyst. However, the relative catalytic selectivity
and activity are still good. The screen calcined extrudate (Example 4) gave good relative

catalytic activity and selectivity comparable to the laboratory reference catalyst.

MMO-1 Catalyst Performance — ACM ratio > 2.0

[0091] The catalyst of Example 2 showed the performance of a catalyst having an
ACM ratio of a 2.27 indicating that a high ratio gives a very low relative catalytic activity of

0.12.

MMO-2 Catalyst Performance — ACM ratio = 1.1

[0092] When the MMO catalyst formulations were adjusted to give an excess of
molybdenum oxide anions over the metal cations and mixed with a PEG pore former and a
silica binder, Example S, Example 7, Example 8 and Example 9 catalysts, the relative
catalytic activity of these catalyst increased dramatically up to 5.3 which is 2 to 2.5 times the
relative catalytic activity of the MMO-1 catalyst having an ACM ratio of ~1.0.

Effect of Binders and Pore Formers on Relative Catalytic Activity

[0093] The catalysts of Example 5 and Example 9 showed the effect of using a silica
binder and pore former on catalyst performance. The catalyst of Example 5 showed an
increased relative catalytic activity, when only the ACM ratio of the catalyst was raised from
1.0 to 1.1, in the absence of a silica binder and a PEG pore former. The relative catalytic
activity of the Example 5 catalyst was increased by 1.7 times. The relative catalytic activity
of the Example 8 catalyst showed the effect of using a silica binder on the relative catalytic
activity and showed improved results over the unbound MMO-2 Example 5 catalyst. In the
Example 9 catalyst, only the silica binder was used with the catalyst preparation without the
PEG pore former. The Example 9 catalyst showed very good relative catalytic activity,
indicating that the pore former contributes to the relative catalytic activity and selectivity.
The data suggests that catalysts having an increased ACM ratio and a silica binder have
significantly higher relative catalytic activity compared to the bound commercial MMO-1
catalyst of Example 3 and Example 4. The data further suggests that an increased ACM
ratio and a silica binder may act synergistically to improve relative catalytic activity, while
maintaining good selectivity. Binding of the MMO-1 with silica, catalysts of Example 3 and
Example 4, did not improve relative catalytic activity as compared to the unbound MMO-1

catalyst of Examples 1. However, binding and adding silica to the MMO-2 formulations of
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the catalysts of Examples 7 and 8 showed significantly improved relative catalytic activity
compared to the catalyst of Example S, which show improved relative catalytic activity over
the MMO-1 catalysts.

[0094] The stoichiometry for both the MMO-1 and MMO-2 catalysts are used to
calculate the ACM ratio. The MMO-2 catalysts of this invention where prepared with 11
wt% LUDOX -40 silica binder and 2 wt% PEG when present.

Effect of Slower Calcination Temperature Ramp

[0095] The catalyst of Example 7 shows that using a denitrification profile with a fast
temperature ramp and a short soak time gives a selectivity that is significantly lowered, so
calcination conditions are important.

[0096] The catalysts of Examples 8 and 9 show that with a sufficiently slow ramp
rate of 5°C/min and long soak time of 4.5 hours, a good catalyst is produced. When used with
PEG and a silica binder, the calcined MMO-2 gives a very high relative catalytic activity of
about 5.3 with good selectivity in the Example 8 catalyst. The Example 9 catalyst is a
similar MMO-2 except the PEG pore former was not used and only the LUDOX -40 silica,
indicating that the PEG pore former apparently has a small effect on relative catalytic

activity.

MMO-1 v. MMO-2 Catalvst Performance — ACM ratio = 0.95 v. ACM ratio = 1.1

[0097] The catalyst of Example 6 shows that the relative catalytic activity is lowered
when the ACM ratio is less than one and in this case gives a relative catalytic activity of 1.4.
Thus, comparing the unbound catalyst of Example 5 to the unbound catalyst of Example 6,
where the only difference between the catalysts is an ACM ratio of 1.1 for the former
compared to an ACM ratio of 0.95 for the latter, the catalyst of Example 5 has a relative
catalytic activity about 2.6 times higher than the relative catalytic activity of the catalyst of
Example 6.

XRD Data of NiMo(phase 1)/CoMo Oxide Crystalline Phase and Catalvtic Activity

[0098] XRD data suggests that the relative catalytic activity increase may be related
to an increase in the formation of the NiMo(phase 1)/CoMo oxide phase (NiMo1/CoMo as
indicated in Figures 1-3) crystalline phase that form in the catalyst during catalyst

preparation, drying and calcination. This crystalline phase is formed from the reaction of the
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molybdate anion and the nickel and cobalt cations. The increase in this crystalline phase is
believed to be due to the reaction of additional molybdate anion (MoO4*) added to the
catalyst formulations with unreacted nickel and cobalt cations. Apparently, in the
conventional catalyst formulations, there may be insufficient molybdate anion (MoO4%) to
react with all of the nickel and cobalt cations, even though there is an anion to cation molar
ratio of one or stoichiometric ratio. Alternatively, the additional molybdate anion (MoQ4*)
may preferentially react with the nickel and cobalt cations increasing the amount of the
NiMo(phase 1)/CoMo mixed metal oxide phase.

[0099] We have found a direct relationship between the relative catalytic activity and
the crystalline phase NiMo1/CoMo obtained through XRD analysis. The relative diffraction

peak intensities are shown in Figures 1-3 and tabulated in Tables 2-4, respectively.

TABLE 2: Metal Oxide Phase Relative Peak Intensities and Relative
Catalytic Activities and Selectivities of a Mo, W, 3 Catalyst, a M012W,
Catalyst and a Mo1,3W, Catalyst

Catalyst Composition Mo12 Wy Mo12 Wy Mo123Woo
MoOy 23 22 2.6
NiMo, 8.3 10.7 6.1
FeMo 8.6 7.6 7.9
NiMo1°/CoMo 44.7 45.1 52.0
BiMo 36.1 34.4 314

rel. activity 1.0 1.0 1.5

rel. selectivity 0.0 0.0 1.0

* NiMo phase oxide

[0100] The XRD analyses showed that as the peak intensity of the NiMo1/CoMo
mixed oxide phase, related to the concentration of this crystalline phase in the catalyst,
increased the relative catalytic activity increased. In Figure 1, the NiMo1/CoMo peak is
higher in the Mo, 3 catalyst than the Mo, catalyst. Correspondingly, the relative catalytic
activity of the Mo, 3 catalyst is higher than the Mo, o stoichiometric catalyst. The relative

catalytic selectivity is good in both cases.
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TABLE 3: Metal Oxide Phase Relative Peak Intensities and Relative Catalytic Activities
and Selectivities v. Digestion Time for a MMO-1 Catalyst

Catalyst Composition 1 2 3 4
digest time 10 hour 5 hour 2 hour 0 hour
MoOx 1.7 2.7 2.2 1.1
NiMo, 4.2 6.6 10.1 11.4
FeMo 6.7 5.6 10.8 10.6
NiMo1*/CoMo 59.6 58.1 42.9 41.5
BiMo 27.8 27.0 34.0 354
rel. activity 1.1 1.1 0.7 0.3
rel. selectivity 0.0 0.0 -- --

* NiMo phase 1 oxide

[0101] In Figure 2, the results of an experiment are shown in which, during

preparation, samples were taken during wet chemical synthesis at 0 hr, 2 hr, 5 hr, and 10 hr

after the digestion period was started. The digestion period occurs during wet chemical

synthesis immediately after all the chemical reagents are added. The results show the

NiMo1/CoMo crystalline phase develops over time and the higher the phase concentration,

the higher the relative catalytic activity. Looking at the data in Table 3, the relative catalytic

activity is 0.3 for a digestion time of 0 hours, while the relative catalytic activity is 1.1 for a

digestion time of 5 and 10 hours.

TABLE 4: Metal Oxide Phase Relative Peak Intensities and
Relative Catalytic Activities and Selectivities of a MMO-1
Catalyst Compared to an MMO-2 Catalyst

Catalyst Type MMO-1 MMO-2
MoOy 3.7 --
NiMo, 9.6 --

FeMo 7.7 7.7
NiMo1°/CoMo 47.1 53.5
BiMo 319 28.1

rel. activity 1.1 20-25
rel. selectivity 0.0 0.0

* NiMo phase oxide

[0102] Figure 3 shows a consistent trend in which the more NiMo1/CoMo crystalline

phase present, the higher the relative catalytic activity. The MMO-2 catalyst, which has an
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ACM ratio >1.1, but less than 2.0, had a relative catalytic activity of 2 to 2.5 times the MMO-
1 catalyst, which has an ACM ratio of <1.0. The intensity of the MMO-1 peak is the same
intensity as presented in Figures 1 and 2.

[0103] Additional support for the relationship between relative catalytic activity and
the NiMo 1/CoMo crystalline phase is tabulated in Table 5. In this experiment, a portion of
the slurry is withdrawn after the 10 hr digestion step and the mother liquor is filtered off
leaving a filter cake. It is known that the mother liquor contains the water soluble divalent
metals Ni, Co, Mg, and Zn leaving the filter cake without these metals.

[0104] The filter cake is processed as normal including drying, forming, and
calcination using a typical MMO-1 preparation. Due to the absence of divalent metals in the
catalyst, there is very little or no NiMo1/CoMo crystalline phase present. The corresponding
relative catalytic activity is 0.12 compared to the 1.0 relative catalytic activity for a regular

MMO-1 catalyst and the ACM ratio is 2.27.

TABLE 5: Relative Catalytic Activity of a Catalyst Having an ACM Ratio of 2.27
Sample |Relative ACM %Metals

Activity Ratio v W [Bi |[Fe [Co [Mg Zn |Cs
Reference [1.1 1 38 [196 |7 (42 3.7 044 122 (2.6

Filtered [0.12 227 46 (2.3 |84 |4.8 [0.027 [0.0005 |0.005 2.5

Model to Explain Higher NiMo1/CoMo Cryvstalline Phase

[0105] While not meaning to be bound by any explanation for the increase relative
catalytic activity achieved by increasing the ACM ratio, we believe that when a small amount
of molybdate is added to the catalyst formulation, there is a better opportunity to react all of
the divalent metals to form the mixed oxides such as NiMoO4, CoM0oO4, MgMo0QO,, and
ZnMoOy on calcination. It is thought that the divalent metals are laid down on top of the
other metal molybdates during catalyst preparation. It is known that too much molybdate
results in an excess of molybdenum trioxide (MoQs3), which is detrimental to this olefin
oxidation reaction. Likewise, if there is not enough molybdenum, then there is an excess of
divalent metals and a reduction in the mixed oxides such as NiMoQO4, CoM0O4, MgMo0O4,
and ZnMoQ4, which is known also to be detrimental to catalyst performance. It is believed
that for the Mo mixed metal oxides of the present invention, the levels of MoOs, upon

continued additions of Mo, become sufficiently high such that catalyst activity enhancements
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realized through the formation of the preferred crystal phase are offset by the negative effects
on catalyst activity by MoOs. This is believed to occur at a ACM values of 2.00 and higher.

[0106] The catalysts of this invention are uniquely defined and distinguished over
prior art catalysts with respect to the anion to cation molar (ACM) ratio defining an aspect of
the stoichiometry of the catalysts of this invention. Most broadly, the catalysts of this
invention have an ACM ratio of greater than 1.00 and less than 2.00 (preferably greater than
1.06 and less than 2.00) through the addition of Mo so that the Mo mole ratio is higher than
the ratio of trivalent, divalent and monovalent metal cation present in the catalyst. Thus, the
catalysts of this invention were prepared with an Mo content of 12.9 instead of 12.0, with the
other metal components in the catalyst kept at similar molar concentrations yielding catalysts
with surprisingly increased relative catalytic activity. It is our belief that the additional
molybdenum above stoichiometric amounts in the catalyst, increases the formation of nickel
and cobalt molybdates, which in turn dramatically increases relative catalytic activity.
However, if the molybdenum is increased too much then other crystalline phases may form,
which actually lowers relative catalytic activity.

[0107] The particularly dramatic increase in relative catalytic activity resulting from
adjusting the ACM ratio to a value greater than 1.00, but less than 2.00, while maintaining an
M' to M molar ratio between 1.95 and 2.15, by adding an additional amount of molybdenum
above a stoichiometric amount (i.e., the amount of molybdenum or molybdenum and
tungsten to produce a catalyst having an ACM ratio of 1.0) was unexpected. The prior art
showed that catalyst compositions having an ACM ratio less than 1.0 had decreased relative
catalytic activity relative to a catalyst composition having an ACM ratio of 1.0, while
experiments performed herein showed that catalyst compositions having an ACM ratio
greater than or equal to 2.0 also had decreased relative catalytic activity. On the other hand,
we discovered a regime of particularly highly active catalyst compositions, where the catalyst
compositions are characterized by having an ACM ratio >1.06 and < 2.0 and an M' to M
molar ratio between 1.95 and 2.15. The desired ACM ratio is brought about by adding a
relatively small additional amount of molybdenum to the catalyst compositions, while
maintaining the M' to M molar ratio. This relatively small increased amount of molybdenum
is believed to result in a measurable increase in the formation of divalent metal mixed
molybdates such as nickel and cobalt mixed molybdates. While not intending to be bound by
an theory, the inventors believe that this relatively small increased amount of molybdenum in

the catalyst compositions, while maintaining the M' to M molar ratio in its specified range,
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and the corresponding increase in divalent metal mixed molybdates is likely responsible for
the significant increase in relative catalytic activity up to 2.5 times compared to catalyst
composition having ACM ratios and the M' to M molar ratios outside of these specified
values, i.e., (1) 1.00 < ACM ratio < 2.00 and (2) an M' to M molar ratio between 1.95 and
2.15. The inventors believe that the addition of the relatively small additional amount of
molybdenum permits a more complete reaction of molybdate with the divalent metal M' such
as nickel and cobalt to produce corresponding mixed nickel cobalt molybdates, while the
addition of too much molybdenum, reduces relative catalytic activity due to the formation of
other less catalytically active crystalline phases.

[0108] Figure 4 shows the relationship between the concentration of the NiMoQ4
(phase 1)/CoMo0Qy represented by the relative XRD peak intensity counts observed at 26.7
degrees and the increase in relative catalytic activity. As the concentration of the NiMoOy
(phase 1)/CoMo0Qy increases the catalyst activity increases. We believe the relative catalytic
activity increases due to better overall reaction between the molybdenum and the nickel and
cobalt oxides to form more of the catalytically active mixed metal molybdates, which results
from having a little more molybdenum around to react with the nickel and cobalt oxides.

[0109] Figure S shows that just increasing the molybdenum concentration in the
catalyst does not necessarily lead to a higher activity catalyst. Figure 5 shows that as the
molybdenum is increased in the catalyst (represented by grams of (NH4),Mo0Oy, in the catalyst
recipe)the crystalline phase NiMoQ4 (phase 1)/CoMoQ4 (sometime referred to herein as
NiMo1/CoMo) increases up to a maximum at Moi, 9, but then decreases as the molybdenum
concentration in the catalyst increases. It is not known for certain why this happens, but the
most likely cause is because the formation of another crystalline phase is favored as the
molybdenum concentration increases above about 49 g of (NH4),MoOj in the catalysts recipe
which is less catalytically active. The MMO-2 catalyst of Figure 5, having a catalytic
activity of 2.5 (the data point on the far right) does not appear in Table 1; this specific
catalyst has an ACM value of 1.12.

[0110] The invention also includes a process for the gas phase catalytic oxidation of
an olefin to an aldehyde, the process comprising:

contacting an olefin and a molecular oxygen-containing gas to form an unsaturated
aldehyde in the presence of a catalyst comprising a mixed metal oxide of formula (I):

Mo, WMM'¢M" Z:O,

where:
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M is a trivalent metal selected from the group consisting of trivalent
transition metals, trivalent non-transition metals and mixtures thereof;

M' is a divalent metal selected from the group consisting of alkaline
carth metals, divalent transition metals, divalent non-transition metals, and mixtures
thereof;

M'" is a monovalent metal selected from the group consisting of alkali
metals, monovalent transition metals, and mixtures thereof;,

Z is an element in the form of an oxide when added to a pre-catalyst
preparation and is selected from the group consisting of cerium, antimony,
phosphorus, boron, sulfur, silicon, aluminum, titanium, tellurium, vanadium,
zirconium, niobium, and mixtures thereof;

a 1S a number between 12.3 and 14.0; b is a number between 0.0 and
0.4; ¢ is a number between 2.0 and 4.0; d is a number between 5.0 and 8.0; e is a
number between 0.5 and 1.5; fis a number between 0.5 and 1.5; and g is a number
that completes the valency of the formula;

wherein the mixed metal oxide has: an anion to cation molar (ACM) ratio
greater than 1.00 and less than 2.00; and an M' to M molar ratio is between 1.95 and
2.15, and

wherein the ACM ratio is defined as (2x[Mo]+2x[W]) to (3x[M] + 2X[M'] +
[M'"]) or (2X[Mo]+2X[W]/(3x[M] + 2x[M'] + [M"']) or 2(a + b)/(3¢ + 2d + e), and

recovering a product stream comprising an aldehyde.

[0111] Various embodiments of the process include a catalyst comprising mixed
metal oxides of any and all of formulas (II)-(VI), as well, as any and all of the ranges of
ACM ratio and M' to M molar ratio discussed throughout this disclosure. Various other
steps, known in the art of olefin oxidation to aldehydes using mixed metal oxide, may also be
included, as may be useful in particular embodiments, as recognized by the skilled artisan.

[0112] All references cited herein are incorporated by reference. Although the
invention has been disclosed with reference to its preferred embodiments, from reading this
description those of skill in the art may appreciate changes and modification that may be
made which do not depart from the scope and spirit of the invention as described above and
claimed hereafter.

[0113] We claim:
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CLAIMS

1. A mixed metal oxide having the formula (I):

Mo, WpMM'¢M" Z:O, D
where:

M is a trivalent metal selected from the group consisting of trivalent transition metals,
trivalent non-transition metals and mixtures thereof;

M' is a divalent metal selected from the group consisting of alkaline earth metals,
divalent transition metals, divalent non-transition metals, and or mixtures thereof;,

M'" is a monovalent metal selected from the group consisting of alkali metals,
monovalent transition metals, and mixtures thereof;

Z is an element in the form of an oxide when added to a pre-catalyst preparation and
is selected from the group consisting of cerium, antimony, phosphorus, boron, sulfur, silicon,
aluminum, titanium, tellurium, vanadium, zirconium, niobium, and mixtures thereof;

a 1S a number between 12.3 and 14.0;

b is a number between 0.0 and 0.4,

¢ is a number between 2.0 and 4.0;

d is a number between 5.0 and 8.0;

e is a number between 0.5 and 1.5;

f is a number between 0.5 and 1.5; and

g is a number that completes the valency of the formula;
wherein the mixed metal oxide has:

an anion to cation molar (ACM) ratio greater than 1.00 and less than 2.00; and

an M' to M molar ratio is between 1.95 and 2.15, and
wherein

the ACM ratio is defined as (2x[Mo]+2X[W]) to (3X[M] + 2x[M'] + [M"']) or
Cx[Mo]+2x[WD/(3X[M] + 2X[M'] + [M"]) or 2(a + b)/(3¢ + 2d + ).

39



WO 2013/130146 PCT/US2012/067522

2. The catalyst of Claim 1, wherein the catalyst comprises a mixed metal oxide

having the formula (II):
Mo,W;,Bic FexMaM'aM" Z:O,

where:

b is a number between 0.2 and 0.4,

¢l, ¢2 and ¢3 sum to a number between 2.0 and 4.0,
wherein Bi and Fe in formula (II) are in their plus three oxidation states, and
wherein

the ACM ratio is defined as (2x[Mo]+2X[W]) to (3X[M] + 2x[M'] + [M"']) or
X[Mo[+2x[W]/(3X[M] + 2x[M'] + [M"]) or 2(a + b)/(3(c1+¢2 + ¢3) + 2d + e).

3. The catalyst of Claim 1, wherein the catalyst comprises a mixed metal oxide

having the formula (I11):
Mo, WyBic1Fe.2Mc3Niq1 Coa2M'4:sM " Z1Oy

where:

b is a number between 0.2 and 0.4,

¢l, ¢2 and ¢3 sum to a number between 2.0 and 4.0,

d1, d2 and d3 sum to a number between 5.0 and 8.0;
wherein Bi and Fe in formula (IIT) are in their plus three oxidation states and Ni and Co in
formula (III) are in their plus two oxidation states, and
wherein

the ACM ratio is defined as (2x[Mo]+2x[W]) to (3x[M] + 2x[M'] + [M"']) or
Cx[Mo]+2x[W])/(3X[M] + 2X[M'] + [M"]) or 2(a + b)/(3(cl + ¢2 + ¢3) + 2(d1 + d2 + d3)

+ e).
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4. The catalyst of Claim 1, wherein the catalyst comprises a mixed metal oxide

having the formula (IV):
Mo.WpBiciFecxMc3Nig1CogzMgazM'asM "' ZO Iv)

where:

b is a number between 0.2 and 0.4,

¢l, ¢2 and ¢3 sum to a number between 2.0 and 4.0,

d1, d2, d3 and d4 sum to a number between 5.0 and 8.0;
wherein Bi and Fe in formula (IV) are in their plus three oxidation states and Ni, Co, and Mg
in formula (IV) are in their plus two oxidation states, and
wherein

the ACM ratio is defined as (2x[Mo]+2X[W]) to (3x[M] + 2x[M'] + [M"']) or
2x[Mo]+2x[W])/(3X[M] + 2X[M'] + [M"]) or 2(a + b)/(3(cl + ¢2 + ¢3) + 2(d1 + d2 + d3
+d4) + e).

5. The catalyst of Claim 1, wherein the catalyst comprises a mixed metal oxide

having the formula (V):
Mo, W;Bic1Fe:Mc3Nia1 Coa2MgazZngsM'asCseiM"' 22O V)

where:

b is a number between 0.2 and 0.4,

¢l, ¢2 and ¢3 sum to a number between 2.0 and 4.0,

d1, d2, d3, d4, and dS sum to a number between 5.0 and 8.0;

el and e2 sum to a number between 0.5 and 1.5;
wherein Bi and Fe in formula (V) are in their plus three oxidation states, Ni, Co, Mg and Zn
in formula (V) are in their plus two oxidation states and Cs in formula (V) is in its plus one
oxidation state,
wherein

the ACM ratio is defined as (2x[Mo]+2x[W]) to (3X[M] + 2x[M'] + [M"']) or
CX[Mo[+2x[W]/(3X[M] + 2x[M'] + [M"] or 2(a + b)/(3(cl + ¢2 + ¢3) + 2(d1 + d2 + d3
+d4 + d5) + (el + e2)).

41



WO 2013/130146 PCT/US2012/067522

6. The catalyst of Claim 1, wherein the catalyst comprises a mixed metal oxide
having the formula (VI):
ManbBichecch3Nid1CodzMgd3an4M'd5CselM"eZSbf1Zszg (VI)

where:

b is a number between 0.2 and 0.4,

¢l, ¢2 and ¢3 sum to a number between 2.0 and 4.0,

d1, d2, d3, d4, and dS sum to a number between 5.0 and 8.0;

el and e2 sum to a number between 0.5 and 1.5;

f1 and f2 sum to a number between 0.5 and 1.5; and
wherein Bi and Fe in formula (VI) are in their plus three oxidation states, Ni, Co, Mg, and Zn
in formula (VI) are in their plus two oxidation states and Cs in formula (VI) is in its plus one
oxidation state, and
wherein

the ACM ratio is defined as (2x[Mo]+2x[W]) to (3X[M] + 2x[M'] + [M"']) or
CX[Mo[+2x[W]/(3X[M] + 2x[M'] + [M"]) or 2(a + b)/(3(cl + ¢2 + ¢3) + 2(d1 + d2 + d3
+d4 + d5) + (el + e2)).

7. The catalyst of any of Claims 1 — 6, wherein the M' to M molar ratio is
between 2.00 and 2.10.

8. The catalyst of any of Claims 1 — 7, wherein the M' to M molar ratio is 2.06.

9. The catalyst of any of Claims 1 — 8, wherein the ACM ratio is greater than
1.00 and less than 1.80.

10.  The catalyst of any of Claims 1 — 9, wherein the ACM ratio is greater than
1.00 and less than 1.60.

11.  The catalyst of any of Claims 1 — 10, wherein the ACM ratio is greater than
1.00 and less than 1.40.

12.  The catalyst of any of Claims 1 — 11, wherein the ACM ratio is greater than
1.00 and less than 1.20.

13.  The catalyst of any of Claims 1 — 12, wherein the ACM ratio is greater than or
equal to 1.06 and less than 1.20.

14.  The catalyst of any of Claims 1 — 13, wherein the mixed metal oxide further

has a [Mo]s between 0.4 and less than 2.0.
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15.  The catalyst of any of Claims 1 — 14, wherein [Mo];es is 0.9.

16.  The catalyst of any of Claims 1 — 15, further comprising 1 wt% to 20 wt% of a
silica binder and 0.1 wt% to 5 wt% of a pore former, where the wt% is based on the total

weight of the catalyst.

17.  The catalyst of any of Claims 1 — 16, wherein the mixed metal oxide further
has an enhanced relative XRD peak corresponding to a NiMo (phase 1)/CoMo mixed oxide
phase compared to a mixed metal oxide not meeting one or both of the following conditions:

(1) an ACM ratio greater than or equal to 1.06 and less than 1.20 and

(2) an M' to M molar ratio between 1.95 and 2.15.

18.  The catalyst of any of Claims 1 — 17, wherein the mixed metal oxide is
characterized in that an intensity of a relative XRD peak corresponding to a NiMo (phase
1)/CoMo mixed oxide phase is increased compared to a mixed metal oxide not meeting one
or both of the following conditions:

(1) an ACM ratio greater than or equal to 1.06 and less than 1.20 and

(2) an M' to M molar ratio between 1.95 and 2.15.

19. A catalyst for the oxidation of an olefin to an unsaturated aldehyde comprising

the mixed metal oxide of any of Claims 1 — 18.

20. A process for the gas phase catalytic oxidation of an olefin to an aldehyde
comprising:

contacting an olefin and a molecular oxygen-containing gas to form an unsaturated
aldehyde in the presence of a catalyst comprising the mixed metal oxide of any of Claims 1 —
18; and

recovering a product stream comprising an aldehyde.
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