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BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to a heteropolyacid catalyst including molybdenum (Mo) and

phosphorus (P) for use in producing unsaturated acids such as acrylic acid, methacrylic acid or the

like in the gas-phase catalytic oxidation of unsaturated aldehydes such as acrolein, methacrolein, or

the like or saturated aldehydes such as isobutyraldehyde, where the catalyst is prepared using a nitric

acid to molybdenum mole ratio of at least 0.5:1 or a nitric acid to Mo
12

ratio of at least 6.0:1 during

catalyst preparation and/or the catalyst has at least 50% medium pores, preferably at least 57%

medium pores, and method for making and using same.

[0002] More particularly, the present invention relates to a heteropolyacid catalyst including

molybdenum (Mo), phosphorus (P), vanadium (V), bismuth (Bi), and optionally, copper (Cu), an

optional first component selected from the group consisting of potassium (K), rubidium (Rb), cesium

(Cs), thallium (Tl), or mixtures or combinations thereof, and an optional second component selected

from the group consisting of antimony (Sb), boron (B), tungsten (W), cerium (Ce), niobium (Nb),

indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver

(Ag), zinc (Zn), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta),

germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lanthanum (La), or

mixtures or combinations thereof, used in producing unsaturated acids such as acrylic acid,

methacrylic acid or the like by the gas-phase catalytic oxidation of unsaturated aldehydes such as

acrolein, methacrolein, or the like or saturated aldehydes such as isobutyraldehyde, where the catalyst

is prepared using a nitric acid to molybdenum mole ratio of at least 0.5: 1 or a nitric acid to Mo
12

ratio

of at least 6.0: 1during catalyst preparation and/or the catalyst has a pore size distribution comprising

at least 50% medium pores, preferably at least 57% medium pores, and method for making and using

same.



2. Description of the Related Art

[0003] Many, if not all, prior art heteropolyacid catalysts for the production of unsaturated acids

from unsaturated aldehydes have taught the use of nitric acid or other strong mineral acids in the

preparation of the heteropolyacid catalyst, while certain prior art patents have taught a critical nitric

acid (HNO3) concentration for the preparation of heteropolyacid catalysts, especially heteropolyacid

catalysts including bismuth as one of the catalyst components. United States Pat. No. 5,102,846

discloses a catalyst preparation using a critical amount OfHNO 3 to form a heteropoly acid with

improved activity and to dissolve bismuth nitrate when present, while United States Pat. No.

5,102,847 discloses a catalyst made by using at least one bismuth compound selected from the group

consisting of bismuth nitrate and bismuth oxide as a source of bismuth and using nitric acid of more

than 1 mole to not more than 5 moles based on 12 moles of molybdenum atoms for dissolving the

bismuth compound(s). United States Pat. No. 6,624,326 discloses a process for producing

methacrylic acid through vapor phase oxidation or vapor phase oxydehydrogenation of at least one

of methacrolein, isobutyl aldehyde and isobutyric acid in the presence of a heteropolyacid catalyst

containing a heteropolyacid composed of at least one of molybdophosphoric acid and

molybdovanadophosphoric acid or a salt of the heteropolyacid, characterized in that said

heteropolyacid catalyst has been prepared by a method comprising preparing an aqueous solution

or aqueous dispersion which (1) contains the nitrogen-containing heterocyclic compound, nitrate

anions and ammonium ions, (2) the ammonium ion content not exceeding 1.7 moles per mol of the

nitrate anion content, and (3) the ammonium ion content not exceeding 10 moles per 12 moles of

the molybdenum atom content, by mixing raw materials containing the catalyst-constituting elements

with the nitrogen-containing heterocyclic compound in the presence of water, drying and calcining

the same.

[0004] Although several methods have been disclosed for preparing catalysts with critical amounts

of nitric acid for the formation of heteropoly acid catalysts, especially catalysts containing bismuth,

there is still a need in the art for improved catalysts for the gas phase oxidation of unsaturated

aldehydes such as acrolein and methacrolein or saturated aldehydes such as isobutyraldehyde to

unsaturated acids, such as acrylic acid or methacrylic acid.

DEFINITIONS AND ABBREVIATIONS

[0005] The term EBA means isobutanal sometimes also referred to as isobutyraldehyde.

[0006] The term MAC means methacrolein.



[0007] The term MAA means methacryclic acid.

[0008] The term T means temperature.

[0009] The term P means pressure.

[0010] The term HC means hydrocarbon.

[0011] The term aldehyde feedstock means a stream including mixtures of isobutanal and

methacrolein.

[0012] The term GC means gas chromatography.

[0013] The term FID means flame ionization detector of a GC.

[0014] The term h or hr or hrs means hours.

[0015] The term g means grams.

[0016] The term mL means milliliter.

[0017] The term min or min. means minutes.

[0018] The term wt% or wt.% means weight percent.

[0019] The term vol% or vol.% means volume percent.

[0020] The term DI water means deionized water.

[0021] The term pore volume distribution means a desired concentration of small pores, medium

pores and large pores.

[0022] The term small pores means pores having a diameter D less than about 1OθA, i.e., TX l 0OA.

[0023] The term medium pores means pores having a diameter D greater than or equal to about 100A

and less than about 1000A, i.e., IOOA ≤ D < 1000A.

[0024] The term large pore volume means pores having a diameter D greater than or equal to about

100OA, /.<?., D > 100OA.

SUMMARY OF THE INVENTION

General Catalyst Compositions

[0025] The present invention provides a novel, highly active, heteropolyacid catalyst including at

least molybdenum (Mo) and phosphorus (P), adapted to gas-phase oxidize unsaturated and/or

saturated aldehydes to unsaturated acids, where the catalyst has a pore size distribution comprising

at least 50% medium pores.

[0026] The present invention provides a novel, highly active, heteropolyacid catalyst including at

least molybdenum (Mo) and phosphorus (P), adapted to gas-phase oxidize unsaturated aldehydes

and/or saturated aldehydes to unsaturated acids, where catalyst is prepared using an effective amount



of an ammonium-containing compound, where the effective amount is sufficient to increase an

amount of medium pores in the resulting catalysts and preferably to produce a pore size distribution

comprising at least 57% medium pores in the catalyst.

[0027] The present invention provides a novel, highly active, heteropolyacid catalyst including at

least molybdenum (Mo) and phosphorus (P), adapted to gas-phase oxidize unsaturated aldehydes

and/or saturated aldehydes to unsaturated acids, where the catalyst is prepared using a nitric acid to

Mo
12

mole ratio of at least 6.0: ϊ ":

[0028] The present invention provides a novel, highly active, heteropolyacid catalyst including at

least molybdenum (Mo), phosphorus (P) and an ammonium-containing compound, adapted to gas-

phase oxidize unsaturated aldehydes and/or saturated aldehydes to unsaturated acids. The

ammonium-containing compound generally increases a number of medium sized pores in the

resulting catalyst. When the ammonium-containing compound is basic, then the ammonium-

containing compound can be used to adjust apH of pre-catalyst solutions or slurries allowing the use

of greater amount of mineral acid in the catalyst preparation.

[0029] The present invention provides a novel, highly active, heteropolyacid catalyst including at

least molybdenum (Mo) and phosphorus (P), adapted to gas-phase oxidize unsaturated aldehydes

and/or saturated aldehydes to unsaturated acids, where the catalyst is prepared using a nitric acid to

Mo
12

mole ratio of at least 6.0:1 and an effective amount of an ammonium-containing compound,

where the amount of nitric acid and the effective amount are sufficient to increase an amount of

medium pores in the resulting catalysts and preferably to produce apore size distribution comprising

at least 57% medium pores in the catalyst.

[0030] The present invention provides a novel, highly active, heteropolyacid catalyst including at

least molybdenum (Mo) and phosphorus (P), adapted to gas-phase oxidize unsaturated aldehydes

and/or saturated aldehydes to unsaturated acids, where the catalyst is produced using an amount of

nitric acid and an effective amount of ammonium hydroxide and where the amount of nitric acid is

sufficient to produce a nitric acid to Mo mole ratio of at least 6.0: 1, where the effective amount of

ammonium hydroxide is sufficient to adjust a pH to a desired value of a forming solution or slurry

and where the amount of nitric acid and the effective amount of ammonium hydroxide are sufficient

to increase an amount of medium pores in the resulting catalysts and preferably to produce a pore

size distribution comprising at least 50% medium pores in the catalyst. As used therein, the term

"desired pH" means a pH that yields a catalyst composition of this invention that has a pore size



distribution having at least 50% medium pores, where the exact pH will depend on the catalyst

components as is well known to one of ordinary skill in the art of catalyst preparation.

[0031] The present invention provides a novel, highly active, heteropolyacid catalyst including at

least molybdenum (Mo), phosphorus (P) and vanadium (V), adapted to gas-phase oxidize

unsaturated aldehydes and/or saturated aldehydes to unsaturated acids, where the catalyst has a pore

size distribution comprising at least 57% medium pores and is prepared from a pre-catalyst

formulation having a nitric acidHo Mo
12

mole ratio of at least 6.0:1 moles and an effective amount

of ammonium-containing compound sufficient to adjust the pH to a desired level and/or sufficient

to produce the desired pore size distribution.

[0032] The present invention provides a novel, highly active, heteropolyacid catalyst including at

least molybdenum (Mo), phosphorus (P), vanadium (V) and bismuth (Bi), adapted to gas-phase

oxidize unsaturated aldehydes and/or saturated aldehydes to unsaturated acids, where the catalyst has

a pore size distribution having an increased amount of medium pores and preferably comprising at

least 57% medium pores. The catalyst is prepared from a pre-catalyst formulation having a nitric

acid to Mo
12

mole ratio of at least 6.0: 1moles and an effective amount of an ammonium-containing

compound where the amount of the ammonium-containing compound and the amount of nitric acid

are sufficient to produce the desired pore size distribution. The effective amount of the ammonium-

containing compound, depending on the compound selected, is also sufficient to adjust a pH of the

pre-catalyst formulation to a desired pH value.

[0033] The present invention provides a novel, highly active, heteropolyacid catalyst including at

least molybdenum (Mo), phosphorus (P), vanadium (V), bismuth (Bi), and a first component selected

from the group consisting of potassium (K), rubidium (Rb), cesium (Cs), thallium (Tl), or mixtures

or combinations thereof, adapted to gas-phase oxidize unsaturated aldehydes and/or saturated

aldehydes to unsaturated acids, where the catalyst has a pore size distribution comprising an

increased amount of medium pores and preferably at least 57% medium pores. The catalyst is

prepared from a pre-catalyst formulation having a nitric acid to Mo
12

mole ratio of at least 6.0:1

moles and an effective amount of an ammonium-containing compound where the amount of

ammonium-containing compound and the amount of nitric acid are sufficient to produce the desired

pore size distribution. The effective amount of the ammonium-containing compound, depending on

the compound selected, is also sufficient to adjust a pH of the pre-catalyst formulation to a desired

pH value.



[0034] The present invention also provides a heteropolyacid catalyst including molybdenum (Mo),

phosphorus (P), vanadium (V), bismuth (Bi), optionally, copper (Cu), a first component selected

from the group consisting of potassium (K), rubidium (Rb), cesium (Cs), thallium (Tl), or mixtures

or combinations thereof, and optionally a second component selected from the group consisting of

antimony (Sb), boron (B), tungsten (W), cerium (Ce), niobium (Nb), indium (In), iron (Fe),

chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), lead

(Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge), gallium

(Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lanthanum (La), or mixtures or combinations

thereof, used for gas-phase catalytic oxidation of unsaturated aldehydes such as acrolein,

methacrolein, or the like or saturated aldehydes such as isobutyraldehyde to unsaturated acids such

as acrylic acid, methacrylic acid or the like, where the catalyst preferably has a pore size distribution

comprising at least 57% medium pores. The catalyst is prepared from a pre-catalyst formulation

having a nitric acid to Mo
12

mole ratio of at least 6.0:1 moles and an effective amount of an

ammonium-containing compound where the amount of ammonium-containing compound and the

amount of nitric acid are sufficient to produce the desired pore size distribution. The effective

amount of the ammonium-containing compound, depending on the compound selected, is also

sufficient to adjust a pH of the pre-catalyst formulation to a desired pH value.

[0035] In the above catalyst, the unsaturated aldehydes are selected from the group consisting of

acrolein, methacrolein, similar unsaturated aldehydes and mixtures or combinations thereof and

where the unsaturated acids are selected from the group consisting of acrylic acid, methacrylic acid,

similar unsaturated acids, and mixtures or combinations thereof. The saturated aldehydes include

isobutyraldehyde or other saturated aldehydes that are convertible to unsaturated acids.

Specific Catalyst Composition I

[0036] The present invention also provides a novel, highly active, heteropolyacid catalyst for

converting aldehydes to unsaturated acids of the general formula:

Mou PaVbCucBidMIeMII fOg (I)

where:

MI is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (Tl), and mixtures or combinations thereof,

Mil is selected from the group consisting of antimony (Sb), boron (B), tungsten (W), cerium

(Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni),



manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), lead (Pb), tin (Sn)5 titanium (Ti),

aluminum (Ai), silicon (Si), tantalum (Ta), germanium (Ge), gallium (Ga), zirconium (Zr),

magnesium (Mg), barium (Ba), lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.0 and about 5.0,

c is a number having a value between about 0.0 and about 1.5,

d is a number having a value between about 0.0 and about 2.0,

e is a number having a value between about 0.0 and about 2.5,

f is a number having a value between about 0.0 and about 5.0,

g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the catalyst of formula (I),

if present, the bismuth component is dissolved in a nitric acid solution, where the amount of

nitric acid is sufficient to produce a nitric acid to Mo
12

mole ratio of at least 6.0:1 in a pre-

catalyst formulation or during catalyst preparation.

[0037] The present invention also provides a novel, highly active, heteropolyacid catalyst for

converting aldehydes to unsaturated acids of the general formula:

Mou PaVbCucBidMIeMII fOg (I)

where:

MI is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (Tl), and mixtures or combinations thereof,

Mil is selected from the group consisting of antimony (Sb), boron (B), tungsten (W), cerium

(Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese

(Mn), arsenic (As), silver (Ag), zinc (Zn), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon

(Si), tantalum (Ta), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba),

lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.0 and about 5.0,

c is a number having a value between about 0.0 and about 1.5,

d is a number having a value between about 0.0 and about 2.0,

e is a number having a value between about 0.0 and about 2.5,

f is a number having a value between about 0.0 and about 5.0,



g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the catalyst of formula (I), and

the catalyst has a pore size distribution comprising at least 50% medium pores.

[0038] The present invention also provides a novel, highly active, heteropolyacid catalyst for

converting aldehydes to unsaturated acids of the general formula:

Mo
12

PaVbCucBidMIeMII fOg (I)

where:

MI is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (Tl), and mixtures or combinations thereof,

Mil is selected from the group consisting of antimony (Sb), boron (B), tungsten (W), cerium

(Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese

(Mn), arsenic (As), silver (Ag), zinc (Zn), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon

(Si), tantalum (Ta), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba),

lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.0 and about 5.0,

c is a number having a value between about 0.0 and about 1.5,

d is a number having a value between about 0.0 and about 2.0,

e is a number having a value between about 0.0 and about 2.5,

f is a number having a value between about 0.0 and about 5.0, and

g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the catalyst of formula (I),

an effective amount of an ammonium-containing compound is added during catalyst

preparation to produce a pore size distribution comprising at least 57% medium pores in the catalyst.

Specific Catalyst Composition II

[0039] The present invention also provides a novel, highly active, heteropolyacid catalyst for

converting aldehydes to unsaturated acids of the general formula:

Mol2PaVhCU :
BidMIeMII fOg (II)

where:

MI is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (Tl), and mixtures or combinations thereof,



Mil is selected from the group consisting of antimony (Sb), boron (B), tungsten (W), cerium

(Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni),

manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), lead (Pb), tin (Sn), titanium (Ti),

aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge), gallium (Ga), zirconium (Zr),

magnesium (Mg), barium (Ba), lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.01 and about 5.0,

c is a number having a value between about 0.01 and about 1.5,

d is a number having a value between about 0.01 and about 2.0,

e is a number having a value between about 0.01 and about 2.5,

f is a number having a value between about 0.01 and about 5.0,

g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the catalyst of formula (II),

the bismuth component is dissolved in a nitric acid solution having an amount of nitric acid

sufficient to produce a nitric acid to Mo
12

mole ratio of at least 6.0: 1, and

an effective amount of an ammonium-containing compound is added during catalyst

preparation sufficient to produce a pore size distribution comprising at least 50% medium

pores in the catalyst.

Specific Catalyst Composition III

[0040] The present invention also provides a novel, highly active, heteropolyacid catalyst for

converting aldehydes to unsaturated acids of the general formula:

Mo PaVbCucBidMIeMII fOg (HT)

where:

MI is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (Tl), and mixtures or combinations thereof,

Mil is selected from the group consisting of antimony (Sb), boron (B), tungsten (W), cerium

(Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni),

manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), lead (Pb), tin (Sn), titanium (Ti),

aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge), gallium (Ga), zirconium (Zr),

magnesium (Mg), barium (Ba), lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,



b is a number having a value between about 0.1 and about 5.0,

c is a number having a value between about 0.05 and about 1.5,

d is a number having a value between about 0.1 and about 2.0,

e is a number having a value between about 0.1 and about 2,5,

f is a number having a value between about 0.1 and about 5.0,

g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the catalyst of formula (TH), and

the bismuth component is dissolved in a nitric acid solution having an amount of nitric acid

sufficient to produce a nitric acid to Mo
12

mole ratio of at least 6.0:1, and

an effective amount of an ammonium-containing compound is added during catalyst

preparation sufficient to produce a pore size distribution comprising at least 57% medium

pores in the catalyst.

Specific Catalyst Composition IV

[0041] The present invention also provides a novel, highly active, heteropolyacid catalyst for

converting aldehydes to unsaturated acids of the general formula:

Mo
12

P VbCucBidMIeMII fOg (IV)

where:

MI is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (Tl), and mixtures or combinations thereof,

at least two elements Mil selected from the group consisting of antimony (Sb), boron (B),

tungsten (W), cerium (Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co),

nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), lead (Pb), tin (Sn),

titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge), gallium (Ga),

zirconium (Zr), magnesium (Mg), barium (Ba), lanthanum (La), and mixtures or

combinations thereof,

a is a number having a value between about 1.0 and about 2.5,

b is a number having a value between about 0.1 and about 2.5,

c is a number having a value between about 0.05 and about 0.5,

d is a number having a value between about 0.1 and about 1.0,

e is a number having a value between about 0.2 and about 2.0,

f is a number having a value between about 0.3 and about 2.0,



g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the catalyst of formula (IV), and

the bismuth component is dissolved in a nitric acid solution having an amount of nitric acid

sufficient to produce a nitric acid to Mo
12

mole ratio of at least 6.0:1, and

an effective amount of an ammonium-containing compound is added during catalyst

preparation sufficient to produce a pore size distribution comprising at least 50% medium

pores, preferably at least 57% medium pores, in the catalyst.

Methods for Preparing Catalysts

[0042] The present invention provides a method for preparing a novel, highly active, heteropolyacid

catalyst for converting aldehydes to unsaturated acids. The references to moles used in describing

the preparation of the catalysts of this invention mean relative molar amounts, e.g., if 1 mole of

catalyst is being prepared, the catalyst will have moles of components such that the molar ratio of

molybdenum in the catalyst is 12 relative to all other components. As another example, to make a

catalyst having the formula Mo
1

P VbCucBidMIeMII fOg, the number of moles of components used

during catalyst preparation will be in a molar ratio of 12:a:b:c:d:e:f:g.

[0043] The method includes the step of forming a pre-catalyst composition including 12 moles of

molybdenum ( 1 mole of Mo
12

), a moles of phosphorus (P) and an effective amount of an

ammonium-containing compound, where a is a number having a value between about 0.5 and about

3.5, where the pre-catalyst composition can be a solution, a slurry, a suspension, a dispersion or other

solid-liquid mixture, corresponding to a catalyst of Formula (I) with b-f equal to zero. The pre-

catalyst composition is then evaporated to form a dried catalytic material, which is then calcined to

form a catalyst of this invention, where the effective amount of the ammonium-containing compound

is sufficient to produce a pore size distribution comprising at least 50% medium pores, preferably

57% medium pores, in the catalyst.

[0044] The present invention provides a method for preparing a novel, highly active, heteropolyacid

catalyst for converting aldehydes to unsaturated acids including the steps of forming a pre-catalyst

composition including 12 moles of molybdenum ( 1 mole OfMo
12

), a moles of phosphorus (P), b

moles of vanadium (V), and an effective amount of an ammonium-containing compound, where a

is a number having a value between about 0.5 and about 3.5 and b is a number having a value

between about 0.01 and about 5.0, corresponding to a catalyst of Formula (I) with c-f equal to zero.

The pre-catalyst composition is then evaporated to form a dried catalytic material, which is then



calcined to form a catalyst of this invention, where the effective amount of the ammonium-

containing compound is sufficient to produce a pore size distribution comprising at least 50%

medium pores, preferably 57% medium pores, in the catalyst.

[0045] The present invention provides a method for preparing a novel, highly active, heteropolyacid

catalyst for converting aldehydes to unsaturated acids including the steps of forming a substantially

solids free solution including 12 moles of molybdenum ( 1 mole OfMo
12

), a moles of phosphorus (P)

and b moles of vanadium (V), where a is a number having a value between about 0.5 and about 3.5

and b is a number having a value between about 0.01 and about 5.0. Prior to, simultaneous with or

after the formation of the first solution, dissolving d moles of a bismuth (Bi) compound with an

amount of nitric acid and an effective amount of an ammonium-containing compound, preferably

ammonium hydroxide, where d is a number having a value between about 0.1 and about 1.0 and

when the ammonium-containing compound is ammonium hydroxide, the effective amount of the

ammonium-containing compound is sufficient to adjust the pH to a desired pH value. The bismuth

solution is then added to the first solution resulting in component precipitation to form a slurry,

where the amount of nitric acid is sufficient so that the slurry has a nitric acid to Mo
12

ratio of at least

6.0 'to 1.0 (i.e., 6.0 moles of nitric acid per mole OfMo
12

, or >1 mole of nitric acid per 2 moles of

molybdenum or >0.5 moles of nitric acid per mole of molybdenum). The slurry is then evaporated

to form a dried catalytic material, which is then calcined to form a catalyst of this invention and

where the effective amount of the ammonium-containing compound is also sufficient to produce a

pore size distribution comprising at least 50% medium pores, preferably 57% medium pores, in the

catalyst. This catalyst composition corresponds to a catalyst of Formula (I) with c, e, and f equal to

zero.

[0046] The present invention provides a method for preparing a novel, highly active, heteropolyacid

catalyst for converting aldehydes to unsaturated acids including the steps of forming a first,

substantially solid free solution including 12 moles of molybdenum ( 1 mole OfMo
12

), a moles of

phosphorus (P), b moles of vanadium (V), and e moles of a first component selected from the group

consisting of potassium (K), rubidium (Rb), cesium (Cs), thallium (Tl), or mixtures or combinations

thereof, where a is a number having a value between about 0.5 and about 3.5, b is a number having

a value between about 0.01 and about 5.0, and e is a number having a value between about 0.2 and

about 2.5. Prior to, simultaneous with or after the formation of the first solution, dissolving d moles

of a bismuth (Bi) compound with an amount of nitric acid and an effective amount of an ammoniun-



containing compound, preferably, ammonium hydroxide, where d is a number having a value

between about 0.1 and about 1.0, when the ammonium-containing compound is ammonium

hydroxide, the effective amount of the ammonium-containing compound is sufficient to adjust the

pH to a desired pH value. The bismuth solution is then added to the first solution resulting in

component precipitation to form a slurry, where the amount of nitric acid is sufficient so that the

slurry has a nitric acid to Mo
12

ratio of at least 6.0 to 1.0 (i.e., ≥6.0 moles of nitric acid per mole of

Mo
12

, or ≥1mole of nitric acid p 2 moles of molybdenum or >0.5 moles of nitric acid per mole of

molybdenum). Preferably, if the first component is cesium, then the cesium is added to the first

solution. The slurry is then evaporated to form a dried catalytic material, which is then calcined to

form a catalyst of this invention and where the effective amount of the ammonium-containing

compound is also sufficient to produce a pore size distribution comprising at least 50% medium

pores, preferably 57% medium pores, in the catalyst. This catalyst composition corresponds to a

catalyst of Formula (I) with c and f equal to zero.

[0047] The present invention provides a method forpreparing a novel, highly active, heteropolyacid

catalyst for converting aldehydes to unsaturated acids including the step of forming a first,

substantially solids free solution including 12 moles of molybdenum ( 1 mole OfMo
12

), a moles of

phosphorus (P), b moles of vanadium (V), c moles of copper (Cu), e moles of a first component

selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs), thallium (Tl), or

mixtures or combinations thereof and f moles of a second component selected from the group

consisting of antimony (Sb), boron (B), tungsten (W), cerium (Ce), niobium (Nb), indium (In), iron

(Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn),

lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge),

gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lanthanum (La), and mixtures or

combinations thereof provided that each such second component substantially dissolves in the first

solution, where a is a number having a value between about 0.5 and about 3.5, b is a number having

a value between about 0.01 and about 5.0, e is a number having a value between about 0.01 and

about 2.5, and f is a number having a value between about 0.01 and about 5.0. Prior to, simultaneous

with or after the formation of the first solution, d moles of a bismuth (Bi) compound are dissolved

in a nitric solution having a sufficient amount of nitric acid to dissolve the bismuth compound, where

d is a number having a value between about 0.01 and about 2.0. Prior to, simultaneous with or after

the addition of the bismuth compound to the nitric acid solution, an effective amount of an



ammonium-containing compound, preferably ammonium hydroxide, is added. When the ammonium-

containing compound is ammonium hydroxide, the effective amount of the ammonium-containing

compound is sufficient to adjust the pH to a desired pH value. The bismuth solution is then added

to the first solution resulting in component precipitation to form a pre-catalyst composition, where

the amount of nitric acid is sufficient so that the slurry has a nitric acid to Mo
12

ratio of at least 6.0

to 1.0 (/. e. , >6.0 moles of nitric acid per mole of Mo
12

, or ≥1 mole of nitric acid per 2 moles of

molybdenum or >0.5 moles of nitric acid per mole of molybdenum). The resulting pre-catalyst

composition is then heated to about 950C and f moles of other second components or mixtures or

combinations thereof, are added to the pre-catalyst composition. Although the other first and/or

second components or mixtures or combinations thereof as described here are added to the heated

pre-catalyst composition, they could equally well have been added to the bismuth solution or to the

solid after precipitation of the other components. In many cases, depending on the specific

compounds used, catalytic components can be added to the first solution, the bismuth solution or to

the slurry with or without heating or even to the catalytic material before calcining. Preferably, if

the first component is cesium, then the cesium is added to the first solution. The resulting

composition is then evaporated to form a dried catalytic material, which is then calcined to form a

catalyst of this invention, and where the effective amount of the ammonium-containing compound

is also sufficient to increase an amount of medium pores in the resulting catalysts and preferably to

produce a pore size distribution comprising at least 50% medium pores, preferably 57% medium

pores, in the catalyst. This catalyst composition corresponds to a catalyst of Formula (II). In an

analogous manner, catalyst of Formulas (III) and (FV) can be prepared with the moles of each

component being added within their designated ranges.

Methods for Producing Unsaturated Acids

[0048] The present invention also provides a method for preparing unsaturated acids including the

step of contacting an unsaturated aldehyde with a catalyst of this invention to form a corresponding

unsaturated acid, where the method is ideally suited for the production of acrylic acid from acrolein

or methacrylic acid from methacrolein, isobutyraldehyde, or similar aldehydes or both.

[0049] The present invention provides a method for preparing unsaturated acids including the step

of contacting an appropriate alkene with a mixed metal oxide catalyst to form a corresponding

unsaturated aldehyde and subsequently contacting the unsaturated aldehyde with a catalyst of this

invention to form a corresponding unsaturated acid, where the method is ideally suited for the



production of acrylic acid and/or methacrylic acid.

DESCRIPTION OF THE DRAWINGS

[0050] 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:

[0051] Figure 1 depicts a graph of the relative activity versus % medium pores; and

[0052] Figure 2 depicts a graph of % medium pores versus amount of ammonium hydroxide; and

[0053] Figure 3 depicts a graph'of % medium pore versus mole ratio of ammonium hydroxide and

nitric acid.

DETAILED DESCRIPTION OF THE INVENTION

[0057] The inventors have found that a novel, highly active, heteropolyacid catalyst of the general

formula:

Mo
12

PaVbCucBidMIeMII fOg (I)

where:

MI is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (Tl), or mixtures or combinations thereof,

Mil is selected from the group consisting of antimony (Sb), boron (B), tungsten (W), cerium

(Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese

(Mn), arsenic (As), silver (Ag), zinc (Zn), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon

(Si), tantalum (Ta), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba),

lanthanum (La), or mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.0 and about 5.0,

c is a number having a value between about 0.0 and about 1.5,

d is a number having a value between about 0.0 and about 2.0,

e is a number having a value between about 0.0 and about 2.5,

f is a number having a value between about 0.0 and about 5.0,

g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the catalyst of formula (I),

if present, the bismuth component is dissolved in a solution having sufficient nitric acid so

that the catalyst precursor solution or slurry has a nitric acid to Mo
12

mole ratio of at least

6.0:1,



an effective amount of an ammonium-containing compound, preferably ammonium

hydroxide, the effective amount sufficient to produce a catalyst having a pore size

distribution comprising of at least 57% medium pores and, when the ammonium-containing

compound is ammonium hydroxide, to also adjust a pH of the catalyst precursor solution or

slurry to a desired pH value, and

the catalysts are uniquely designed for the oxidation of aldehydes into unsaturated acids,

especially, for the oxidation of conjugated unsaturated aldehydes or isobutyraldehyde into

unsaturated acids.

[0058] The inventors have found that the catalysts of Formula (I) can be prepared by a method,

where the pH is adjusted by a nitric acid/ammonium hydroxide solution having sufficient nitric acid

to provide a nitric acid to molybdenum ratio of >1.0 mole of nitric acid per 2 moles of molybdenum

or a nitric acid to Mo
12

ratio of >6.0:1. If a bismuth component is included in the catalyst

preparation, then the bismuth component is dissolved in the nitric acid or a nitric acid/ammonium

hydroxide solution, prior to adding the solution to a solution of the other components. Thus, the

ammonium-containing compound can be added to either solution if bismuth is included. However,

in the absence of bismuth, the ammonium-containing compound is added to a mixture of some or

all of the other components to change the pore size distribution of the resulting catalyst. Generally,

a mole ratio of the molybdenum-containing compound to the ammonium-containing compound

(Mo:NH4) is between about 0.0 to about 20.0 and between about 0.5 to about 20.0 for catalysts

regardless of the molybdenum to nitric acid mole ratio. Preferably, the mole ratio is between about

1.0 to about 15.0, and, particularly, the mole ratio is between about 2.0 to about 10.0. Alternatively,

a mole ratio of the ammonium-containing compounds to nitric acid (NH4:HNO3) is between about

0.0 and about 2.0 and between about 0.1 and about 2.0 for catalysts regardless of the molybdenum

to nitric acid mole ratio, preferably, between about 0.2 and about 1.8, particularly, between about 0.4

and about 1.6, and more particularly, between about 0.6 and about 1.4 and especially, between about

0.6 and about 1.2. The catalysts preferably have at least 57% medium pores, which is formed during

a controlled calcination process.

[0059] The present invention broadly relates a novel, highly active, heteropolyacid catalyst including

at least molybdenum (Mo), phosphorus (P), vanadium (V), bismuth (Bi), and a first component

selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs), thallium (Tl), or

mixtures or combinations thereof, adapted to gas-phase oxidize aldehydes, especially conjugated



unsaturated aldehydes or isobutyraldehyde, to unsaturated acids, where the catalyst optionally has

at least 57% medium pores and a nitric acid to molybdenum mole ratio of at least 0.5: 1 or at least

6.0:1 moles OfHNO 3 per mole OfMo
12

. The catalysts are especially well suited for oxidatively

converting aldehydes selected from the group consisting of acrolein, methacrolein, similar"

unsaturated aldehydes, isobutyraldehyde and mixtures or combinations thereof to unsaturated acids

selected from the group consisting of acrylic acid, methacrylic acid, similar unsaturated acids, and

mixtures or combinations ther of. Preferably, the present invention relates to a heteropolyacid

catalyst including molybdenum (Mo), phosphorus (P), vanadium (V), bismuth (Bi), and optionally,

copper (Cu), a first component selected from the group consisting of potassium (K), rubidium (Rb),

cesium (Cs), thallium (Tl), or mixtures or combinations thereof, and an optional second component

selected from the group consisting of antimony (Sb), boron (B), tungsten (W), cerium (Ce), niobium

(Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As),

silver (Ag), zinc (Zn), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta),

germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lanthanum (La), or

mixtures or combinations thereof, used for gas-phase catalytic oxidation of aldehydes such as

acrolein, methacrolein, isobutyraldehyde or the like to unsaturated acids such as acrylic acid,

methacrylic acid or the like. Particularly, the present invention relates to a novel, highly active,

heteropolyacid catalyst for converting aldehydes to unsaturated acids of the general formula:

Mou PaVbCucBidMIeMII fOg (I)

where:

MI is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (Tl), and mixtures or combinations thereof,

Mil is selected from the group consisting of antimony (Sb), boron (B), tungsten (W), cerium

(Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni),

manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), lead (Pb), tin (Sn), titanium (Ti),

aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge), gallium (Ga), zirconium (Zr),

magnesium (Mg), barium (Ba), lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.0 and about 5.0,

c is a number having a value between about 0.0 and about 1.5,

d is a number having a value between about 0.0 and about 2.0,



e is a number having a value between about 0.0 and about 2.5,

f is a number having a value between about 0.0 and about 5.0,

g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the catalyst of formula (I), and

the catalyst is prepared from a mixture having at least six moles of nitric acid per twelve

moles of molybdenum and if present, the bismuth component is dissolved in a nitric acid

solution to form a bismuth solution prior to adding it to a solution of some or all of the other

components. Preferably, the bismuth solution has sufficient nitric acid to produce the at least

six moles of nitric acid per twelve moles of molybdenum when the bismuth solution is added

to the solution of all or some of the other components.

[0060] Suitable compounds used for preparation of the catalysts of this invention include, without

limitation, metal nitrates, metal carbonates, metal ammonium salts, metal halides, metal oxides, or

mixtures or combinations thereof. For example, suitable molybdenum components include, without

limitation, ammoniumparamo lybdate, molybdenum trioxide, molybdenum chloride, etc. or mixtures

or combinations thereof. The preferred molybdenum component is ammonium paramolybdate.

Suitable vanadium components include, without limitation, ammonium metavanadate, vanadium

pentoxide, vanadium chloride, etc. or mixtures or combinations thereof. The preferred vanadium

component is ammonium metavanadate. Suitable phosphorus components include, without

limitation, phosphoric acid, ammonium phosphate, etc. or mixtures or combinations thereof. The

preferred phosphorus component is phosphoric acid. Suitable copper components include, without

limitation, copper nitrate, copper chloride, etc. or mixtures or combinations thereof. The preferred

copper component is copper nitrate. Suitable bismuth components include, without limitation,

bismuth nitrate, bismuth oxide, bismuth chloride, etc. or mixtures or combinations thereof. The

preferred bismuth component is bismuth nitrate. Suitable MI components include, without

limitation, MI nitrates, MI oxides, MI chlorides, etc. or mixtures or combinations thereof. The

preferred MI components are MI nitrates and MI oxides or mixtures or combinations thereof.

Suitable Mil components include, without limitation, Mil nitrates, Mil oxides, Mil chlorides, etc.

or mixtures or combinations thereof. The preferred Mil components are Mil nitrates and Mil

oxides or mixtures or combinations thereof.

[0061] Suitable ammonium-containing compounds for use in this invention include, without

limitation, any ammonium compound that undergoes thermal decomposition to volatile components.



Exemplary examples of such ammonium-containing compounds include, without limitation,

ammonium hydroxide, ammonium nitrate, ammonium chloride, ammonium bromide, ammonium

carbonate, ammonium acetate, ammonium formate, ammonium propionate, ammonium butionate,

other ammonium salts of carboxylic acids, or mixtures or combinations thereof.

Catalyst Preparation Aspects

[0062] With Bi free catalysts, the catalysts of this invention are generally prepared by initiating

precipitation of a substantially 'precipitate free solution by means known in the art, e.g., heating

and/or solvent evaporation, where the solution includes appropriate concentrations of desired

catalytic components. While the solution preferably is substantially free of precipitates prior to

initiating precipitation, the solution can include varying degrees ofprecipitates during the preparation

procedure provided that the precipitates substantially dissolve prior to initiating precipitation. For

catalysts of this invention including Bi, a slurry is formed when a substantially solid-free Bi solution

is added to a substantially solid-free solution of other ingredients. Other ingredients can be added

to the slurry or to the solid after drying followed by further drying, but prior to calcination. The term

substantially solid-free means that the amount of precipitate present in the solution is less than 5

wt.%, preferably less than 2.5 wt.%, particularly less than 1wt.% and especially less than 0.5 wt.%,

with the ultimate goal being completely solid-free or precipitate-free.

[0063] The present invention relates to improved catalysts for the oxidation of aldehydes, where the

catalysts of this invention are prepared from a precursor formulation having a nitric acid to Mo
12

mole ratio greater than or equal to (>) 6.0:1. Preferably, the solution also includes sufficient

ammonium hydroxide to adjust the pH to a desired level and to increase an amount of medium pores

in the resulting catalysts and preferably to produce a catalyst having a pore size distribution

comprising at least 57% medium pores.

[0064] The catalysts of this invention are prepared using a solution of nitric acid (HNO3) and

ammonium hydroxide (NH4OH) to dissolve a bismuth component such as bismuth nitrate

(Bi(NO3)3), bismuth oxide or other bismuth salts, prior to adding the bismuth component to a

solution of the other components. The bismuth solution and the solution of some or all of the other

components are substantially free of precipitates. If bismuth is not used in the catalyst preparation,

then the nitric acid/ammonium hydroxide solution was adjusted to produce the desired nitric acid

to molybdenum mole ratio and a desired pH of the pre-catalyst solution. Also if the catalyst does not

include Bi, then the mixture is preferably a solid-free solution prior to initiating precipitation. Nitric



acid referred to here means nitric acid added in producing the catalyst and excludes NO3 moieties

which may be part of the molecular formula for the catalytic components used in preparing the

catalysts of this invention. As stated previously, the nitric acid is present in an amount sufficient to

produce a nitric acid to Mo
12

ratio of at least 6.0:1 (> 6.0 to 1.0), while the ammonium hydroxide

is present in an amount sufficient to achieve a desired pH. Both the nitric acid and the ammonium

hydroxide concentrations are also individually or collectively sufficient to generate a catalyst having

a pore size distribution comprising at least 57% medium pores. Although the catalysts of this

invention are preferably prepared using water as the solvent, i.e., the liquid phase is an aqueous

liquid phase, the catalysts of this invention can be made using a mixed aqueous/organic liquid phase,

a mixed aqueous/non-aqueous liquid phase, non-aqueous liquid phase or organic liquid phase. The

term organic means a carbon containing solvent, while the term non-aqueous means a non-aqueous

solvent that does not contain carbon. The term substantially solid-free means that the amount of

precipitate present in the solution is less than 5 wt.%, preferably less than 2.5 wt.%, particularly less

than 1 wt.% and especially less than 0.5 wt.%, with the ultimate goal being completely solid-free or

precipitate-free.

[0065] Catalysts of this invention generally have a given pore size distribution comprising small

pores, medium pores, and large pores. Small pores are pores having a diameter D less than about

lOOΛ, i.e., D < 10OA. Medium pores are pores having a diameter D greater than or equal to about

IOOA and less than about 1000A, i.e., IOOA ≤ D < 1000A. Large pores are pores having a diameter

D greater than or equal to about 1000A, i.e., D ≥ 1000A. The catalysts of this invention generally

have a pore size distribution comprising between about 0.1% and about 10.0% small pores, between

about 55% and about 90% medium pores and the remainder large pores. Preferably, the catalysts

of this invention have a pore size distribution comprising between about 0.5% and about 7.5% of

small pores, between about 55% and about 80% medium pores, and the remainder large pores.

Particularly, the catalysts of this invention have a pore size distribution comprising between about

1.0% and about 5.0% small pores, at least 57% medium pores and the remainder large pores.

Alternatively, the catalysts of this invention have a pore size distribution comprising at least 55%

medium pores. Preferably, the catalysts of this invention have a pore size distribution comprising

between about 55% medium pores and about 90% medium pores. Particularly, the catalysts of this

invention have a pore size distribution comprising between about 55% medium pores and about 80%

medium pores. More particularly, the catalysts of this invention have a pore size distribution



comprising between about 57% medium pores and about 80% medium pores. It should be

recognized by an ordinary artisan that determining or measuring the pore size or pore size

distribution of the catalyst can be based on any standard method such as BET, mercury porosimeter,

or similar pore size analyzer.

[0066] The catalyst of this invention are rendered more or less active by a calcination procedure to

which they are subjected. The general calcination protocol is to calcine a dried catalyst at a

temperature and for a time sufficient to obtain a catalyst having a desired activity, generally

maximized activity or to obtain a catalyst having the desired pore size distribution. Generally, the

calcination temperature is above about 35O 0C and the period of time is between about 2 hours and

about 24 hours; however, shorter and longer times can be used. Preferably, the calcination protocol

also includes a soak step at a soak temperature and for a soak time sufficient to out-gas volatile

components and components that form volatile components at high temperature. Particularly

important components that produce volatile components during drying, soaking and calcining

include nitrates and ammonium salts. The inventors believe that although the amount of nitrate and

ammonium ions present in the dried composition is important for producing the desired pore size

distribution, the careful control of drying, soaking and calcining conditions is also important in

controlling the number of medium pores generated in the final catalyst. If the pre-calcined catalyst

is heated too fast, the volatile components have insufficient time to out-gas and the activity of the

resulting catalyst is reduced. Thus, by controlling catalyst drying, soaking and calcining, component

out-gassing can be substantially completed before the catalyst is subjected to its final calcination

temperature. The soak temperature is generally between about 180 0C and about 250 0C and the soak

period of time is between about 1 hour and about 8 hours; however, shorter and longer times can be

used. The soak step is designed to allow volatile components and components that form volatile

components at high temperature to exit the catalyst gradually and not explosively or so rapidly that

the catalyst pore distribution is damaged (collapses or produces too many large pores). In laboratory

protocols, the protocols include an initial temperature ramp of about 0.25°C/min. to about

0.75 °C/min. for aperiod of time sufficient to raise the temperature to a desired soak step temperature

and a final temperature ramp of about 0.25°C/min. to about 0.75°C/min for a period of time

sufficient to raise the temperature to a desired calcination step temperature. In commercial catalyst

protocols, however, the ramp rates are generally much higher as is well known in the art of

commercial catalyst preparation.



[0067] The catalyst used in the process of the present invention can be used without a carrier, or can

be supported on or diluted with an inert carrier. Suitable inert carriers include, without limitation,

silicates, silicas, aluminates, aluminas, silica-aluminas, silicon carbide, zirconias, titanias, magnesia,

similar oxides, other heteropolyacids or mixtures or combinations thereof.

[0068] The catalysts of this invention are ideally suited for producing an unsaturated acid, preferably

a conjugated unsaturated acid such as acrylic acid and/or methacrylic acid by gas-phase catalytic

oxidation of a vapor or vapor stream including an unsaturated aldehyde, preferably, a conjugated

unsaturated aldehyde such as acrolein and/or methacrolein at a temperature, at a pressure and for a

time sufficient to obtain a desired conversion of the unsaturated aldehyde to the corresponding

unsaturated acid. The vapor stream used to contact the catalysts of the present invention generally

includes sufficient unsaturated conjugated aldehyde that is converted into an output stream

containing commercial quantity of a corresponding unsaturated conjugated aldehyde. For

methacrolein, the vapor stream can have a wide methacrolein concentration range, preferably, the

vapor or vapor stream includes from about 1 vol.% to about 20 vol.% of methacrolein, and

particularly, the vapor or vapor stream includes from about 2 to about 8 vol.% of methacrolein.

Typically, a methacrolein feed for the preparation of methacrylic acid may also contain large

amounts of water and smaller amounts of impurities such as carbon monoxide, carbon dioxide,

acetone, acetic acid, acrolein, methacrylic acid, isobutylene and other saturated and unsaturated

hydrocarbons, lower saturated aldehydes, etc., but such impurities have substantially no effect on the

conversion of the aldehydes to unsaturated acids.

[0069] Although the gas-phase catalytic oxidation reaction of acrolein or methacrolein over a

catalyst of this invention can be economically performed in the presence of air, preferably, an

oxidizing agent enriched in oxygen is used such as pure oxygen. An oxygen concentration in the

oxidizing gas used in the conversion of methacrolein to methacrylic acid, for example, is set relative

to a molar ratio of oxygen to methacrolein. Generally, the molar ratio has a value between about 0.3

and about 4, preferably, the ratio has a value between about 0.8 and about 2.5. The oxidizing gas

may be diluted with or contain an inert gas such as nitrogen, steam, carbon dioxide, etc., recycled

oxygen-containing gases or mixtures or combinations thereof.

[0070] In producing methacrylic acid using the catalysts of this invention, the oxidation is generally

carried out at a reaction pressure between sub-ambient and several atmospheres above ambient,

preferably, the pressure is near ambient or as low as practical. The oxidation reaction using the



catalysts of this invention is generally carried out at an elevated temperature, preferably, at a

temperature between about 23O 0C and about 450 0C, particularly, at a temperature between about

25O 0C and about 400 0C and more particularly, at a temperature between about 250 0C and about

350 0C. The oxidation reaction using the catalysts of this invention can be carried out using a variety

of reactor systems including a fixed bed reactor (a reactor having one or more fixed catalyst beds or

zones), a fluidized bed reactor (recycling catalyst particles in the reactor are fluidized), a moving bed

reactor (catalyst moves in and o\ ιt of the catalyst zone(s)), a continuous stirred tank reactor or any

other reactor system geared for carrying out an oxidizing reaction such as the conversion of

aldehydes to unsaturated acids.

EXPERIMENTAL SECTION

GENERAL CONSIDERATIONS

[0071] The following examples illustrate the preparation, calcination and testing of specific catalytic

formulations of the general formula (I) and of a comparative example catalyst. Example 1 illustrates

the preparation of a catalyst of this invention, while Comparative Example 1 illustrates the

preparation of a comparative catalyst. Examples are also included that analyze the calcination and

performance data for the catalysts of this invention and the comparative example reported herein as

relative data. The activity of the comparative example catalyst was defined as 1.0, so that if a catalyst

showed an activity 30% higher than the comparative example catalyst, then this catalyst would have

a relative activity of 1.3. Similarly, the relative selectivity of a comparative example was defined

as 0.0. The selectivity vs. conversion curve is compared between a catalyst of this invention and the

-comparative example catalyst, so that if the catalyst of this invention showed a selectivity 1.0%

higher than comparative example catalyst at the same percentage conversion of methacrolein, then,

this catalyst would have a relative selectivity of 1.0. In the following examples, when the term nitric

acid is used that term means about a 70 wt.% aqueous solution of nitric acid. It should be recognized

by ordinary artisans that any concentrated nitric acid solution can be used provided that the amount

added is adjusted to achieve the desired mole ratio. Also in the following examples, when the term

phosphoric acid is used the term means about an 85 wt.% phosphoric acid solution. It should be

recognized by ordinary artisans that any concentrated phosphoric acid solution can be used provided

that the amount added is adjusted to achieve the desired mole ratio.

CATALYSTS PREPARATIONS

Example 1



[0072] The following example illustrates the preparation of a catalyst of this invention having the

following formula Mo
12

Pi
5
V

0 5
Cu

0 1
Bi

0-5
Sb

0-8
Cs

1-0
B0 Og.

[0073] 46.49 grams of ammonium paramolybdate were added to 200 mL of de-ionized (DI) water

at room temperature. 1.28 grams of ammonium metavanadate were added to the above solution to

produce an MoV solution. The mixture was stirred at room temperature until all particles were

dissolved. 4.28 grams of cesium nitrate were then added to 25 mL of DI water, and the resulting

solution was added to the MoV solution to form an MoVCs solution. 3.80 grams of phosphoric acid

were then dissolved in 6 mL of DI water and the solution obtained was added to the MoVCs solution

to form an MoVCsP solution. 0.5 1grams of copper nitrate were added to 5mL of DI water and the

solution obtained was added to the MoVCsP solution to form an MoVCsPCu solution. 11.32 grams

of nitric acid were added to 30 grams of DI water, then 7 mL of ammonium hydroxide (28 wt.%

solution of ammonia in water) were added to the nitric acid solution and then 5.32 grams of bismuth

nitrate were added to the nitric acid/ammonium hydroxide solution and the mixture was stirred until

the bismuth nitrate dissolved or went into solution. The bismuth solution was then added to the

MoVCsPCu solution forming a MoVCsPCuBi slurry. The MoVCsPCuBi slurry was then heated to

95°C and 2.56 grams of antimony trioxide and 0.68 grams of boric acid were added to the

MoVCsPCuBi slurry to form an MoVCsPCuBiSbB slurry.

[0074] The MoVCsPCuBiSbB slurrywas then evaporated at between about 75 °C and about 100 0C

to form an evaporated mixture. The evaporated mixture was then dried at about 130 0C for about 16

hours and sieved to obtain particles having a size between about 20 and 30 mesh. The particles were

then heated to a soak temperature of 230°C at a rate of 0.5°C/min. and held at the soak temperature

for 3 hours in air. The particles were then heated to a calcination temperature of 380 0C at a rate of

0.5°C/min. for 5 hours in air to form the catalyst of this invention.

Example 2

[0075] The following example illustrates the preparation of a catalyst of this invention having the

following formula Mo
12

P
-5
V

0-5
Cu

0-1
Bi

0-5
Sb

0-8
Cs

1-0
B

0-5
O by the method of Example 1, but calcined

at 380°C for 7.5 hrs instead of 38O 0C for 5.0 hrs.

Example 3

[0076] The following example illustrates the preparation of a catalyst of this invention having the

following formula Mo
12

P
1-5

V
0-5

Cu
0-1

Bi
0-5

Sb
0-8

Cs
1-0

B
0-5

Og by the method of Example 1, but calcined

at 380°C for 10 hrs instead of 380°C for 5.0 hrs.



Example 4

[0077] The following example illustrates the preparation of a catalyst of this invention having the

following formula Mon P
1-5

V
0-5

Cu
0-I

Bi0 Sb
0-8

Cs
1-0

B
0-5

Og by the method of Example 1, but 5 mL of

ammonium hydroxide was used instead of 7 mL of ammonium hydroxide.

Example 5

[0078] The following example illustrates the preparation of a catalyst of this invention having the

following formula Mo
12

P
1-5

V
0-5

Cu
0-1

Bi
0-5

Sb
0-8

CSi
-0

B
0-5

O by the method of Example 1, but 8 mL of

ammonium hydroxide was used instead of 7 mL of ammonium hydroxide.

Example 6

[0079] The following example illustrates the preparation of a catalyst of this invention having the

following formula Mo
12

P
1-5

V
0-5

Cu
0-I

Bi
0-5

Sb
0-8

Cs
1-0

B
0-5

O by the method of Example 1, but 1O mL of

ammonium hydroxide was used instead of 7 mL of ammonium hydroxide.

Example 7

[0080] The following example illustrates the preparation of a catalyst of this invention having the

following formula M o
12

P
1-5

V
0-5

Cu0 Bi
0-5

Sb
0-8

Cs,
-0
B

0-5
Ogby the method of Example l.but 14.8 grams

of nitric acid and 10 mL of ammonium hydroxide was used instead of 11.32 grams of nitric acid and

7 mL of ammonium hydroxide.

Example 8

[0081] The following example illustrates the preparation of a catalyst of this invention having the

following formula M o P
1-5

V
0-5

C u0 Bi
0-5

Sb
0-8

Cs
1-0

B
0-5

O by the method of Example 1,but the relative

concentration of the final solution was 1.5 times more concentrated.

Example 9

[0082] The following example illustrates the preparation of a catalyst of this invention having the

following formula Mo
12

P
1-5

V
0-5

Cu
0-3

Bi
0-1

Sb
0-8

Cs
1-0

B
0-5

Og by the method of Example 1, Cu was

increased from 0.51 g to 1.59 g and Bi was reduced from 5.32 g to 1.10 g.

Example 10

[0083] The following example illustrates the preparation of a catalyst of this invention having the

following formula Mo
12

P
1-5

V
0-5

Cu
0-1

Bi
0-5

Sb
1-2

Cs
1-0

B0 5Og by the method of Example 1, Sb was

increased from 2.56 g to 3.74 g.

Example 11

[0084] The following example illustrates the calcination of a catalyst of Example 1 having the



following formula M o 12P 1-5V 0 5C u 0 Bi0-5Sb0 Cs1-0B0 O , where the dinitrification step is carried out

at 22O0C for 3 hrs.

Example 12

[0085] The following example illustrates the calcination of a catalyst of Example 1 having the

following formula Mo
12

P
1-5

V
0-5

Cu
0-1

Bi
0-5

Sb
0-8

Cs
11-0

B
0-5

Og, where the dinitrification step is carried out

at 23O0C for 3 hrs.

Comparative Example 1

[0086] The following comparative example illustrates the preparation of a comparative catalyst for

purposes of comparing the catalyst of Example 1, where the comparative catalyst has a formula

Mo
J2

P
1-5

V
0-5

Cu
0-1

Bi
0-5

Sb
0-8

Cs10B0-5
Og identical to that of the catalyst of Example 1, with the

exception that the catalyst preparation does not include at least a 6.0:1 mole ratio of nitric acid to

Mo
12

and does not include ammonium hydroxide.

[0087] 46.50 grams of ammonium paramolybdate were added to 200 mL of de-ionized (DI) water

at room temperature. 1.28 grams of ammonium metavanadate were added to the above solution to

produce a MoV solution.. The mixture was stirred at room temperature until all particles were

dissolved. 4.28 grams of cesium nitrate were then added to 25 mL of DI water, and the resulting

solution was added to the MoV solution to form a MoVCs solution. 3.80 grams of phosphoric acid

were then dissolved in 6 mL of DI water and the solution obtained was added to the MoVCs solution

to form a MoVCsP solution. 0.51 grams of copper nitrate were added to 5mL of DI water and the

solution obtained was added to the MoVCsP solution to form a MoVCsPCu solution. 4.30 grams

of nitric acid were added to 30 mL of DI water, then 5.32 grams of bismuth nitrate were added and

the mixture was stirred until the bismuth nitrate went into solution forming a bismuth solution. The

bismuth solution was then added to the MoVCsPCu solution forming a MoVCsPCuBi slurry. The

MoVCsPCuBi slurry was then heated to 95°C and then 2.56 grams of antimony trioxide and 0.68

grams of boric acid were added to the MoVCsPCuBi slurry to form a MoVCsPCuBiSbB slurry.

[0088] The MoVCsPCuBiSbB slurry was then evaporated at between about 75°C and about 100 0C

to form a evaporated mixture. The evaporated mixture was then dried at about 1300C for about 16

hours and sieved to obtain particles having a size between about 20 and 30 mesh. The particles were

then heated to a soak temperature of 230°C at a rate of 0.5°C/min and held at the soak temperature

for 3 hours in air. The particles were then heated to a calcination temperature of 38O 0C at a rate of

0.5°C/min. for 5 hours in air to form comparative catalyst 1.



CATALYST TESTING AND PERFORMANCE DATA

[0089] 6 cc of either the Example 1 or the Comparative Example 1 catalyst were diluted with 9

cc of quartz chip and were loaded into a fixed bed reactor. The catalysts were tested with a vapor

stream having the following composition: 4 vol.% methacrolein, 8 vol.% oxygen, and 30 vol.%

steam with the balance being nitrogen. By varying reaction temperature and vapor stream flow rate,

conversion and selectivity data were obtained under a variety of conditions. The resulting effluent

stream was analyzed by gas chromatography.

[0090] To understand the following results, the following definitions are set forth:

% conversion =

{[moles of MAC converted)]/[(moles of unconverted MAC + moles of MAC converted]}* 100

% selectivity =

{[(moles of MAA produced)]/[(moles of all products produced)]}* 100

where MAA is methacrylic acid, MAC is methacrolein and the moles of all products produced is on

a four-carbon product count.

[0091] The Comparative Example 1 catalyst was tested under three conditions of flow rate in seem

at three different temperatures. The resulting data is tabulated in Table I.

TABLE I
Catalytic Performance of Comparative Example 1 Catalyst

[0092] The Example 1-10 catalysts and the Comparative Example 1 catalyst were tested under

similar flow rate and reaction temperature conditions. The resulting data is tabulated in Table II.

TABLE II
Catalytic Performance of Examples 1-10 Catalysts



The error in the relative activity data is about ±10% and the error in relative selectivity is about ±1.

[0093] The results of Table II clearly shows that much higher catalyst activity is achieved for

catalysts prepared by the procedure of Example 1.

[0094] The results of variations in the calcinationprotocol for catalysts of this invention are set forth

in Tables I and IV.

TABLE I
Effect of De-nitrification Temperature on

Catalyst Performance of Samples of Example 1 Catalyst

TABLE IV
Effect of Calcination Time on

Catalyst Performance of Samples of Example 1-3 Catalysts



Example 3 38O0C for 10 hrs 2.7

[0095] Referring now to Figure 1, a plot of relative activity versus % medium pores is shown for

catalyst samples of this invention prepared to vary the percentage of medium pores in the catalysts.

The plot clearly shows that the catalysts having a percentage of medium pores of greater than about

57% generally represent superior catalysts to catalysts having a percentage of medium pores of less

than about 57%. The data clearly shows that superior catalysts can be prepared having a percentage

of medium pores between about 57% and about 71%, preferably, and between about 59% and about

71%, but catalysts with higher percentages of medium pores can also be prepared using the catalyst

preparation methodology set forth in this application - the combination of nitric acid at a mole ratio

of at least 6.0: 1to one mole OfMo
12

and a sufficient amount of an ammonium-containing compound

to increase an amount of medium pores in the resulting catalysts and preferably to produce catalysts

with a pore size distribution having at least 57% medium pores.

[0096] Referring now to Figure 2, a plot of % medium pores relative to all pores versus the amount

of ammonium hydroxide added to the catalyst preparation in mL is shown. The plot clearly shows

that the addition of ammonium hydroxide, a preferred ammonium-containing compound, is capable

ofproducing catalysts including a pore size distribution having at least 57% medium pores. The data

clearly shows that catalysts prepared using between about 4 mL and about 14 mL of ammonium

hydroxide having between about 57% and about 70% medium pores.

[0097] Referring now to Figure 3, a plot of percentage of medium pores versus a mole ratio of

ammonium hydroxide and nitric acid. The plot shows that the pore size distribution of the catalyst

can be controlled by increasing the mole ratio of ammonium hydroxide and nitric acid from 0 to

about 1.0. An especially preferred mole ratio range is between about 0.6 and about 1.0.

[0098] AU references cited herein are incorporated by reference. While this invention has been

described fully and completely, it should be understood that, within the scope of the appended

claims, the invention may be practiced otherwise than as specifically described. 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.



CLAIMS

We claim:

1. An heteropolyacid catalyst comprising at least molybdenum (Mo) and phosphorus (P)

adapted to gas-phase oxidize aldehydes to unsaturated acids, where the catalyst has a pore size

distribution comprising at least 55% medium pores.

2. The heteropolyacid catalyst of claim 1, the medium pores have a diameter D greater than or

equal to about IOOA and less than about 1000A.

3. The heteropolyacid catalyst of claim 1, further comprising a nitric acid to Mo
12

mole ratio

of at least 6.0: 1 in a pre-catalyst material.

4. The heteropolyacid catalyst of claim 1, further comprising an effective amount of an

ammonium-containing compound added to a pre-catalyst material, where the effective amount is

sufficient to produce the desired pore size distribution.

5 . The heteropolyacid catalyst of claim 1, wherein the catalyst is prepared using a nitric acid to

Mo
12

mole ratio of at least 6.0:1 and an effective amount of ammonium hydroxide, where the amount

is sufficient to adjust the pH to a desired pH value and the effective amount is sufficient to produce

the desired pore size distribution.

6. The heteropolyacid catalyst of claim 1, wherein the catalyst is produced using an amount of

nitric acid and an effective amount of ammonium hydroxide and where the amount of nitric acid is

sufficient to produce a nitric acid to Mo
12

mole ratio of at least 6.0: 1, where the effective amount of

ammonium hydroxide is sufficient to adjust the pH to a desired pH value and where the amount of

nitric acid and ammonium hydroxide are sufficient to produce the desired pore size distribution.

7. The heteropolyacid catalyst of claim 1, further comprising vanadium (V).

8. The heteropolyacid catalyst of claim 1, further comprising copper (Cu).



9. The heteropolyacid catalyst of claim 1, further comprising bismuth (Bi).

10. The heteropolyacid catalyst of claim 9, wherein the bismuth is dissolved in a solution having

an amount of nitric acid and where the amount of nitric acid is sufficient to produce a nitric acid to

Mo
12

mole ratio of at least 6.0: 1 in a pre-catalyst material.

11. The heteropolyacid catalyst of claim 1, further comprising a component selected from the

group consisting of potassium (K), rubidium (Rb), cesium (Cs), thallium (Tl), or mixtures or

combinations thereof.

12. The heteropolyacid catalyst of claim 1, further comprising a component selected from the

group consisting of antimony (Sb), boron (B), tungsten (W), cerium (Ce), niobium (Nb), indium (In),

iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc

(Zn), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge),

gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lanthanum (La), or mixtures or

combinations thereof.

13. The heteropolyacid catalyst of claim 1, wherein the aldehydes are selected from the group

consisting of acrolein, methacrolein, isobutyraldehyde and mixtures or combinations thereof and

where the unsaturated acids are selected from the group consisting of acrylic acid, methacrylic acid,

and mixtures or combinations thereof.

14. An heteropolyacid catalyst for converting aldehydes to unsaturated acids comprising a

composition of the general formula:

Mo
12

P VbCucBidMIeMIIfOg (I)

where:

MI is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (Tl), and mixtures or combinations thereof,

Mil is selected from the group consisting of antimony (Sb), boron (B), tungsten (W), cerium

(Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni),



manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), lead (Pb), tin (Sn), titanium (Ti),

aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge), gallium (Ga), zirconium (Zr),

magnesium (Mg), barium (Ba), lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between 0.0 and about 5.0,

c is a number having a value between 0.0 and about 1.5,

d is a number having a value between 0.0 and about 2.0,

e is a number having a value between 0.0 and about 2.5,

f is a number having a value between 0.0 and about 5.0,

g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the catalyst of formula (I), and

where components are acidified by a nitric acid solution including an amount of nitric acid

sufficient to produce a nitric acid to Mo 12 mole ratio of at least 6.0:1 during catalyst

preparation and if bismuth is present, then the bismuth component is dissolved in the nitric

acid solution prior to adding the nitric acid solution to a solution of some or all of the other

components.

15. The heteropolyacid catalyst of claim 14, further comprising an effective amount of an

ammonium-containing compound added during catalyst preparation, where the effective amount is

sufficient to produce a pore size distribution comprising at least 57% of medium pores.

16. The heteropolyacid catalyst of claim 15, the medium pores have a diameter D greater than

or equal to about IOOA and less than about lOOOΛ.

17. The heteropolyacid catalyst of claim 14, wherein the bismuth component is dissolved in a

nitric acid solution, where the amount of nitric acid is sufficient to produce a nitric acid to Mo 12 mole

ratio of at least 6.0: 1 during catalyst preparation and an effective amount of an ammonium-

containing compound, where the effective amount of the ammonium-containing compound is

sufficient to adust a pH to a desired pH value and where the amount of nitric acid and the amount

of ammonium-containing compound are sufficient to produce a pore size distribution comprising at

least 55% medium pores.



18. The heteropolyacid catalyst of claim 14, wherein:

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.01 and about 5.0,

c is a number having a value between about 0.0 1 and about 1.5,

d is a number having a value between about 0.01 and about 2.0,

e is a number having a value between about 0.01 and about 2.5, and

f is a number having a value between about 0.01 and about 5.0.

19. The heteropolyacid catalyst of claim 14, wherein:

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.1 and about 5.0,

c is a number having a value between about 0.05 and about 1.5,

d is a number having a value between about 0.1 and about 2.0,

e is a number having a value between about 0.1 and about 2.5, and

f is a number having a value between about 0.1 and about 5.0.

20. The heteropolyacid catalyst of claim 14, wherein:

a is a number having a value between about 1.0 and about 2.5,

b is a number having a value between about 0.1 and about 2.5,

c is a number having a value between about 0.05 and about 0.5,

d is a number having a value between about 0.1 and about 1.0,

e is a number having a value between about 0.2 and about 2.0, and

f is a number having a value between about 0.1 and about 2.0.

21. A method for preparing an heteropolyacid catalyst for converting aldehydes to unsaturated

acids comprising the steps of:

forming a pre-catalyst composition comprising:

molybdenum and phosphorus in a 12:a mole ratio, and

an effective amount of an ammonium-containing compound,

where a is a number having a value between about 0.5 and about 3.5,



evaporating the pre-catalyst composition to form a dried catalyst composition, and

calcining the dried catalyst composition to form the heteropolyacid catalyst,

where the effective amount of the ammonium-containing compound is sufficient to produce

a pore size distribution comprising at least 57% medium pores in the catalyst.

22. The method of claim 2 1, further comprising the step of:

prior to the calcining step, treating the dried catalyst with a protocol comprising an initial

heating ramp, a soak period and a final heating ramp, where the initial heating ramp is for a time

sufficient to raise a temperature of the dried catalyst to a soak temperature, where the soak period

is sufficient to allow substantially complete out-gassing of volatile components or components that

form volatile components upon heating to form a pre-calcined catalyst and where the final heating

ramp is sufficient to raise a temperature of the pre-calcined catalyst to a desired calcination

temperature.

23. The method of claim 21, the medium pores have a diameter D greater than or equal to about

100A and less than about 1OOOΛ.

24. The method of claim 2 1, wherein the pre-catalyst composition is a solid-liquid mixture.

25. The method of claim 2 1, wherein the solid-liquidmixture is a solution, a slurry, a suspension,

or a dispersion.

26. The method of claim 2 1, wherein the pre-catalyst composition further comprises:

vanadium (V) in a 12:a:b mole ratio,

where b is a number having a value between about 0.0 1 and about 5.0.

27. The method of claim 2 1, wherein the pre-catalyst composition further comprises:

copper (Cu) in a 12:a:b:c mole ratio,

where c is a number having a value between about 0.0 and about 1.5.

28. The method of claim 21, further comprising the step of:



prior to, simultaneous with or after the formation of the pre-catalyst composition, dissolving

a bismuth (Bi) compound in a solution comprising an amount of nitric acid and an effective

amount of an ammonium-containing compound to form a bismuth solution in a mole ratio

of 12:a:d, where d is a number having a value between about 0.1 and about 1.0,

adding the bismuth solution to the pre-catalyst composition to form a slurry,

where the amount of nitric acid is sufficient to produce a nitric acid to Mo
12

ratio of at least

6.0 to 1.0 in the slurry and wWe the amount of nitric acid and the effective amount of the

ammonium-containing compound are sufficient to produce a pore size distribution comprising at

least 55% medium pores.

29. The method of claim 21, further comprising the step of:

adding, to the pre-catalyst composition, an acidification solution comprising an amount of

nitric acid sufficient to produce a nitric acid to Mo
12

ratio of at least 6.0 to 1.0 in the pre-

catalystcomposition and an effective amount of an ammonium-containing compound where

the amount of nitric acid and the effective amount of the ammonium-containing compound

are sufficient to produce a pore size distribution comprising at least 55% medium pores.

30. The method of claim 29, wherein the pre-catalyst composition, the acidification solution

and/or dried catalyst composition further comprise:

a first component selected from the group consisting of potassium (K), rubidium

(Rb), cesium (Cs), thallium (Tl), or mixtures or combinations thereof in a mole ratio

ofl2:a:e,

where e is a number having a value between about 0.2 and about 2.5.

31. The method of claim 29, wherein the pre-catalyst composition, the acidification solution

and/or dried catalyst composition further comprises:

a first component selected from the group consisting of potassium (K), rubidium

(Rb), cesium (Cs), thallium (Tl), or mixtures or combinations thereof in a mole ratio

ofl2:a:e,

where e is a number having a value between about 0.2 and about 2.5

f moles of a second component selected from the group consisting of antimony (Sb),



boron (B), tungsten (W), cerium (Ce), niobium (Nb), indium (In), iron (Fe),

chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag),

zinc (Zn), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum

(Ta), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba),

lanthanum (La), and mixtures or combinations thereof in a mole ratio of 12:a:e:f,

where f is a number having a value between about 0.1 and about 2.0.

32. The method of claim 28, wherein the pre-catalyst composition, the bismuth solution, the

slurry and/or the dried catalyst composition further comprise:

e moles of a first component selected from the group consisting of potassium (K),

rubidium (Rb), cesium (Cs), thallium (Tl), or mixtures or combinations thereof, in

a mole ratio of 12:a:d:e,

where e is a number having a value between about 0.2 and about 2.5.

33. The method of claim 28, wherein pre-catalyst composition, the bismuth solution, the slurry

and/or the dried catalyst composition further comprises:

e moles of a first component selected from the group consisting of potassium (K),

rubidium (Rb), cesium (Cs), thallium (Tl), or mixtures or combinations thereof, in

a mole ratio of 12:a:d:e,

where e is a number having a value between about 0.2 and about 2.5,

f moles of a second component selected from the group consisting of antimony (Sb),

boron (B), tungsten (W), cerium (Ce), niobium (Nb), indium (In), iron (Fe),

chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag),

zinc (Zn), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum

(Ta), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba),

lanthanum (La), and mixtures or combinations thereof, in a mole ratio of 12:a:d:e:f,

where f is a number having a value between about 0.1 and about 2.0.

34. A method for preparing unsaturated acids comprising the step of:

contacting an aldehyde with a catalyst to form a corresponding unsaturated acid,

where the catalyst comprises:



a composition of the general formula:

Mo
1

PaVbCucBidMIeMII fOg (I)

where:

MI is selected from the group consisting of potassium (K), rubidium (Rb), cesium

(Cs), thallium (Tl), and mixtures or combinations thereof,

Mil is selected from the group consisting of antimony (Sb), boron (B), tungsten (W),

cerium (Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co),

nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), lead (Pb), tin (Sn),

titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge), gallium

(Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lanthanum (La), and mixtures

or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between 0.0 and about 5.0,

c is a number having a value between 0.0 and about 1.5,

d is a number having a value between 0.0 and about 2.0,

e is a number having a value between 0.0 and about 2.5,

f is a number having a value between 0.0 and about 5.0,

g is a number having a value representing a sufficient number of oxygen atoms to

balance the oxidation state of the catalyst of formula (I), and

where components are acidifiedby a nitric acid solution including an amount of nitric

acid sufficient to produce a nitric acid to Mo
12

mole ratio of at least 6.0:1 during

catalyst preparation and if bismuth is present, then the bismuth component is

dissolved in the nitric acid solution prior to adding the nitric acid solution to a

solution of some or all of the other components.

35. The method of claim 34, wherein the unsaturated aldehyde is acrolein and the acid is acrylic

acid.

36. The method of claim 34, wherein the unsaturated aldehyde is methacrolein or

isobutyraldehyde and the unsaturated acid is methacrylic acid.



37. A method for preparing unsaturated acids comprising the steps of:

contacting an unsaturated aldehyde precursor with a mixed metal oxide catalyst to form a

corresponding unsaturated aldehyde; and

contacting the unsaturated aldehyde with an heteropolyacid catalyst to form a corresponding

unsaturated acid,

where the catalyst comprises:

a composition of the general formula:

Mo
12

PaVbCucBidMIeMIIfOg (I)

where:

MI is selected from the group consisting of potassium (K), rubidium (Rb), cesium

(Cs), thallium (Tl), and mixtures or combinations thereof,

Mil is selected from the group consisting of antimony (Sb), boron (B), tungsten (W),

cerium (Ce), niobium (Nb), indium (hi), iron (Fe), chromium (Cr), cobalt (Co),

nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), lead (Pb), tin (Sn),

titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge), gallium

(Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lanthanum (La), and mixtures

or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between 0.0 and about 5.0,

c is a number having a value between 0.0 and about 1.5,

d is a number having a value between 0.0 and about 2.0,

e is a number having a value between 0.0 and about 2.5,

f is a number having a value between 0.0 and about 5.0,

g is a number having a value representing a sufficient number of oxygen atoms to

balance the oxidation state of the catalyst of formula (I), and

where components are acidifiedby anitric acid solution including an amount of nitric

acid sufficient to produce a nitric acid to Mo mole ratio of at least 6.0:1 during

catalyst preparation and if bismuth is present, then the bismuth component is

dissolved in the nitric acid solution prior to adding the nitric acid solution to a

solution of some or all of the other components.



38. The method of claim 37, wherein the aldehyde is acrolein and the acid is acrylic acid.

39. The method of claim 37, wherein the aldehyde is methacrolein or isobutyraldehyde and the

unsaturated acid is methacrylic acid.

40. An heteropolyacid catalyst precursor composition comprising at least molybdenum (Mo),

phosphorus (P) and an ammonium-containing compound, where the catalyst is adapted to gas-phase

oxidize aldehydes to unsaturated acids.

41. The composition of claim 40, wherein the Mo:NH4 mole ratio is between about 1.0 to about

15.0.

42. The composition of claim 40, wherein the Mo:NH4 mole ratio is between about 2.0 to about

10.0.

43. The composition of claim 40, further comprising an amount of nitric acid sufficient to

produce a desired pH in the pre-catalyst composition.

44. The composition of claim 43, wherein a mole ratio of the ammonium-containing compound

to the nitric acid is between about 0.1 and about 2.0.

45. The composition of claim 43, wherein a mole ratio of the ammonium-containing compound

to the nitric acid is between about 0.2 and about 1.8.

46. The composition of claim 43, wherein a mole ratio of the ammonium-containing compound

to the nitric acid is between about 0.4 and about 1.6.

47 . The composition of claim 43, wherein a mole ratio of the ammonium-containing compound

to the nitric acid is between about 0.6 and about 1.4.

48. The composition of claim 43, wherein a mole ratio of the ammonium-containing compound



to the nitric acid is between about 0.6 and about 1.2.

49. The composition of claim 40, wherein the ammonium-containing compound is any

ammonium compound that undergoes thermal decomposition to produce volatile components.

50. The composition of claim 40, wherein the ammonium-containing compound is selected from

the group consisting of ammonium hydroxide, ammonium nitrate, ammonium chloride, ammonium

bromide, ammonium carbonate, ammonium acetate, ammonium formate, ammonium propionate,

ammonium butionate, other ammonium salts of carboxylic acids, and mixtures or combinations

thereof.

- ".Sl. The composition of claim 40, wherein the ammonium-containing compound increases a

number of medium sized pores compared to a catalyst formed from a pre-catalyst composition in the

absence of the ammonium-containing compound.

52. The composition of claim 40, wherein the ammonium-containing compound is present in an

amount sufficient to produce a pore size distribution comprising at least 57% medium pores.

53. The composition of claim 40, further comprising vanadium (V).

54. The composition of claim 40, further comprising copper (Cu).

55. The composition of claim 40, further comprising bismuth (Bi).

56. The composition of claim 55, wherein the bismuth is dissolved in a nitric acid solution.

57. The composition of claim 40, further comprising a component selected from the group

consisting of potassium (K), rubidium (Rb), cesium (Cs), thallium (Tl), or mixtures or combinations

thereof.

58. The composition of claim 40, further comprising a component selected from the group



consisting of antimony (Sb), boron (B), tungsten (W), cerium (Ce), niobium (Nb), indium (In), iron

(Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn),

lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge),

gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lanthanum (La), or mixtures or

combinations thereof.

59. The composition of claim 40, further comprising:

12 moles of molybdenum (Mo),

from about 0.5 and about 3.5 moles of phosphorus (P)

from- about 0.01 and about 5.0 moles of vanadium (V),

from about 0.0 and about 1.5 moles of copper (Cu),

from about 0.01 and about 2.0 moles of bismuth (Bi),

from about 0.2 and about 2.5 moles of a first component selected from the group consisting

of potassium (K), rubidium (Rb), cesium (Cs), thallium (Tl), and mixtures or combinations thereof,

from about 0.0 and about 5.0 moles of a second component selected from the group

consisting of antimony (Sb), boron (B), tungsten (W), cerium (Ce), niobium (Nb), indium (In), iron

(Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn),

lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge),

gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lanthanum (La), and mixtures or

combinations thereof,

sufficient moles of oxygen atoms to balance the oxidation state of the catalyst, and

where the bismuth component is dissolved in a nitric acid solution.

60. A method for preparing an heteropolyacid catalyst for converting aldehydes to unsaturated

acids comprising the steps of:

forming a pre-catalyst composition comprising:

molybdenum and phosphorus in a 12:a mole ratio, where a is a number having a

value between about 0.5 and-abouL3.5 and

an amount of an ammonium-containing compound sufficient to produce a Mo:NH4

mole ratio between about 0.5 to about 20.0,

evaporating the pre-catalyst composition to form a dried catalyst composition, and



calcining the dried catalyst composition to form the heteropolyacid catalyst.

61. The method ofclaim 60, wherein the Mo:NH4 mole ratio is between about 1.0 to about 15.0.

62. The method ofclaim 60, wherein the Mo:NH4 mole ratio is between about 2.0 to about 10.0.

63. The method of claim 60', further comprising an amount of nitric acid sufficient to produce

a desired pH in the pre-catalyst composition.

64. The method ofclaim 60, wherein amole ratio of the ammonium-containing compound to the

nitric acid is between about 0.1 and about 2.0.

65. The method ofclaim 60, wherein amole ratio of the ammonium-containing compound to the

nitric acid is between about 0.2 and about 1.8.

66. The method ofclaim 60, wherein amole ratio of the ammonium-containing compound to the

nitric acid is between about 0.4 and about 1.6.

67. The method ofclaim 60, wherein amole ratio of the ammonium-containing compound to the

nitric acid is between about 0.6 and about 1.4.

68. The method ofclaim 60, wherein a mole ratio of the ammonium-containing compound to the

nitric acid is between about 0.6 and about 1.2.

69. The method of claim 60, wherein the ammonium-containing compound is any ammonium

compound that undergoes thermal decomposition to produce volatile components.

70. The method ofclaim 60, wherein the ammonium-containing compound is selected from the

group consisting of ammonium hydroxide, ammonium nitrate, ammonium chloride, ammonium

bromide, ammonium carbonate, ammonium acetate, ammonium formate, ammonium propionate,

ammonium butionate, other ammonium salts of carboxylic acids, or mixtures or combinations



thereof.

71. The method of claim 60, wherein the ammonium-containing compound increases a number

of medium sized pores compared to a catalyst formed from apre-catalyst composition in the absence

of the ammonium-containing compound.

72. The method of claim 60, wherein the ammonium-containing compound is present in an

amount sufficient to produce a pore size distribution comprising at least 57% medium pores.

74. The method of claim 60, further comprising vanadium (V).

75. The method of claim 60, further comprising copper (Cu).

76. The method of claim 60, further comprising bismuth (Bi).

77. The method of claim 76, wherein the bismuth is dissolved in a nitric acid solution.

78. The method of claim 60, further comprising a component selected from the group consisting

of potassium (K), rubidium (Rb), cesium (Cs), thallium (Tl), or mixtures or combinations thereof.

79. The method of claim 60, further comprising a component selected from the group consisting

of antimony (Sb), boron (B), tungsten (W), cerium (Ce), niobium (Nb), indium (In), iron (Fe),

chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), lead

(Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), germanium (Ge), gallium

(Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lanthanum (La), or mixtures or combinations

thereof.

80. The method of claim 60, wherein the forming step comprise:

forming a first solution including:

the molybdenum (Mo),

the phosphorus (P),



vanadium (V),

copper (Cu),

some or all of a first component selected from the group consisting of potassium (K),

rubidium (Rb), cesium (Cs), thallium (Tl), and mixtures or combinations thereof,

some or all of a second component selected from the group consisting of antimony

(Sb), boron (B), tungsten (W), cerium (Ce), niobium (Nb), indium (In), iron (Fe),

chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag),

zinc (Zn), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum

(Ta), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba),

lanthanum (La), and mixtures or combinations thereof,

forming a second solution including

bismuth dissolved in a nitric acid solution comprising nitric acid and the

ammonium-containing compound,

some or all of a first component selected from the group consisting of potassium (K),

rubidium (Rb), cesium (Cs), thallium (Tl), and mixtures or combinations thereof,

some or all of a second component selected from the group consisting of antimony

(Sb), boron (B), tungsten.(W), cerium (Ce), niobium (Nb), indium (in), iron (Fe),

chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag),

zinc (Zn), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum

(Ta), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba),

lanthanum (La), and mixtures or combinations thereof,

adding the second solution to the first solution;

where the components are in a mole ratio of 12:a:b:c:d:e:f and sufficient moles of oxygen

atoms to balance the oxidation state of the catalyst, and where a is a number having a value between

about 0.5 and about 3.5, b is a number having a value between about 0.01 and about 5.0, c is a

number having a value between about 0.0 and about 1.5, d is a number having a value between about

0.0 1and about 2.0, e is a number having a value between about 0.2 and about 2.5, and f is a number

having a value between about 0.0 and about 5.0.
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