
CATALYST FOR OXIDATION OF SATURATED AND UNSATURATED ALDEHYDES 
TO UNSATURATED CARBOXYLIC ACID COMPRISING A HETEROPOLY ACID, 

METHOD OF MAKING AND METHOD OF USING THEREOF 

SPECIFICATION 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

[0001] : This invention relates to heteropoly acid catalyst compositions, a method of 

making such catalyst compositions and a process for the oxidation of unsaturated aldehydes, 

such as methacrolein, to unsaturated carboxylic acids, such as methacrylic acid, in. a vapor phase 

reaction using such catalyst compositions. 

DESCRIPTION OF THE PRIOR ART 

[0002] : Various catalysts are known for the gas phase catalytic oxidation of 

unsaturated aldehydes to unsaturated carboxylic acids. Included are molybdenum-based mixed 

metal oxides compound which can contain oxides of metals such as phosphorus, arsenic, 

cesium, rubidium, cobalt, nickel, iron, chromium, antimony, tellurium and silicon in addition to 

molybdenum. These same metals and others may occur in heteropoly acid compounds as metal 

oxide clusters forming heteropolyoxoanions in acid form instead of simple metal oxides. 

Heteropoly acid compounds are also known as catalysts for the gas phase catalytic oxidation of 

unsaturated aldehydes to unsaturated carboxylic acids. Heteropoly acid compounds have a 

central metal atom surrounded by a framework of other metal atoms connected to each other 

and the central metal atom through oxygen atoms. The central metal atom is different ("hetero") 

from the framework metal atoms. 

[0003] One problem of heteropoly acid compounds as catalysts is thermal stability. In 

process operating temperatures, the heteropoly acid compound catalysts tend to deactivate by 

chemically and physically breaking down. Commercially useful heteropoly acid compound 

catalysts compound catalysts must have thermal stability for acceptable catalyst lifetime. 

SUMMARY 

[0004] The present disclosure provides a heteropoly acid catalyst composition, a method 

of making the catalyst composition and a process of using the catalyst composition for the 

oxidation of unsaturated aldehydes, such as methacrolein, to unsaturated carboxylic acids, such 

as methacrylic acid, in a vapor phase reaction. The catalyst composition has the general formula 
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Moi2VaPbCscBidCueSbfOx where Mo is molybdenum, V is vanadium, P is phosphorus, Cs is 

cesium, Bi is bismuth, Cu is copper, Sb is antimony and O is oxygen, a is 0.01 to 5,0, b is 0.5 to 

3.5, c is 1.5 to 2.75, d is 0.05 to 0.5, e is 0.05 to 0.5, fis 0.1 to 0.5 and x satisfies the valences. 

Presence of cesium along with bismuth, copper and antimony is required for a heteropoly acid 

compound catalyst with good thermal stability and catalytic performance. This catalyst 

composition is essentially insoluble in water. 

[0004a] In a first aspect, there is provided a catalyst comprising a heteropoly acid 

compound of the general formula: 

Mo12V2PbCscBidCueSbfOx 

where Mo is molybdenum, V is vanadium, P is phosphorus, Cs is cesium, Bi is bismuth, 

Cu is copper, Sb is antimony and O is oxygen, a is 0.01 to 5.0, b is 0.5 to 3.5, c is 1.5 to 2.75, d 

is 0.05 to 0.5, eis 0.05 to 0.5, fis 0.1 to 0.5 and x satisfies the valences. 

[0005] In general, the method of making the catalyst is to dissolve compounds of the 

catalyst components of the heteropoly acid compound in an acidified aqueous solution, 

precipitating particles of the catalyst precursor, drying the solid particles and calcining the solid 

particles. 

[0005a] In a second aspect, there is provided a process of preparing a heteropoly acid 

compound catalyst comprising: 

a) mixing the solution of a molybdenum compound, a vanadium compound, a 

phosphorus compound, a cesium compound, a bismuth compound, a copper compound and an 

antimony compound; 

b) precipitating solid particles 

c) removing liquid to leave the solid particles; 

d) drying the solid particles; 

e) calcining the solid particles; and 

f) forming a heteropoly acid compound catalyst comprising the general formula: 

MOI2V aPbCscBidCiieSbfOx 

where Mo is molybdenum, V is vanadium, P is phosphorus, Cs is cesium, Bi is bismuth, Cu is 

copper, Sb is antimony and O is oxygen, a is 0.01 to 5.0, b is 0.5 to 3.5, c is 1.5 to 2.75, d is 0.05 

to 0.5, e is 0.05 to 0.5, fis 0.1 to 0.5 and x satisfies the valences. 
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[0006] In general, the process of using the catalyst compositions for the oxidation of 

unsaturated aldehydes to unsaturated carboxylic acids in a vapor phase reaction is to contact the 

unsaturated aldehyde, such as methacrolein, with an oxidizing agent, such as air or another 

oxygen-containing gas, in the presence of the heteropoly acid compound catalyst at conditions 

to produce art unsaturated carboxylic acid, such as methacrylic acid. 

[0006a] In a third aspect, there is provided a process for converting saturated 

and/or unsaturated aldehydes to unsaturated carboxylic acids comprising contacting a saturated 

and/or unsaturated aldehyde with an oxidizing agent in the presence of a supported or bound 

heteropoly ac-id catalyst comprising a heteropoly acid compound comprising the general 

formula: 

Moi2VaPbCscBidCueSbfOx 

where Mo is molybdenum, V is vanadium, P is phosphorus, Cs is cesium, Bi is bismuth, 

Cu is copper, Sb is antimony and O is oxygen, a is 0.01 to 5.0, b is 0.5 to 3.5, c is 1.5 to 2.75, d 

is 0.05 to 0.5, e is 0.05 to 0.5, fis 0.1 to 0.5 and x satisfies the valences. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] A more complete appreciation of the invention and many of the attendant 

advantages thereof will be readily understood by reference to the following detailed description 

when considered in connection with the accompanying drawings. 

[0008] Figure 1 shows catalytic activities obtained from high and low Cs content 

catalysts under different calcination temperatures. 

[0009] Figure 2 shows XRD of low Cs content and high Cs content catalysts at 380°C. 

[0010] Figure 3 shows XRD of low Cs content and high Cs content catalysts at 

different temperatures. 

[0011] Figure 4 shows a comparison of catalyst activities of heteropoly acid compound 

catalysts with various promoters. 

[0012] Figure 5 shows a comparison of catalyst activities of heteropoly acid compound 

(HPA) catalysts with various promoters. 

[0013] Figure 6A-1 shows lifetime tests of low Cs catalyst. 

[0014] Figure 6A-2 shows lifetime tests of high Cs catalyst. 

[0015] Figure 6B shows lifetime tests of low Cs and high Cs catalysts. 
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DETAILED DESCRIPTION OF THE INVENTION 

[0016] Heteropoly acid compounds arc known as catalysts for the oxidation of 

unsaturated aldehydes, such as methacrolein, to unsaturated carboxylic acids, such as 

methacrylic acid, in a vapor phase reaction. The presence of an alkali metal, such as potassium, 

rubidium, cesium or sodium, in a heteropoly compound can be beneficial for improvement of 

thermal strength. However, as the amount of alkali metal increases, catalyst performance, both 

activity and selectivity, decreases. A catalyst composition with improved thermal stability while 

maintaining catalytic performance for methacrolein oxidation to methacrylic acid would be 

advantageous for commercial development of heteropoly acid compounds catalysts for the 

oxidation of unsaturated aldehydes, such as methacrolein, to unsaturated carboxylic acids, such 

as methacrylic acid. The catalyst of the present invention is a heteropoly acid compound of the 

general formula Moi2VaPbCscBidCueSbfOx where Mo is molybdenum, V is vanadium, P is 

phosphorus, Cs is cesium, Bi is bismuth, Cu is copper, Sb is antimony and O is oxygen, a is 

0.01 to 5.0, b is 0.5 to 3.5, c is 1.5 to 2.75, d is 0.05 to 0.5, e is 0.05 to 0.5, f is 0.1 to 0.5 and x 

satisfies the valences. 

[0017] The heteropoly acid compound may contain additional elements, such as boron, 

tungsten, cerium, niobium, indium, iron, chromium, cobalt, nickel, manganese, arsenic, silver, 

zinc, lead, tin, titanium, aluminum, silicon, tantalum, germanium, gallium, zirconium, 

magnesium, barium and lanthanum. One embodiment of the heteropoly acid compound has the 

general formula Mo 12VaPbCscBidCueSbfM' gOx where Mo is molybdenum, V is vanadium, P is 

phosphorus, Cs is cesium, Bi is bismuth, Cu. is copper, Sb is antimony, M' is one or more of 

boron, tungsten, cerium, niobium, indium, iron, chromium, cobalt, nickel, manganese, arsenic, 

silver, zinc, lead, tin, titanium, aluminum, silicon, tantalum, germanium, gallium, zirconium, 

magnesium, barium and lanthanum, O is oxygen, a is 0.01 to 5.0, b is 0.5 to 3.5, c is 1.5 to 2.75, 

d is 0.05 to 0.5, e is 0.05 to 0.5, f is 0.1 to 0.5, g is 0 to 0.5 and x satisfies the valences. 

[0018] In other embodiments of the invention, a is 0.1 to 1.0, 0.3 to 0.6 or about 0.5; b 

is 1.0 to 2.0,1.25 to 1.75 or about 1.5; c is less than about 3.0,1.5 to 2.5, 2.0 to 2.5 or about 2.1, 

d is 0.1 to 0.4, 0.1 to 0.2 or about 0.15, e is 0.05 to 0.3 or 0.1 to 0.3 or about 0.1, f is 0.1 to 0.4, 

0.1 to 0.3 or about 0.3 and g is 0 to 0.4, 0.1 to 0.4 or about 0.3. 

[0019] The method of making the heteropoly acid compound. Compounds containing 

the elements of the particular heteropoly acid compound are dissolved in a liquid which may be 

aqueous, aqueous/organic mixtures or organic. The liquid is preferably aqueous. The liquid is 

acidified to promote dissolution of the compounds. Ihe acid may be organic, such as acetic 
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acid, or inorganic, such as nitric acid. The acidity of the liquid may be completely or partially 

neutralized by the addition of a base, such as an ammonium-containing compound, e.g. 

ammonium hydroxide. Precipitation may occur spontaneously as the compounds are mixed 

together in solution or it may be promoted by heating, cooling or other changes in ambient 

conditions or by adding a material which will act as a nucleus or "seed" for precipitation of 

particles. This "seed" material can be a compound containing one or more of the elements of 

the catalyst composition. After precipitating solid particles, the liquid is removed, e.g., 

evaporation, and die solid particles are dried and calcined. 

[0020] Suitable molybdenum compounds are, but not limited to, ammonium 

paramolybdate, molybdenum trioxide, molybdenum chloride or mixtures or combinations 

thereof. 

[0021] Suitable vanadium components are, but not limited to, ammonium 

metavanadate, vanadium pentoxide, vanadium chloride or mixtures or combinations thereof. 

[0022] Suitable phosphorus compounds are, but not limited to, phosphoric acid, 

ammonium phosphite or mixtures or combinations thereof. 

[0023] Suitable copper compounds are, but not limited to, copper nitrate, copper 

chloride or mixtures or combinations thereof. 

[0024] Suitable bismuth compounds are, but not limited to, bismuth nitrate, bismuth 

oxide, bismuth chloride or mixtures or combinations thereof. 

[0025] Suitable boron compounds are, but not limited to, boric acid, boric acid salts, 

boric oxide, borate esters or mixtures or combinations thereof. 

[0026] Suitable potassium, rubidium, cesium and sodium compounds are, but not 

limited to, nitrates, oxides, chlorides or mixtures or combinations thereof. 

[0027] Suitable andmony, tungsten, cerium, niobium, indium, iron, chromium, cobalt, 

nickel, manganese, arsenic, silver, zinc, lead, tin, titanium, aluminum, silicon, tantalum, 

germanium, gallium, zirconium, magnesium, barium and lanthanum compounds are, but not 

limited to, nitrates, oxides, chlorides or mixtures or combinations thereof. 

[0028] One purpose of calcination of the catalyst precursor is to activate the catalyst by 

obtaining an oxide of the metal components. The catalyst precursor may be calcined at a 

temperature of about 350°C to about 450 °C for about 2 to about 12 hours. The calcination may 

be in two stages, one at a temperature lower than about 350°C for about 1 to about 8 hours and 

another at a temperature above about 350°C for about 2 to about 12 hours. Calcination may be 

done in a high temperature oven or kiln. 
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[0029] The process of using the present invention is to contact feedstock containing 

saturated and/or unsaturated aldehydes with an oxidizing agent in the presence of the heteropoly 

acid compound catalyst in a vapor phase reaction at reaction conditions to produce an 

unsaturated carboxylic acid. In one embodiment of the present invention, the feedstock for this 

process is an unsaturated aldehyde, such as methacrolein, which is the product of an oxidation 

reaction of an olefin, such as isobutylene, and may contain a recycle of the oxidation of the 

unsaturated aldehyde, such as methacrolein, to unsaturated carboxylic acids, such as methacrylic 

acid. Therefore, the feedstock contains, in addition to unsaturated aldehydes, unreacted 

reactants, inerts and byproducts, such as water, oxygen, nitrogen, carbon monoxide, carbon 

dioxide, noble gases, acetone, acetic acid, acrolein, methacrylic acid, isobutylene, and other 

olefins and saturated and unsaturated hydrocarbons. The concentration, of unsaturated aldehydes 

in the ieedstock may vary over a wide range. Examples of the concentration of methacrolein are 

from about 1 vol.% to about 20 vol.% or from about 2 vol.% to about 8 vol.%. 

[0030] In another embodiment of the present invention, the feedstock contains products 

and byproducts from a process for hydroformylation of an olefin, such as propylene, to saturated 

aldehydes, such as butanals, e.g., n-butanal and isobutanal or isobutyraldehyde. In another 

embodiment of the present invention, the feedstock contains a combination of saturated and 

unsaturated aldehydes in proportions from about. 5 wt% to about 95 wt%. Embodiments of the 

present invention having saturated aldehydes in the feedstock are described in U.S. Patent nos. 

7,649,111 and 7,649,112 which are hereby incorporated by reference. 

[0031] The oxidizing agent may be air or another oxygen-containing gas. There may be 

gases or vapors other than oxygen, such as nitrogen, carbon dioxide, noble gases and steam, in 

the oxidizing agent The oxidizing agent may be pure oxygen. In one embodiment of the 

process of the present invention, the amount of oxygen relative to aldehyde would be from 40% 

less than stoichiometric to 700% more than stoichiometric on a molar basis, preferably 60% 

more than stoichiometric to 360% more than stoichiometric on a molar basis. In another 

embodiment of the process of the present invention in which the aldehyde is methacrolein, the 

amount of oxygen relative to methacrolein is from about 0.3 to about 4, preferably from about 

0.8 to about 2.3 by mole ratio. 

[0032] The process conditions are at a pressure from about 0 atm to about 5 atm, 

preferably at about 1 atm, and at a temperature from about 230°C to about 450°C, preferably 

250°C to about 400°C more preferably about 250°C to about 350°C. 

[0033] The reactor for the process of the present invention may be any reactor for a 
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vapor phase reaction, such as a fixed bed reactor, a fluidized bed reactor or a moving bed 

reactor. 

[0034] The invention having been generally described, the following examples are 

given as particular embodiments of the invention and to demonstrate the practice and 

advantages thereof. It is understood that the examples are given by way of illustration and are 

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

[0035] In all of the examples, the catalyst activities reported were adjusted by taking 

into account differences in methacrolein conversion, reaction temperature and space velocity, 

due to differences in amount of catalyst or gas flow rate, by assuming that the reaction is net 

first order in methacrolein concentration and follows an arrhenius-type temperature 

dependence. Activities of the catalysts are reported relative to a catalyst for which 3.0 cc of 

catalyst and 50 seem total flowrate gave 94.1% conversion and 91.7% selectivity at 284°C. 

Hie relative activity of this catalyst is defined as 1.0. If a catalyst showed an activity 50% 

higher than this reference catalyst, then the catalyst would have a relative activity of 1.5. 

[0036] It is well known that selectivity for methacrolein oxidation (and indeed most 

partial oxidation reactions) is dependent on methacrolein conversion, i.e., as conversion is 

increased the selectivity decreases due to further oxidation of the desired products. Given 

this, the selectivities of two different catalysts must be compared at the same conversion for 

the comparison to be meaningful. The selectivity of a reference heteropoly acid compound 

catalyst was measured across a wide range of conversions, from about 65% to about 97% and 

a curve was fit to this data over that range. The actual selectivities of the following Examples 

were compared to the selectivity curve that was generated for the reference heteropoly acid 

compound catalyst at the same conversion. The absolute percent difference between the 

selectivities of the catalysts of the Examples and the selectivity of the reference heteropoly 

acid compound catalyst at the same conversion is reported as "relative selectivity". If the 

catalyst showed a selectivity 1.0% higher than the reference heteropoly acid compound 

catalyst at the same conversion, then this catalyst would have a relative selectivity of 1.0. 

Example 1 

[0037] Ammonium paramolybdate (46.92 g) is added to 200 ml de-ionized (DI) water 

at room temperature. Ammonium metavanadate (1.29 g.) is added to above solution. The 

mixture is stirred at room temperature and all particles are dissolved. Cesium nitrate (8.63 g.) 

is added to 50 ml DI water, and the solution is added to above solution. Phosphoric acid 
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(3.83 g.) dissolved in 6 ml DI water is added to above solution. Copper nitrate (0.51 g.) is 

added to 5 ml DI water and the solution obtained is added into the above solution. Nitric acid 

(11.33 g.) is added to DI water (30 g.), then 7 ml NH4OH (28%) is added into this solution, 

and then bismuth nitrate (1.61 g.) is added to the solution and dissolved. This bismuth nitrate 

solution is added to the above solution. The mixture temperature is increased to 95°C. Then, 

antimony trioxide (0.97 g.) is added to above mixture and boric acid (0.41 g.) is added to 

above mixture. 

S0038] The mixture is evaporated at 100°C, dried at 130°C for 3 6 hrs, and sieved to 

obtain 20-30 mesh particles. The particles are calcined at 395°C for 5 hrs under air. A 

catalyst with composition of Moi2Vo.5Pi.5Cs2.oBio.i5Cuo.iSbo.3Bo.3 is obtained. 

[0039] 3.0 cc of the calcined material is loaded in the reactor and the reaction is 

carried out. A relative activity of 2.5 is obtained, as shown in Table 1. 

Example 2 to 4 

[0040] Examples 2 to 4 are prepared by following the method shown in Example 1, 

but with different Cs content. Their performances obtained are given in Table 1. From these 

examples, it can be seen that the catalytic activities obtained from catalysts of this invention 

are much higher than that obtained from catalysts of patent art as discussed above. 

Comparative example 1. 

[0041] A catalyst with composition of M012Vo.5P1.5Cs3.oCuo.1Sbo.3Bo.3is prepared with 

the method shown in Example 1. It can be seen that the Cs content in this catalyst is very 

high, Cs3.0. It is tested by the same way as Example 1 and a relative activity of 0.1 is 

obtained. It indicates that there is an upper limit of Cs content in the catalyst. 

Table 1. Catalytic performance of catalysts with high Cs content 

Examples Composition Relative Activity 

Ex. 1 Mo12V0.5P1.5Cs2.0Bi0.15Cu0.1Sb0.3B03 2.5 

Ex.2 MOl2V0.5Pl.5CS2.lBi0.15CU0.lSb0.3B0.3 2.5 

Ex. 3 MOl2Vo.5Pl.5Cs2.2Bio.l5Cuo.lSbo.3Bo.3 2.3 

Ex. 4 MOl2Vo.5Pl.5CS2,5Bio.05Cuo.lSbo.3Bo,3 1.0 

Com-Ex.l MonVo.sPi.sCss.oCuo.iSbo.sBo.s 0.1 
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[0042] The following examples are used to show the higher thermal stability of the 

new catalyst comparing catalysts with low monovalent content heteropoly compound. The 

comparison is carried out by comparing catalytic activities and selectivities obtained from a 

catalyst with high Cs content and a catalyst with low Cs content after calcining under 

different temperatures. Catalyst obtained from Example 3 is used as the high Cs content 

catalyst. The lower Cs content catalyst is obtained by the following example. 

Comparative Example 2 

[0043] Ammonium paramolybdate (46.49 g.) is added to 200 ml de-ionized (DI) 

water at room temperature. Ammonium metavanadate (1.28 g.) is added to above solution. 

The mixture is stirred at room temperature and all particles are dissolved. Cesium nitrate 

(4.28 g.) is added to 25 ml DI water, and the solution is added to above solution. Phosphoric 

acid (3.80 g.) dissolved in 6 ml DI water is added to above solution. Copper nitrate (0.51 g.) 

is added to 5 ml DI water and the solution obtained is added into the above solution. Nitric 

acid (11.32 g.) is added to DI water (30 g.), then 7 ml NH4OH (28%) is added into this 

solution, and then bismuth nitrate (5.32 g.) is added to the solution and dissolved. This 

bismuth nitrate solution is added to the above solution. The mixture temperature is increased 

to 95°C. Then, antimony trioxide (2.56 g.) is added to above mixture and boric acid (0.68 g.) 

is added to above mixture. 

[0044] The mixture is evaporated at 100°C, dried at 130°C for 16 hrs, and sieved to 

obtain 20-30 mesh particles. A catalyst with composition of 

M012Cs1.oBio.5P1.5Cuo.1Vo.5Sbo.8Bo.5Ox is obtained after calcination, which has Cs content 1.0. 

[0045] These two catalysts are calcined under different temperatures and their testing 

results obtained are plotted in Figure 1. At a lower calcination temperature, like 395°C, both 

catalysts give very high performance. 

[0046] For low Cs content catalyst, when it is calcined above 410°C, like at 420°C, a 

much lower activity (1.4) is obtained, due to its lower thermal stability. For high Cs content 

catalyst, even when it calcined at 425°C, a very high performance (2.4) is still obtained. 

When the low Cs catalyst is calcined at 430°C, only an activity of 0.2 is obtained, indicating 

the severe degradation of the catalyst structure. More discussion on the structure change will 

be given later. For high Cs catalyst, after 435°C calcination, a very high activity of 2.0 is still 

obtained, indicating its higher thermal stability. 
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[0047] The relative selectivities obtained with Csi.o and CS2.2 under different 

calcination temperatures arc shown in Table 2. It can be seen that for low Cs catalyst, after it 

is calcined at 430°C, due to the structure degradation, a significantly lower selectivity is 

obtained. But, for a high Cs content catalyst, due to its higher thermal stability, after 435°C 

calcination, no loss in selectivity is observed. 

Table 2. Selectivity comparison of catalysts with high and low Cs content 

Table 2. 
Selectivity comparison of catalysts with high and low Cs content 

Calcination 
TemD. CO 

Low Cs Calcination 
temt) f CI 

High Cs 

395 0 395 0 

410 0 415 0 

420 0 425 0 

430 -5 435 0 

[0048] The XRD data of these two catalysts with different Cs contents under different 

calcination temperatures are shown in Figures 2 and 3. It should be noted that the 

temperature shown in Figures 2 and 3 is the temperature in the XRD cell under which the data 

was collected. This is different from the temperature shown in Figure 1, which is the catalyst 

bed temperature under which these catalysts are calcined in the calcination furnace with air 

flow. But the trend is the same. 

[0049] For catalysts under 3 80°C treatment, both catalysts show complete Keggin 

crystal structure, as shown in Figure 2. This is consistent with the high performance observed 

when both catalysts are calcined under a lower temperature, as shown in Figure 1. 

[0050] But when the catalyst with Csi.o is treated at 410°C, a large amount of M0O3 is 

formed, which is shown by the XRD peak at about 27°, indicating a significant Keggin 

structure degradation, as shown in Figure 3. For catalyst with CS2.2, when it is treated at 

420°C, the amount of M0O3 formed is much less than that of Csi.o at 410°C. Even under 

450°C, M0O3 formation with CS2.2 is clearly less than that of Csi.o under 410°C, indicating 

that the low Cs content catalyst loses its heteropoly compound crystal structure much easier 

than the high Cs content catalyst. Therefore, a much stronger thermal stability is achieved 

with high Cs content catalyst. Due to its crystal structure degradation, the low Cs content 

catalyst loses its catalytic performance at a much lower calcination temperature, as indicated 
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in Figure 1 and Table 2. 

[0051] Therefore, the catalyst composition invented in this disclosure will give both 

high catalytic performance and high thermal stability, which is not seen from current patent 

art. 

[0052] The catalyst compositions shown in Table 3 were prepared to see the effects of 

the promoter elements (B, Cu, Sb, Bi) and of the alkali-metals (Cs, K, Rb). The preparations 

were varied on the bases of amounts of alkalis and promoters added during catalyst 

preparation. Table 3 also shows the relative activities of these various catalysts. The 

activities for these high-Cs heteropoly acid compound catalysts are further compared in 

Figures 4 and 5. 

[0053] The results clearly show that these high-Cs heteropoly acid compound catalysts 

need the presence of Sb, Cu, and Bi in order to give high activity. The absence of any one of 

these three promoters produces a catalyst with activity less than 0.5. The amount of Sb in the 

high-Cs heteropoly acid compound catalyst may be reduced somewhat; the Sbo.i catalyst 

showed activity equal to that of Sbo.3 catalyst. On the other hand, the amount of Bi may not 

be reduced. While the amount of Cu may be increased and still show a decent activity, it 

appears that Cuo.i is near the optimum amount to produce the best activity. 

[0054] The results also show that only heteropoly acid compound catalysts with Cs 

produce good activity. The substitution of Cs with the other alkali metals, K and Rb, 

produces catalysts with poor activity. 

[0055] These results give us enough information to claim a composition of high-alkali 

content heteropoly acid compounds catalyst which not only has good thermal stability, but 

also has good activity. The need to use Cs as the alkali metal and to use all three promoters 

(Bi, Cu, and Sb) will differentiate our patent claims versus those shown in Table 1. 
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Table 3. Detailed Catalyst Study. 

Catalyst 
Description Mo V P Cs Bi Cu Sb B Relative 

Activitv 
Base case 12 0.5 1.5 2.1 0.15 0,1. 0.3 0.3 2.1 

Low Bi 12 0.5 1.5 2.1 0.05 0.1 0.3 0.3 0.2 

No Bi 12 0.5 1.5 2.1 0.0 0.1 0.3 0.3 0.4 

High Cu 12 0.5 1..5 2.1 0.15 0.3 0.3 0.3 1.2 

No Cu 12 0.5 1.5 2.1 0.15 0.0 0.3 0.3 0.3 

Low Sb 12 0.5 1.5 2.1. 0.15 0.1 0.1 0.3 2.1 

No Sb 12 0.5 1.5 2.1 0.15 0.1 0.0 0.3 0.4 

NoB 12 0.5 1.5 2.1 0.15 0.1 0.3 0.0 1.5 

no Bi, Cu 12 0.5 1.5 2.1 0.0 0.0 0.3 0.3 0.2 

no Bi, Sb 12 0.5 1.5 2.1 0.0 0.1 0.0 0.3 0.1 

no Bi, B 12 0.5 1.5 2.1 0.0 0.1 0.3 0.0 0.2 

no Cu, Sb 12 0.5 1.5 2.1 0.15 0.0 0.0 0.3 0.2 

no Cu, B 12 0.5 1.5 2.1 0.1.5 0.0 0.3 0.0 0.4 

no Sb, B 12 0.5 1.5 2.1 0.15 0.1 0.0 0.0 0.6 

only Bi 12 0.5 1.5 2.1 0.15 0.0 0.0 0.0 0.4 

only Cu 12 0.5 1.5 2.1 0.0 0.1 0.0 0.0 0.4 

only Sb 12 0.5 1.5 2.1 0.0 0.0 0.3 0.0 0.1 

only B 12 0.5 1.5 2.1 0.0 0.0 0.0 0.3 0.3 

no 
promoters 12 0.5 1.5 2.1 0.0 0.0 0.0 0.0 0.3 

K 12 0.5 1.5 K2.I 0.15 0.1 0.3 0.3 0.25 

Rb 12 0.5 1.5 Rbzi 0.15 0.1, 0.3 0.3 0.29 

Lifetime tests 

[0056] Lifetime tests of a low Cs content catalyst (Csi.o) and a high Cs content 

catalyst (CS2.1) are shown in Figures 6A-1 and 6 A-2. Both catalysts were tested in an 

"accelerated" lifetime test; that is, at 300°C catalyst temperature and with feed flowrates 

higher than normal conditions (W/F = 400 -500 gCai*hr/molMAc). It can be seen that the high 

Cs catalyst shows a more stable performance than the low Cs catalyst; i.e. less decline in 

conversion and less decline in relative activity. 
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[0057] Another set of lifetime tests of a low Cs content catalyst (Csi.o) and a high Cs 

contcnt catalyst (CS2.1) is shown in Figure 6B. These tests were conducted at 290°C, with 

"normal" feed flowrates (W/F = 825 gCat*hr/molMAc). The ratio of relative activity over its 

initial relative activity (a/ao) is plotted against time on stream. It can be seen that high Cs 

catalyst shows a stable performance and the low Cs catalyst does not. 

[0058] In one embodiment, a catalyst comprises a heteropoly acid compound of the 

general formula: Moi2VaPbCscBidCueSbfOx, where Mo is molybdenum, V is vanadium, P is 

phosphorus, Cs is cesium, Bi is bismuth, Cu is copper, Sb is antimony and O is oxygen, a is 

0.01 to 5.0, b is 0.5 to 3.5, c is 1.5 to 2.75, d is 0.05 to 0.5, e is 0.05 to 0.5, f is 0.1 to 0.5, and x 

satisfies the valences. 

[0059] In one embodiment, a process of preparing a heteropoly acid compound catalyst 

comprises: a) mixing the solution of a molybdenum compound, a vanadium compound, a 

phosphorus compound, a cesium compound, a bismuth compound, a copper compound and an 

antimony compound; b) precipitating solid particles; c) removing liquid to leave the solid 

particles; d) drying the solid particles; e) calcining the solid particles; and f) forming a 

heteropoly acid compound catalyst comprising the general formula: MonVaPbCscBidCueSbfOx, 

where Mo is molybdenum, V is vanadium, P is phosphorus, Cs is cesium, Bi is bismuth, Cu is 

copper, Sb is antimony and O is oxygen, a is 0.01 to 5.0, b is 0.5 to 3.5, c is 1.5 to 2.75, d is 0.05 

to 0.5, e is 0.05 to 0.5, f is 0.1 to 0.5, and x satisfies the valences. 

[0060] In one embodiment, a process for converting aldehydes (e.g., saturated and/or 

unsaturated aldehydes) to carboxylic acids (e.g., unsaturated carboxylic acids) comprises 

contacting a saturated and/or unsaturated aldehyde with an oxidizing agent in the presence of a 

supported or bound heteropoly acid catalyst comprising a heteropoly acid compound comprising 

the general formula: Mo12 VaPbCscBidCueSbfOx, where Mo is molybdenum, V is vanadium, P is 

phosphorus, Cs is cesium, Bi is bismuth, Cu is copper, Sb is antimony and O is oxygen, a is 

0.01 to 5.0, b is 0.5 to 3.5, c is 1.5 to 2.75, d is 0.05 to 0.5, e is 0.05 to 0.5, fis 0.1 to 0.5, and x 

satisfies the valences. 

[0061] In the various embodiments, (i) the molybdenum compound can be ammonium 

paramolybdate, molybdenum trioxide, molybdenum chloride or mixtures or combinations 

thereof, the vanadium compound can be ammonium metavanadate, vanadium pentoxide, 

vanadium chloride or mixtures or combinations thereof, the phosphorus compound can be 

phosphoric acid, ammonium phosphite or mixtures or combinations thereof, the copper 

compound can be copper nitrate, copper chloride or mixtures or combinations thereof, the 
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bismuth compound can be bismuth nitrate, bismuth oxide, bismuth chloride or mixtures or 

combinations thereof, the cesium compound can be cesium nitrate, cesium oxide, cesium 

chloride or mix tures or combinations thereof, and the antimony compound can be antimony 

nitrate, antimony oxide, antimony chloride or mixtures or combinations thereof; and/or (ii) the 

calcining can be at a temperature of about 350°C to about 450 °C for about 2 to about 12 hours; 

and/or (iii) the calcining can be in two stages, one at a temperature lower than about 350°C for 

about 1 to about 8 hours and another at a temperature above about 350°C for about 2 to about 12 

hours; and/or (iv) the oxidizing agent is air or another oxygen-containing gas; and/or (v) the 

oxygen-containing gas additionally comprises nitrogen, carbon dioxide, noble gases, and/or 

steam; and/or (vi) the converting is at a pressure of about 0 atm to about 5 atm (e.g., the pressure 

is about 1 atm); and/or (vii) the converting is at a temperature of about 230°C to about 450°C; 

and/or (viii) the converting is at a temperature of about 250°C to about 400°C; and/or (ix) the 

converting is at a temperature of about 250°C to about 350°C; and/or (x) the unsaturated 

aldehyde is methacrolein; and/or (xi) the saturated aldehyde is isobutanal or isobutyraldehyde; 

and/or (xii) the heteropoly acid compound contains one or more element selected from the 

group consisting of boron, tungsten, cerium, niobium, indium, iron, chromium, cobalt, nickel, 

manganese, arsenic, silver, zinc, lead, tin, titanium, aluminum, silicon, tantalum, germanium, 

gallium, zirconium, magnesium, barium and lanthanum; and/or (xiii) the heteropoly acid 

compound has the general formula: MonVaPbCscBidCueSbfM'gOx, where Mo is molybdenum, 

V is vanadium, P is phosphorus, Cs is cesium, Bi is bismuth, Cu is copper, M' is one or more of 

boron, tungsten, cerium, niobium, indium, iron, chromium, cobalt, nickel, manganese, arsenic, 

silver, zinc, lead, tin, titanium, aluminum, silicon, tantalum, germanium, gallium, zirconium, 

magnesium, barium and lanthanum, 0 is oxygen, a is 0.01 to 5.0, b is 0.5 to 3.5, c is 1.5 to 2.75, 

d is 0.05 to 0.5, e is 0.05 to 0.5, f is 0.1 to 0.5, g is 0 to 0.5 and x satisfies the valences. 

[0062] Obviously, numerous modifications and variations of the present invention are 

possible in light of the above teachings. It is therefore to be understood that within the scope of 

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

herein. 
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CLAIMS 

1. A catalyst comprising a heteropoly acid compound of the general formula: 

MonVaPbCScBidCueSbfOx 

where Mo is molybdenum, V is vanadium. P is phosphorus, Cs is cesium, Bi is bismuth, Cu 

is copper, Sb is antimony and O is oxygen, a is 0.01 to 5.0, b is 0.5 to 3.5, c is 1.5 to 2.75, d is 0.05 

to 0.5, e is 0.05 to 0.5, f is 0.1 to 0.5 and x satisfies the valences. 

2. The catalyst of Claim 1 wherein the heteropoly acid compound contains one or 

more element selected from the group consisting of boron, tungsten, cerium, niobium, indium, iron, 

chromium, cobalt, nickel, manganese, arsenic, silver, zinc, lead, tin, titanium, aluminum, silicon, 

tantalum, germanium, gallium, zirconium, magnesium, barium and lanthanum. 

3. The catalyst of Claim 1 wherein the heteropoly acid compound has the general 

formula: 

MonVaPfaCscBidCUcSbfM'gOx 

where Mo is molybdenum, V is vanadium, P is phosphorus, Cs is cesium, Bi is bismuth, Cu 

is copper, M' is one or more of boron, tungsten, cerium, niobium, indium, iron, chromium, cobalt, 

nickel, manganese, arsenic, silver, zinc, lead, tin, titanium, aluminum., silicon, tantalum, 

germanium, gallium, zirconium, magnesium, barium and lanthanum, O is oxygen, a is 0.01 to 5.0, b 

is 0.5 to 3.5, c is 1.5 to 2.75, d is 0.05 to 0.5, e is 0.05 to 0.5, fis 0.1 to 0.5, g is 0 to 0.5 andx 

satisfies the valences. 

4. The catalyst of Claim 1 wherein c is greater than 1.5 to 2.75. 

5. The catalyst of Claim 1 wherein c is 2.0 to 2.75. 

6. A process of preparing a heteropoly acid compound catalyst comprising: 

a) mixing the solution of a molybdenum compound, a vanadium compound, a phosphorus 

compound, a cesium compound, a bismuth compound, a copper compound and an antimony 

compound; 

b) precipitating solid particles 

c) removing liquid to leave the solid particles; 

d) drying the solid particles; 

e) calcining the solid particles; and 
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f) forming a heteropoly acid compound catalyst comprising the general formula: 

Moi2VaPbCscBidCueSbfOx 

where Mo is molybdenum, V is vanadium, P is phosphorus, Cs is cesium, Bi is bismuth, Cu is 

copper, Sb is antimony and O is oxygen, a is 0.01 to 5.0, b is 0.5 to 3.5, c is 1.5 to 2.75, d is 0.05 to 

0.5, e is 0.05 to 0.5, fis 0.1 to 0.5 and x satisfies the valences. 

7. The process of Claim 6 wherein the molybdenum compound is ammonium 

paramolybdate, molybdenum trioxide, molybdenum chloride or mixtures or combinations thereof, 

the vanadium compound is ammonium metavanadate, vanadium pentoxide, vanadium chloride•'or 

mixtures or combinations thereof, the phosphorus compound is phosphoric acid, ammonium 

phosphite or mixtures or combinations thereof, the copper compound is copper nitrate, copper 

chloride or mixtures or combinations thereof, the bismuth compound is bismuth nitrate, bismuth 

oxide, bismuth chloride or mixtures or combinations thereof, the cesium compound is cesium 

nitrate, cesium oxide, cesium chloride or mixtures or combinations thereof and the antimony 

compound is antimony nitrate, antimony oxide, antimony chloride or mixtures or combinations 

thereof. 

8. The process of Claim 6 wherein calcining is at a temperature of about 350°C to 

about 450 °C for about 2 to about 12 hours. 

9. The process of Claim 6 wherein calcining is in two stages, one at a temperature 

lower than about 350°C for about 1 to about 8 hours and another at a temperature above about 

350°C for about 2 to about 12 hours. 

10. The process of Claim 6 wherein c is greater than 1.5 to 2.75. 

11. A process for converting saturated and/or unsaturated aldehydes to unsaturated 

carboxylic acids comprising contacting a saturated and/or unsaturated aldehyde with an oxidizing 

agent in the presence of a supported or bound heteropoly acid catalyst comprising a heteropoly acid 

compound comprising the general formula: 

Mo^VaPbCScBidCUeSbfOx 

where Mo is molybdenum, V is vanadium, P is phosphorus, Cs is cesium, Bi is bismuth, Cu 

is copper, Sb is antimony and O is oxygen, a is 0.01 to 5.0, b is 0.5 to 3.5, c is L5 to 2.75, d is 0.05 

to 0.5, e is 0.05 to 0.5, fis 0.1 to 0.5 and x satisfies the valences. 

15 



12. The process of Claim 11 wherein the oxidizing agent is air or another oxygen-

containing gas. 

13. The process of Claim 11 wherein the oxygen-containing gas additionally comprises 

nitrogen, carbon dioxide, noble gases or steam. 

14. The process of Claim 11 wherein pressure is from about 0 atm to about 5 atm. 

15. The process of Claim 11 wherein the pressure is about 1 atm. 

16. The process of Claim 11 wherein temperature is from about 230°C to about 450°C. 

17. The process of Claim 11 wherein the temperature is from about 250°C to about 

400°C. 

18. The process of Claim 11 wherein the temperature is from about 250°C to about 

350°C. 

19. The process of Claim 11 wherein the unsaturated aldehyde is methacrolein. 

20. The process of Claim 11 wherein the saturated aldehyde is isobutanal or 

isobutyraldehyde. 
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