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CATALYSTS FOR PRODUCTION OF UNSATURATED rMAAf 
ALDEHYDE AND UNSATURATED CARBOXYLIC ACID 
AND A PROCESS FOR PRODUCING UNSATURATED 
ALDEHYDE AND UNSATURATED CARBOXYLIC ACID 

USING THE CATALYSTS 

[Technical field to which the invention belongs] 

This invention relates to catalysts for production of 
unsaturated aldehyde and unsaturated carboxylic acid and to a 
process for producing unsaturated aldehyde and unsaturated 

10 carboxylic acid. More particularly, the invention relates to improved 
catalysts for producing unsaturated aldehyde and unsaturated 
carboxylic acid at high yield and with stability over a prolonged 
period, by vapor phase oxidation of at least one compound selected 
from the group consisting of propylene, isobutylene, t-butanol and 

15 methyl-t-butyl ether; and also to a process for producing unsaturated 
aldehyde and unsaturated carboxylic acid using the improved 
catalysts. 

20 

[Conventional technology] 

A number of improved catalysts have been proposed for 
high efficiency production of unsaturated aldehyde and unsaturated 
carboxylic acid by vapor phase catalytic oxidation reaction of 
propylene, isobutylene, t-butanol or methyl-t-butyl ether. The most 
of those proposed catalysts contain molybdenum, bismuth and iron as 

25 their chief components. 

However, those catalysts still are subject to problems 
which need to be solved, in respect of yields of unsaturated aldehyde 
and unsaturated carboxylic acid and the catalyst life. Molybdenum 
in a catalyst is apt to sublime, which induces irreversible degradation 

30 in the catalytic activity. The intended oxidation reaction is extremely 
exothermic and in the catalyst layers, in particular, at the local 
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abnormally high temperature zone which is referred to as hot spot, 

molybdenum sublime vigorously. Particularly in heavy load 

operation aiming at high productivity, naturally the heat 

accumulation at the hot spot increases to prolong the period during 

5 which the catalyst is used under high temperatures. Considering 

these factors, catalysts having high activity and exhibiting stable 

performance over a long period are in demand. 

On the other hand, various proposals have been also made 

as to complex oxides whose essential components are cerium and 

10 zirconium. Most of these complex oxides are known as additive 

components to waste gas-combustion catalysts, but it is entirely 

unknown that such complex oxides whose essential components are 

cerium and zirconium exhibit effective catalytic activity in production 

of unsaturated aldehyde and unsaturated carboxylic acid through 

15 vapor phase catalytic oxidation of propylene, isobutylene, t-butanol or 

methyl-t-butyl ether, when used in combination with molybdenum­

bismuth-iron-containing catalysts. 

20 

[Objects of the invention] 

One of the objects of the present invention is to provide 

catalysts which are useful in production of unsaturated aldehyde and 

unsaturated carboxylic acid at high yield. 

A further .object of the present invention is to provide 

catalysts for unsaturated aldehyde and unsaturated carboxylic acid 

25 production, which have long catalyst life and enable stable operation 

over prolonged period. 

Still another object of the present invention is to provide 

catalysts for unsaturated aldehyde and unsaturated carboxylic acid 

production which enal?le stable operation over prolonged period, even 

30 under heavy load operation aiming at high productivity. 

An additional object of the present invention is to provide 
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a process for producing unsaturated aldehyde and unsaturated 

carboxylic acid at high yield and with stability over prolonged period, 

using the above catalysts. 

5 [Means to solve the problems] 

We have discovered that a composition, in which a 

complex oxide known as catalyst for unsaturated aldehyde and 

unsaturated carboxylic acid production, containing molybdenum, 

bismuth and iron as the essential components, is combined with a 

10 complex oxide whose essential components are cerium and zirconium, 
exhibits high catalytic activity in the intended reaction and excellent 

stability; and that the use of such a composition as a catalyst in said 

reaction accomplishes the above objects. 

Thus, according to the invention, as a catalyst for 

15 producing unsaturated aldehyde and unsaturated carboxylic acid 
through oxidation of at least one compound selected from the group 
consisting of propylene, isobutylene, t-butanol and methyl-t-butyl 

ether with molecular oxygen or a molecular oxygen-containing gas at 

vapor phase, a complex oxide composition characterized by 

20 comprISmg 

(A) a complex oxide containing as essential components 
molybdenum, bismuth and iron, which is known per se as a catalyst 

for said vapor phase catalytic oxidation reaction, and 

(B) a complex oxide containing cerium and zirconium as 
25 the essential components, 

is provided. 

According to the present invention, there is also provided, 

as a catalyst for producing unsaturated aldehyde and unsaturated 

carboxylic acid through oxidation of at least one compound selected 
30 from the group consisting of propylene, isobutylene, t-butanol and 

methyl-t-butyl ether with molecular oxygen or a molecular oxygen-
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containing gas at vapor phase, a complex oxide composition which is 
characterized by having a composition expressed by the following 
general formula (3): 

(3) 

(wherein Mo is molybdenum; Wis tungsten: Bi is bismuth; 
Fe is iron; Ce is cerium; Zr is zirconium; A is at least an 
element selected from nickel and cobalt; B is at least an 
element selected from alkali metals and thallium; C is at 

least an element selected from alkaline earth metals; D is 
at least an element selected from phosphorus, tellurium, 
antimony, tin, lead, niobium, manganese, arsenic and zinc; 
E is at least an element selected from silicon, aluminium 
and titanium; G is at least an element selected from the 
group consisting of lanthanoide series except cerium; 
yttrium, copper, indium, chromium and germanium; and 
0 is oxygen; a, b, c, d, e, f, g, h, i, j, k, 1 and x denote the 
atomic ratios of Mo, W, Bi, Fe, Ce, Zr, A, B, C, D, E, G and 
0, respectively, and where a is 12, b is 0-10, c is 0.1-10, d 

is 0.1-20, e is 0.01-30, f is 0.01-42, g is 2-20, his 0.001-10, 

i is 0-10, j is 0-4, k is 0-30, I is 0-7, and x is a numerical 
value determined by degree of oxidation of each of the 
elements) 

and the cerium and zirconium therein forming a complex oxide. 
According to the invention, furthermore, there is provided 

a process for producing unsaturated aldehyde and unsaturated 
carboxylic acid through vapor phase oxidation of at least one 

30 compound selected from the group consisting of propylene, 
isobutylene, t-butanol and methyl-t-butyl ether with molecular 
oxygen or a molecular oxygen-containing gas, in the presence of a 
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catalyst, the process being characterized in that it uses the above­

defined complex oxide composition as the catalyst. 

[Embodiments of the invention] 

Catalyst (I) for unsaturated aldehyde and unsaturated 

carboxylic acid production according to the invention is a complex 

oxide composition which is characterized by comprising 

(A) a complex oxide containing as essential components 

molybdenum, bismuth and iron, which is known per seas a catalyst 

10 for producing unsaturated aldehyde and unsaturated carboxylic acid 

through said vapor phase catalytic oxidation reaction of propylene, 

isobutylene, t-butanol and methyl-t-butyl ether, and 

(B) a complex oxide containing cerium and zirconium as 

the essential components. 

15 Catalyst (II) for unsaturated aldehyde and unsaturated 

carboxylic acid production according to another embodiment of the 

present invention is a complex oxide composition which is 

characterized by having the composition as expressed by above 

general formula (3), in which cerium and zirconium form a complex 

20 oxide. 

First, the Catalyst (I) shall be explained. The component 
(A) corresponds to a catalyst containing molybdenum, bismuth and 

iron as the essential components, which is known as a catalyst for 

unsaturated aldehyde and unsaturated carboxylic acid production by 
25 vapor phase oxidation reaction of propylene, isobutylene, t-butanol or 

methyl-t-butyl ether. While any of known catalysts containing 

molybdenum, bismuth and iron as the essential components can be 

used as the component (A), those preferred are expressed by the 

following general formula (1): 

30 
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Moa WbBic FedAeBrCgDh EiC\ (I) 

(wherein Mo is molybdenum; Wis tungsten; Bi is bismuth; 

Fe is iron; A is at least an element selected from nickel 
and cobalt; B is at least an element selected from alkali 
metals and thallium; C is at least an element selected 
from alkaline earth metals; Dis at least an element 
selected from phosphorus, tellurium, antimony, tin, lead, 
niobium, manganese, arsenic and zinc; E is at least an 
element selected from silicon, aluminium and titanium; 
and 0 is oxygen; a, b, c, d, e, f, g, h, i and x denote the 
atomic ratios of Mo, W, Bi, Fe, A, B, C, D, E and 0, 
respectively; and where a is 12, bis ·0-10, c is 0.1-10, dis 

0.1-20, e is 2-20, fis 0.001-10, g is 0-10, his 0-4, i is 0-30 
and x is determined by degree of oxidation of each of the 
elements). 

Method of preparing those catalysts is subject to no critical 
limitation, and the catalysts can be prepared by any known method. 

20 Kinds of the compounds containing the catalytic elements, which 
serve as the starting materials, are not critical but any oxides 
containing the catalytic elements or compounds capable of forming 
such oxides upon being calcined can be used. As the compounds 
which form oxides upon calcining, for example, hydroxides, metallic 

25 acids, nitrates, carbonates, ammonium salts, acetates and formates 
may be named. Compounds containing more than one of the 
elements are also useful. For instance, specific examples of 
molybdenum-containing compounds include molybdenum trioxide, 
ammonium paramolybdate, molybdic acid, phosphomolybdic acid and 

30 phosphovanadomolybdic acid. 

Normally each prescribed amount of those starting com­
pounds containing the component elements are, for example, suitably 
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dissolved in an aqueous medium, heated under stirring, evaporated 
to dry solid and optionally pulverized to provide the intended 
component (A). 

As the component (B), any complex oxide which contains 
5 cerium and zirconium as the essential components can be used. In 

particular, complex oxides which are expressed by the following 

general formula (2): 

10 

15 

20 

(2) 

(wherein Ce is cerium; Zr is zirconium; Fis at least an 

element selected from the group consisting of lanthanoide 
series except cerium; yttrium, cobalt, nickel, copper, 

indium, tin, chromium and germanium; and 0 is oxygen; 
p, q, r and y denote the atomic ratios of Ce, Zr, F and 0, 
respectively, p and q being optional numbers not including 
0, r being a number satisfying the relationship 0 < r I (p + 
q) < 0.1, and y being a number determined by degree of 

oxidation of each of the elements) 

are conveniently used. More specifically, when p =I~ 0.01 <q<99, 
o<r< 10, preferably o.o5<q< 19 and o<r<2. 

Method of preparing complex oxides containing cerium 
and zirconium as the essential components is subject to no critical 

25 limitation~ and they can be prepared by any known method. Kinds of 
the compounds containing the named elements, which serve as the 
starting materials, are not critical but any oxides containing the 
named elements or compounds capable of forming such oxides upon 
being calcined can be used. As the compounds which form oxides 

30 upon being calcined, for example, hydroxides, metallic acids, nitrates, 
carbonates, ammonium salts, acetates and formates may be named. 
For example, as a specific example of cerium-containing compound, 
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cerium nitrate may be named. 

Of the complex oxides expressed by the general formula 
(2), those in which cerium oxide and zirconium oxide are at least 
partially forming a solid solution are conveniently used. In 

5 particular, those in which the molar ratio of Ce02 I Zr02 is within a 
range from 1 / 99-99 / 1, preferably 5 / 95-95 I 5 are preferred. 
Furt;h.ermore, in the present invention it is essential that the cerium 
and zirconium are forming a complex oxide. Use of a simple mixture 
of cerium oxide and zirconium oxide cannot achieve the objects of the 

10 present invention. 

The component (B) is not limited to complex oxides of 
cerium and zirconium only, but it may contain the element(s) expres­
sed by the symbol F in general formula (2) in the form of complex 
oxide. Typical methods for preparation of the component (B) include: 

15 (1) mix an aqueous solution of water-soluble cerium salt with that of 
water-soluble zirconium salt, dry and calcine the same; (2) react 
cerium oxide with zirconium oxide at solid phase; and (3) impregnate 
cerium oxide with aqueous solution of water-soluble zirconium salt, 
dry and calcine the same. The calcining temperature is normally 

20 200-SOO°C, preferably 300-700°C. Upon such calcining, complex 
oxide containing cerium and zirconium is formed. 

The ratio of component (B) to component (A) (as converted 
to oxides) is normally 0.5-30% by weight, preferably 1-20% by 
weight. When it is too low, the intended effect of adding component 

25 (B) cannot be attained, while if it is too high, yield drops as the 
production amounts of the intended unsaturated aldehyde and 
unsaturated carboxylic acid red_uce and those of C02 and Co increase. 

The catalyst of the present invention can be used by itself 
or may be supported on inert carriers such as alumina, silica-

30 alumina, silicon carbide, titanium dioxide, magnesium oxide, 
aluminium sponge and the like. In that occasion inorganic fibers 
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such as glass fiber and various kinds of whiskers, which are 

generally well known for their effect of improving strength and 

attrition resistance of catalyst may be added. Also for controlling the 

catalyst properties with good reproducibility, additives generally 

5 known as powder binder such as ammonium nitrate, cellulose, 

starch, polyvinyl alcohol, stearic acid and the like may be used. 

Shape of the catalyst is not critical, which may be any 

optional form such as pellets, spheres, columns, rings, tablets and the 

like. Their average diameter is 1-15 mm, preferably 3-10 mm. 

10 Method for preparing the catalyst containing components 

(A) and (B) is subject to no critical limitation, and any optional 

method can be used. For example, advancedly prepared powders of 

the respective components are mixed, optionally using ball mill or the 

like to effect intimate mixing; or advancedly prepared component (B) 

15 is dispersed in component (A) under preparation, at an optional 

stage. 

It is generally preferred for catalyst (I) to be used as 

molded catalyst as prepared by a process comprising thoroughly 

mixing the components (A) and (B); imparting to the mixture a 

20 desired shape, optionally adding water or the like as a molding aid; 

and calcining the same in an air stream at 300-600°C, preferably 

350-550°C, for about 1-10 hours, preferably about 2-8 hours. 

Catalyst (II) for producing unsaturated aldehyde and 

unsaturated carboxylic acid according to the present invention has 

25 the composition as expressed by the general formula (3) above, in 

which cerium and zirconium are forming a complex oxide. That is, 

catalyst (II) contains cerium and zirconium in the form of a complex 

oxide containing said two elements. A typical method for preparing 

this catalyst (II) is, similar to the one for preparing catalyst (1), to 

30 blend advancedly prepared components (A) and (B). Methods for 

preparing components (A) and (B), respectively, are same as already 
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described. 

Production of unsaturated aldehyde and unsaturated 

carboxylic acid according to the present invention can be carried out 

under the conditions normally employed in conventional methods for 

5 producing unsaturated aldehyde and unsaturated carboxylic acid 

from propylene, isobutylene, t-butanol or methyl-t-butyl ether or 

their mixtures, by vapor phase oxidation reaction, except that a 

catalyst of the present invention for producing unsaturated aldehyde 

and unsaturated carboxylic acid is used as the catalyst. 

10 For example, a gaseous mixture comprising 1-10 vol. %, 

preferably 2-8 vol. % of at least one starting compound selected from 

the group consisting of propylene, isobutylene, t-butanol and methyl­

t-butyl ether; 1-10 times by volume, preferably 1-8 times by volume, 

of the starting compound of molecular oxygen; and inert gas as a 

15 diluent, such as nitrogen, carbon dioxide, steam and the like (use of, 

in particular, steam is advantageous for improving the yield of the 

object product, because it inhibits formation of side products), is 

contacted with a catalyst of the present invention at temperatures 

ranging from 250 to 450°C, preferably from 280 to 420°C, under 

20 pressures ranging from normal to 10 atmospheres, preferably from 

normal to 8 atmospheres, and at a space velocity ranging from 300 to 

5,000 hr-1 (STP), preferably from 500 to 4,000 hr-1 (STP). 

According to the process of the present invention, acrolein 

and acrylic acid are produced from propylene; methacrolein and 

25 methacrylic acid, from isobutylene; methacrolein and methacrylic 

acid, from t-butanol; and methacrolein and methacrylic acid, from 

methyl-t-butyl ether. Obviously, it is possible to vary the production 

ratios of such unsaturated aldehyde and unsaturated carboxylic acid, 

by suitably changing the reaction conditions. For example, where 

30 propylene is used as starting compound, mixtures of acrolein as the 

major component and acrylic acid as the minor component can be 
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obtained as the product. 

The action of the component (B) in the catalyst of the 
present invention is presumed to be as follows: highly dispersible 
zirconium oxide inhibits aggregation of cerium oxide, to maintain the 

5 latter's promoting function to favorably absorb and release oxygen · 
during the reaction, and whereby the oxidation reaction of propylene, 
isobutylene, t-butanol or methyl-t-butyl ether is accelerated, in 
consequence increasing the catalytic activity. Furthermore, 
irreversible activity deterioration in the component (A) complex oxide 

10 due to overreduction with time is inhibited (i.e., stability of the 
complex oxide is increased), resulting in prolongation of the catalyst 
life. Such increased catalytic activity and extended catalyst life 
inhibit the rise in the reaction temperature with time, to reduce. 
scattering about of molybdenum at the hot spot. Needless to say, the 

15 present invention however is not restricted by such theoretical 
observation. 

[Effect of the present invention] 

Use of the catalyst of the present invention in vapor phase 
20 oxidation reaction of at least one compound selected from the group 

consisting of propylene, isobutylene, t-butanol or methyl-t-butyl ether 
enables production of unsaturated aldehyde and unsaturated 
carboxylic acid at high yield. Because the catalyst of the present 
invention has a long life, it enables stable operation over prolonged 

25 period. Furthermore, the catalyst of the present invention enables 
stable operation over prolonged period also for heavy-load operation 
aiming at high productivity. 

[Examples] 

30 Hereinafter the present invention is explained more 
specifically, referring to working Examples, it being understood that 
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the invention is not limited thereto. In the following Examples and 

Comparative Examples, the conversion, selectivity and one-pass yield 

have the following definitions. 

Example I 

Conversion (mol %) = 

(mol number of reacted starting compound I mol 

number of supplied starting compound) x 100 

Selectivity (mol %) = 

(total mol number of formed unsaturated aldehyde 

and unsaturated carboxylic acid I mol number of 

reacted starting compound) x 100 

One-pass yield (mol %) = 

(total mol number of formed unsaturated aldehyde 

and unsaturated carboxylic acid I mol number of 

suppled starting compound) x 100 

20 <Catalyst preparation> 

Into 2 liters of heated ion-exchange water, 1500 g of 

ammonium paramolybdate and 382.4 g of ammonium paratungstate 

were added and dissolved under stirring. Separately, 1648.5 g of 

cobalt nitrate, 429.1 g of ferric nitrate and 69.0 g of cesium nitrate 

25 were dissolved in I liter of ion-exchange water; and 515.2 g of 

bismuth nitrate was dissolved in an aqueous nitric acid consisting of 

300 ml of ion-exchange water and 50 ml of cone. nitric acid. These 

two aqueous solutions were dropwisely added to the first aqueous 

solution which was separately prepared as above and mixed, followed 

30 by addition of 212. 7 g of silica sol of 20% by weight in concentration. 

The slurry resulting from mixing the system was heated under 
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stirring to dry solid and pulverized to provide a powder (powder A). 

Separately, 37.8 g of zirconium hydroxynitrate was completely 

dissolved in I liter of ion-exchange water, and into the solution 

aqueous ·ammonia was gradually added under stirring to precipitate 

5 hydrated zirconia sol. Then an aqueous solution of 245.9 g of cerium 

nitrate in I liter of ion-exchange water was added, and into the 

mixture of the solutions aqueous ammonia was further gradually 

added dropwise under stirring, until pH rose to 10. The resulting 

precipitate was filtered, washed with water, dried and calcined at 

10 400°C for 2 hours to provide a powder (powder B). Powder B was 

added to powder A and mixed well. Water was added to the mixture 

as a molding aid, and the mixture was molded into pellets of each 6 

mm in outer diameter and 6.6 mm in length, which were dried and 

then calcined in an air stream at 500°C for 6 hours to provide catalyst 

15 (I). The elementary composition of this catalyst (1) was as follows, in 

terms of atomic ratio (excepting oxygen, as in all of the following 

Examples): 

20 

Mo12 W2Bi1_5Fe1_5Ce0.sZr0_2 Co8 Cs0_5 Si1 • 

It was confirmed by X-ray diffraction analysis that the 

cerium and zirconium in powder B were forming a complex oxide. 

<Oxidation reaction> 

A steel reactor of 25 mm in diameter was charged with 

25 1200 ml of catalyst (1), and into which a gaseous mixture comprising 

6 vol. % of isobutylene, 13 vol. % of oxygen, 8 vol. % steam and 73 vol. 

% of nitrogen was introduced. The oxidation reaction was conducted 

at a temperature of 340°C and a space velocity of 1500 hr-1 (STP). 

The result was as shown in Table 1. 



Comparative Example 1 

<Catalyst preparation> 

14 

Catalyst (2) was prepared in the same manner as in 

Example 1, except that powder B was not added. 

5 <Oxidation reaction> 

In Example 1, the oxidation reaction was conducted under 

identical conditions with those in Example 1, except that catalyst (2) 

was used in place of catalyst (1). The result was as shown in Table 1. 

Upon comparing Example 1 with Comparative Example 1, 

10 it is understood that catalyst (1) of the present invention excels over 

the control catalyst (2) in catalytic activity. 

Example 2 

According t;o Example 1, the oxidation reaction was con­

tinued for 4000 hours. The result after the 4000 hours' operation 

15 was as shown in Table 1. 

As indicated in Table 1, the drop in conversion after 4000 

hours' oxidation reaction was minor and there was almost no 

decrease in the yield. From this result it can be underst;ood that the 

use of catalyst (1) enables stable continuation of the oxidation reac-

20 tion over a long period. 

Comparative Example 2 

According t;o Comparative Example 1, the oxidation 

reaction was continued for 4000 hours. The result after the 4000 

hours' operation was as shown in Table 1. 

25 Upon comparison of Example 2 with Comparative 

Example 2, it can be understood that the control catalyst (2) has a 

problem of short catalyst life, and when it is used in the reaction for 

many hours, decreases in conversion and yield are notable. 



Catalyst Reaction 
No. Temp. 

(°C) 

Example 1 (1) 340 
Comparative (2) 340 
Example 1 

Example 2 (1) 340 
Comparative (2) 340 
Example 2 

TABLE 1 

Isobutylene Total 
Conversion Selectivity 

(mol %) (mol %) 

99.1 87.5 

96.8 87.5 

98.2 87.9 

94.5 87.5 

Total 
One-pass Yield 

(mol %) 

86.8 

84.7 

86.3 

82.7 

Remarks 

After 4,000 hours 

After 4, 000 hours 

!--' en 
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Example 3 

<Catalyst preparation> 

Into 2 liters of heated ion-exchange water, 1500 g of 

ammonium paramolybdate and 191.2 g of ammonium paratungstate 

5 were added and dissolved under stirring. Separately, 1236.4 g of 

cobalt nitrate, 205.9 g of nickel nitrate, 429.l g of ferric nitrate and 

82.8 g of cesium nitrate were dissolved in 1 liter of ion-exchange 

water; and 618.2 g of bismuth nitrate was dissolved in an aqueous 

nitric acid solution consisting of 300 ml of ion-exchange water and 50 

10 ml of cone. nitric acid. These two aqueous solutions were dropwisely 

added to the first aqueous solution which was separately prepared 

and mixed, followed by addition of212.7 g of silica sol of20% by 

weight in concentration. The whole system was mixed to form a 

slurry (slurry A). Separately, 151.3 g of zirconium hydroxynitrate 

15 was completely dissolved in 1 liter of ion-exchange water, and into 

that solution aqueous ammonia was gradually added under stirring 

to precipitate hydrated zirconia sol, followed by addition of an 

aqueous solution of 61.5 g of cerium nitrate in 1 liter of ion-exchange 

water. Then aqueous. ammonia was further slowly added to the 

20 mixture of the solutions dropwise under stirring until pH rose to 10. 

The resulting precipitate was :filtered, washed with water, dried and 

calcined at 500°C for 2 hours to provide a powder (powder B). This 

powder B was ~dded to slurry A, mixed, evaporated to dry solid and 

pulverized. Water was added to the resulting powder as a molding 

25 aid, and the mixture was molded into pellets of each 6 mm in outer 

diameter and 6.6 mm in length, which were dried and calcined in an 

air stream at 500°C for 6 hours to provide catalyst (3). The 

elementary composition of this catalyst (3) was as follows, in terms of 

atomic ratio: 

30 
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It was confirmed by X-ray diffraction analysis that the 

cerium and zirconium in powder B were forming a complex oxide. 

<Oxidation reaction> 

In Example 1, the oxidation reaction was conducted under 

5 identical conditions with those in Example 1, except that catalyst (3) 

was used in place of catalyst (1). The result was as shown in Table 2. 

Comparative Example 3 

<Catalyst preparation> 

Catalyst ( 4) was prepared in the identical manner with 

10 the catalyst preparation in Example 3, except that the powder B was 

provided by mixing 69.Bg of a powder formed by 2 hours' calcining at 

500°C of the hydrated zirconia sol precipitate derived from zirconium 

hydroxynitrate, with 24.4 g of a commercial cerium oxide powder 

(Ce02, specific surface area: 100 m2
). 

15 <Oxidation reaction> 

In Example 3, the oxidation reaction was conducted under 

identical conditions with those in Example 3, except that catalyst ( 4) 

was used in place of catalyst (3). The result was as shown in Table 2. 

Upon comparing Example 3 with Comparative Example 3, 

20 it is understood that the catalyst (3) according to the invention excels 

in catalytic activity over the control catalyst ( 4). 

Example 4 

According to Example 3, the oxidation reaction was con­

tinued for 4000 hours. The result after the 4000 hours' operation 

25 was as shown in Table 2. 

As indicated in Table 2, the drop in conversion after 4000 

hours' oxidation reaction was minor and there was almost no 

decrease in the yield. From this result it can be understood that the 

use of catalyst (3) enabled stable continuation of the oxidation reac-

30 tion over a long period. 
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Comparative Example 4 

According to Comparative Example 3, the oxidation 

reaction was continued for 4000 hours. The result after the 4000 

hours' operation was as shown in Table 2. 

5 Upon comparison of Example 4 with Comparative 

Example 4, it can be understood that the control catalyst ( 4) has a 

problem of short catalyst life, and when it is used in the reaction for 

many hours, decreases in conversion and yield are notable. 



Catalyst Reaction 
No. Temp. 

(°C) 

Example 3 (3) 340 

Comparative (4) 340 
Example 3 

Example 4 (3) 340 

Comparative (4) 340 
Example 4 

TABLE 2 

Isobutylene Total 
Conversion Selectivity 

(mol %) (mol %) 

99.0 87.4 

96.7 87.4 

98.2 87.6 

94.1 87.5 

Total 
One-pass Yield 

(mol %) 

86.5 

84.5 

86.0 

82.3 

Remarks 

After 4, 000 hours 

After 4, 000 hours 
I-' c.o 
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Example 5 

Example 3 was repeated except that the oxidation reaction 

was carried out at 360°C and at a space velocity of 2500 hr-1 (STP). 

The result was as shown in Table 3. 

5 Comparative Example 5 

The oxidation reaction of Example 5 was repeated except 

that catalyst ( 4) was used in place of catalyst (3). The result was as 

shown in Table 3. 

Upon comparing Example 5 with Comparative Example 5, 

10 it is understood that catalyst (3) of the present invention excels over 

the control catalyst (4) in the activity level and yield, also under high 

space velocity condition. 

Example 6 

The oxidation reaction of Example 3 was repeated except 

15 that the isobutylene and nitrogen contents in the gaseous mixture fed 

into the reactor for the oxidation reaction were changed to 7 .5 vol. % 

and 71.5 vol. %, respectively. The result was as shown in Table 3. 

Comparative Example 6 

The oxidation reaction of Example 6 was repeated except 

20 that catalyst (3) was replaced with catalyst ( 4). The result was as 

shown in Table 3. 

Upon comparing Example 6 with Comparative Example 6, 

it is understood that catalyst (3) of the present invention excels over 

the control catalyst ( 4) in both activity level and yield, also under 

25 high isobutylene concentration condition . 

... . 
',_._ 
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TABLE 3 

Catalyst Reaction Isobutylene Total Total One-
No. Temp. Conversion Selectivity pass Yield 

{°C) (mol %) (mol %) (mol %) 

Example 5 (3) 360 98.9 88.2 87.2 

5 Comparative (4) 360 96.4 88.1 84.9 
Example 5 

Example 6 (3) 340 98.8 87.6 86.5 

Comparative (4) 340 96.4 87.5 84.4 
Example 6 

10 

Example 7 

<Catalyst preparation> 

Catalyst (5) was prepared in the identical manner with 

15 Example 3, except that the powder B was prepared with the amounts 

of the zirconium hydroxynitrate and cerium nitrate varied, yttrium 

oxide was added and the calcining was conducted at 650°C for 1 hour. 

The elementary composition of this catalyst (5) was as follows, in 

terms of atomic ratio: 

20 

It was confirmed by X-ray diffraction analysis that the 

cerium, zirconium and yttrium were forming a complex oxide in 

25 powder B. 

<Oxidation reaction> 

The oxidation reaction was conducted in the identical 

manner with Example 3, except that catalyst (5) was used in place of 

catalyst (3). The result was as shown in Table 4. 



Examples 8-15 

<Catalyst preparation> 

22 

Catalysts (6)-(13) were prepared in the identical manner 
with Example 7, except that the powder B was prepared with the 

5 amounts of the zirconium hydroxynitrate and cerium nitrate varied 
and that yttrium oxide was replaced with an oxide containing the 
element as indicated in Table 4 for each Example. 

<Oxidation reaction> 

The oxidation reaction of Example 7 was repeated except 
· 10 that catalyst (5) was replaced with catalysts (6)-(13) as indicated for 

each Example. The results were as shown in Table 4. 



TABLE4 

Catalyst Composition Cata-
(atomic ratio excepting oxygen) lyst 
Mo12W1 Bil.8Fel.5 Co6Ni1 Cs0.6Si1 No. 

Ce Zr F 

Example 7 0.1 0.4 Y=0.01 (5) 

Example 8 0.2 0.8 La=0.02 (6) 

Example 9 0.6 0.4 Pr=0.02 (7) 

Example 10 0.4 0.6 · Sm=0.02 (8) 

Example 11 0.3 0.7 Nd=0.01 (9) 

Example 12 0.2 0.8 In=0.01 (10) 

Example 13 0.3 0.7 Ni=0.01 (11) 

Example 14 0.5 0.5 Co=0.01 (12) 

Example 15 0.3 0.7 Cu=0.01 (13) 

Reac· Isobutyl-
ti on ene Con-
Temp. version 

(°C) (mol %) 

340 99.0 

340 99.1 

340 99.1 

340 99.0 

340 98.9 

340 98.9 

340 99.2 

340 99.1 

340 99.1 

Total 
Selectivity 

(mol %) 

87.5 

87.2 

87.1 

87.3 

87.4 

87.2 

87.1 

87.1 

87.0 

Total 
One-pass 
Yield 

(mol %) 

86.6 

86.4 

86.3 

86.4 

86.4 

86.2 

86.4 

86.3 

86.2 

~ c:.o 
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Example 16 

The oxidation reaction of Example 3 was repeated except 
that t-butanol was used as the starting gas. The result was as shown 
in Table 5. 

5 Comparative Example 7 

10 

15 

The oxidation reaction of Example 16 was repeated except 
that catalyst (3) was replaced with catalyst (4). The result was as 
shown in Table 5. 

TABLE 5 

Catalyst Reaction t-Butanol Total Total One-
No. Temp. Conversion Selectivity pass Yield 

{°C) (mol %) (mol %) (mol %) 

Example 16 (3) 340 100 86.6 86.6 

Comparative (4) 340 100 84.9 84.9 
Example 7 

Example 17 

The oxidation reaction of Example 3 was repeated except 
20 that a gaseous mixture of 5 vol. % of methyl-t-butyl ether (MTBE), 13 

vol. % of oxygen, 8 vol. % of steam and 7 4 vol. % of nitrogen was used 
as the starting gas, the reaction temperature was changed to 360°C, 
and the space velocity was changed to 1100 hr-1 (STP). The result 
was as shown in Table 6. 

25 Comparative Example 8 

The oxidation reaction of Example 17 was repeated except 
that catalyst (3) was replaced with catalyst ( 4). The result was as 
shown in Table 6. 
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10 

25 

TABLE 6 

.. 

Catalyst Reaction MTBE Total Total One-
No. Temp. Conversion Selectivity pass Yield 

{°C) (mol %) (mol %) (mol %) 

Example 17 (3) 360 99.0 86.5 85.6 
Comparative (4) 360 97.8 86.4 84.5 
Example 8 

MTBE: methyl-t-butyl ether 

Example 18 

<Catalyst preparation> 

Into 2 liters of heated ion-exchange water, 1500 g of 
ammonium paramolybdate and 286.8 g of ammonium paratungstate 

15 were added and dissolved under stirring. Separately, 1030.3 g of 

cobalt nitrate, 343.3 g of ferric nitrate and 4.3 g of potassium nitrate 
were dissolved in 1 liter of ion-exchange water; and 412.1 g of 
bismuth nitrate was dissolved in an aqueous nitric acid solution 
consisting of 300 ml of ion-exchange water and 50 ml of cone. nitric 

20 acid. These two aqueous solutions were dropwisely added to the first 
aqueous solution which was separately prepared and mixed, followed 
by addition of 276.5 g of silica sol of 20% by weight in concentration. 
The whole system was mixed to form a slurry (slurry A). Separately, 
75.7 g of zirconium hydroxynitrate was completely dissolved in I liter 

25 of ion-exchange water, and into that solution aqueous ammonia was 
gradually added under stirring to precipitate hydrated zirconia sol, 
followed by addition of an aqueous solution of 30. 7 g of cerium nitrate 
in I liter of ion-exchange water. Then aqueous ammonia was further 
slowly added to the mixture of the solutions dropwise under stirring 

30 until pH rose to 10. The resulting precipitate was filtered, washed 
with water, dried and calcined at 550°C for 2 hours to provide a 
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powder (powder B). This Powder B was added to slurry A, mixed, 

evaporated to dry solid and pulverized. Water was added to the 

resulting powder as a molding aid, and the mixture was molded into 

pellets of each 6 mm in outer diameter and 6.6 mm in length, which 

5 were dried and calcined in an air stream at 450°C for 6 hours to 

provide catalyst (14). The elementary composition of this catalyst 

(14) was as follows, in terms of atomic ratio: 

10 

It was confirmed by X-ray diffraction analysis that the 

cerium and zirconium in powder B were forming a complex oxide. 

<Oxidation reaction> 

A steel reactor of 25 mm in diameter was· charged with 
15 1200 ml of catalyst (14), and into which a gaseous mixture 

comprising 6 vol. % of propylene, 12 vol. % of oxygen, 10 vol. of% 

steam and 72 vol. % of nitrogen was introduced .. The oxidation 
reaction was conducted at 3 lO°C and space velocity of 2000 hr -I 

(STP). The result was as shown in Table 7. 

20 Comparative Example 9 

<Catalyst preparation> 

Catalyst (15) was prepared in the same manner as in 

Example 18, except that powder B was not added. 

<Oxidation reaction> 

25 The oxidation reaction of Example 18 was repeated except 

that catalyst (15) was used in place of catalyst (14). The result was 
as shown in Table 7. 

Upon comparing Example 18 with Comparative Example 

9, it is understood that catalyst (14) of the present invention excels 
30 over the control catalyst (15) in catalytic activity. 
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Example 19 

According to Example 18, the oxidation reaction was con­
tinued for 4000 hours. The result after the 4000 hours' operation 
was as shown in Table 7. 

5 As indicated in Table 7, the drop in conversion after 4000 
hours' oxidation reaction was minor and there was almost no 
decrease in the yield. From this result it can be understood that the 
use of catalyst (14) enables stable continuation of the oxidation reac­
tion over a long period. 

10 Comparative Example 10 

According to Comparative Example 9, the oxidation 
reaction was continued for 4000 hours. The result after the 4000 
hours' operation was as shown in Table 7. 

Upon comparison of Example 19 with Comparative 
15 Example 10, it can be understood that the control catalyst (15) has a 

problem of short catalyst life, and when it is used in the reaction for 
many hours, decreases in conversion and yield are notable. 



Catalyst Reaction 
No. Temp. 

(°C) 

Example 18 (14) 310 

Comparative (15) 310 
Example 9 

Example 19 (14) 310 

Comparative (15) 310 
Example 10 

TABLE 7 

Propylene Total 
Conversion Selectivity 

(mol %) (mol %) 

98.6 94.2 

96.1 94.0 

98.0 94.3 

93.9 93.7 

Total 
One-pass Yield 

(mol %) 

92.9 

90.3 

92.4 

88.0 

Remarks 

After 4,000 hours 

After 4, 000 hours 
t.:) 
00 
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Claims: 

I. A catalyst for producing unsaturated aldehyde and 
unsaturated carboxylic acid through oxidation of at least one 
compound selected from the group consisting of propylene, 
isobutylene, t-butanol and methyl-t-butyl ether with molecular 
oxygen or a molecular oxygen-containing gas at vapor phase, which is 
characterized by being a complex oxide composition comprising 

(A) a complex oxide containing as essential components 
molybdenum, bismuth and iron, which is known per seas a catalyst 
for said vapor phase catalytic oxidation reaction, and 

(B) a complex oxide containing cerium and zirconium as 
the essential components. 

2. A catalyst for producing unsaturated aldehyde and 
unsaturated carboxylic acid according to Claim 1, in which the 
component (A) is a complex oxide which is expressed by the following 
general formula (1): 

(1) 

(wherein Mo is molybdenum; Wis tungsten; Bi is bismuth; 
Fe is iron; A is at least an element selected from nickel 
and cobalt; Bis at least an element selected from alkali 
metals and thallium; C is at least an element selected 
from alkaline earth metals; D is at least an element 
selected from phosphorus, tellurium, antimony, tin, lead, 
niobium, manganese, arsenic and zinc; E is at least an 
element selected from silicon, aluminium and titanium; 
and 0 is oxygen; a, b, c, d, e, f, g, h, i and x denote. the 
atomic ratios of Mo, W, Bi, Fe, A, B, C, D, E and 0, 
respectively; and where a is 12, bis 0-10, c is 0.1-10, dis 
0.1-20, e is 2-20, fis 0.001-10, g is 0-10, his 0-4, i is 0-30 
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and x is determined by degree of oxidation of each of the 

elements). 

3. . A catalyst for producing unsaturated aldehyde and 

unsaturated carboxylic acid according to Claim 1, in which the 

component (B) is a complex oxide which is expressed by the following 

general formula (2): 

(2) 

(wherein Ce is cerium; Zr is zirconium; F is at least an 

element selected from the group consisting of lanthanoide 

series except cerium; yttrium, cobalt, nickel, copper, 

indium, tin, chromium and germanium; and 0 is oxygen; 

p, q, r and y denote the atomic ratios of Ce, Zr, F and 0, 

respectively, p and q being optional numbers not including 

0, r being a number satisfying the relationship o<r I (p + 

q) < 0.1, and y being a number determined by degree of 

oxidation of each of the elements). 

4. A catalyst for producing unsaturated aldehyde and 

unsaturated carboxylic acid through oxidation of at least one 

compound selected from the group consisting of propylene, 

isobutylene, t-butanol and methyl-t-butyl ether with molecular 

oxygen or a molecular oxygen-containing gas at vapor phase, which is 

characterized by having a compositiOn expressed by the following 

general formula (3): 

(3) 

(wherein Mo is molybdenum; Wis tungsten: Bi is bismuth; 

Fe is iron; Ce is cerium; Zr is zirconium; A is at least an 

element selected from nickel and cobalt; B is at least an 
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element selected from alkali metals and thallium; C is at 

least an element selected from alkaline earth metals; D is 

at least an element selected from phosphorus, tellurium, 

antimony, tin, lead, niobium, manganese, arsenic and zinc; 

E is at least an element selected from silicon, aluminium 

and titanium; G is at least an element selected from the 

group consisting of lanthanoide series except cerium; 

yttrium, copper, indium, chromium and germanium; and 

0 is oxygen; a, b, c, d, e, f, g,_ h, i, j, k, l and x denote the 

atomic ratios of Mo, W, Bi, Fe, Ce, Zr, A, B, C, D, E, G and 

0, respectively, and where a is 12, bis 0-10, c is 0.1-10, d 

is 0.1-20, e is 0.01-30, f is 0.01-42, g is 2-20, his 0.001-10, 

i is 0-10, j is 0-4, k is 0-30, l is 0-7, and xis a numerical 

value determined by degree of oxidation of each of the 

elements) 

and the cerium and zirconium therein forming a complex oxide. 

5. A process for producing unsaturated aldehyde and 

unsaturated carboxylic acid through vapor phase oxidation of at least 

one compound selected from the group consisting of propylene, 

isobutylene, t-butanol and methyl-t-butyl ether with molecular 

oxygen or a molecular oxygen-containing gas, in the presence of a 

catalyst, the proeess being characterized in that it uses the catalyst. 

as defined by Claim 1 or 4. 


