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              The freshly prepared catalyst of Sb-Mo-O system was only a 

         mixture of MoO3 and Sb2O4, which was not selective for the ester 

         formation. However, in the course of the oxidation of ethanol, some 

         reduced phases such as Sb4Mo10O31 were formed in the catalyst, 

         accompanied with an increase of ester formation. It is suggested 

         that the reduced phases were effective for the ester formation. 

     It is well known that ethyl acetate can be manufactured by the reversible 

reaction between acetic acid and ethanol in the presence of an acidic proton and 

usually performed in a liquid phase. 1,2) And also ethyl acetate can be produced by 

the condensation of acetaldehyde (Tischtschenko reaction). 3) Although Kunugi et 

al. 4-6) reported that ethyl acetate was formed by the oxidative esterification of 

ethanol over metallic palladium on active charcoal catalyst (Pd/C), the yield of 

ethyl acetate was low because of the low conversion of ethanol. We reported) that 
the oxidative esterification of ethanol to ethyl acetate can occur over various 

kinds of single and mixed oxide catalysts. In the present study, the combination of 

Sb2O4 and MoO3 was found to be effective for the oxidative esterification of 

ethanol to ethyl acetate. The activity was discussed in relation to the structural 

change of the catalyst during reaction and the active species was proposed. 

     Catalysts were prepared by mixing the commercial powders of MoO3 and Sb2O3 in 

water, followed by continuous stirring, boiling to dryness, and subsequent calci-

nation in air at  500 ℃  for 5 h. Reaction was carried out in a flow system by

introducing a gaseous mixture of ethanol, oxygen, and nitrogen (diluent), normally 

in a molar ratio of 1:1:3, to the catalyst bed. Selectivities and yields were 

calculated on the mole basis of ethanol. X-Ray diffraction was carried out with a 

Rigaku Denki 4011 diffractometer using CuK radiation equipped with a chamber in 

which sample was subjected to an in situ measurement at high temperatures in 

various gas streams. The degree of reduction with hydrogen or ethanol was esti-

mated from the oxygen consumption for reoxidation of the reduced samples. After

evacuation up to  400℃,  the reduced sample was exposed to oxygen in a closed

system, and heated up to  600 ℃  for the completion of reoxidation. It was confirmed

that the reduction degree of unreduced catalyst was very small, and the reoxidation

† Visiting scholar from Changchun Institute of Applied Chemistry, Jilin, China.



1890 Chemistry Letters
, 1987

of the reduced cata-

lyst in air at room 

temperature was neg-

ligibly slow. Combu-

stion products were 

scarcely produced 

during reoxidation 

process. 

     The Sb-Mo-O sys-

tem was investigated 

by varying the 

composition ratio to 

optimize its cata-

lytic performance 

for ester formation. 

The temperature de-

pendences of ethyl

acetate yields over the Sb-Mo-O system are given in Fig. 1. For all these cata-

lysts, the ethyl acetate yield increased at lower temperature, but it decreased at 

higher temperatures because of the consecutive oxidation to CO2. However, the 

temperatures at the maximum yield were considerably lowered over the binary oxide 

catalysts in comparison to the single oxides. Moreover, the maximum yields were 

greatly enhanced by the combination of two oxides. The highest yield of ethyl 

acetate reached to about 30%, which has not been achieved over any other catalyst 

reported so far.

Fig.1. Temperature dependence of ethyl acetate yield 

        over Sb-Mo-O system catalysts. 

         (C2H5OH:O2:N2=1:1:3, W/F=13.6 g-cat.h/mol)

      The results given above were obtained ca. 4 h after the reaction started, when 

the reaction attained the steady state. The change of catalytic activity and selec-

tivities over the Sb-Mo-O catalysts in the course of ethanol oxidation at  300℃  is

shown in Fig. 2. Ethanol 

conversion was almost 

unchanged with reaction 

time. As for the freshly 

prepared catalyst, main 

product was acetaldehyde. 

The selectivity to ethyl 

acetate increased gradually 

in the course of reaction, 

accompanied with a decrease 

of selectivity to acetal-

dehyde, and they approached 

to steady values at ca. 4 h 

after the reaction started. 

This suggests that the 

catalytic reaction caused a 

structural change of the 

catalyst, which is

Fig.2. Reactivity change at  300℃  with reaction

time over Sb-Mo-O catalyst(Mo:Sb=1:1.5).

● conversion of ethanol

○selectivity to ethyl acetate

□ selectivity to acetaldehyde

△selectivity to CO & CO2
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favorable to the oxidative esteri-

fication. 

     The phase diagram 8) of the

ternary system of Sb-Mo-O at  500℃

contains no binary oxides between 

MoO3 and Sb2O4 at the highly oxi-

dized state. When the Sb-Mo-O 

system is reduced with H2/H2O 

gas mixtures, three kinds of 

binary oxides, i.e., Sb2Mo10O31, 

Sb4Mo10O31, and Sb2MoO6, can be 

formed in different conditions. 

     In the present study, the 

structural changes of the Sb-Mo-O 

catalyst in some reducing condi-

tions were monitored in situ by X-

ray diffraction at elevated tempe-

ratures. The freshly prepared Sb-

Mo oxide catalyst consisted of only 

a mixture of Sb2O4 and MoO3 after

the calcination in air at  500℃,

in which the diffraction lines 

from Sb2O4 was very weak because 

of its poor crystallinity. When Sb-

Mo-O catalyst was reduced at  400℃

(the reduction was extremely slow

at 300℃)  with a stream of

H2:N2=1:4 (in mol), the 

diffraction peaks of single oxides were much weakened and the three kinds of 

binary oxides mentioned above were formed gradually as shown in Fig. 3(A). 

However, mainly the Sb4Mo10O31 phase was formed as a reduced phase after the use

for ethanol oxidation (ethanol: air=1:4 in mol) at  300℃,  as shown in Fig. 3(B).

The Sb4Mo10O31 phase was also formed selectively by the reduction of the catalyst

with ethanol (ethanol:N2= 1:4 in mol)  at 300℃. These results indicate that

not only the mixing of MoO3 and Sb2O4, but also the reduction of the catalyst is 

indispensable for the enhancement of ester formation in the oxidation of the 

ethanol. The relation between ester selectivity in Fig. 2 and the formation of 

Sb4Mo10O31 phase suggests that this phase is most likely to bring about the high 

selectivity for the oxidative esterification. The Sb4Mo10O31 phase was always 

observed in the Sb2O4-MoO3 oxide after producing high yield of ethyl acetate. The

reduced phases disappeared in the reoxidation in air at  500℃.

     Since the formation process of the new phases is expected to involve the 

reduction of the oxides according to the phase diagram, the changes in phase and in 

oxidation state of the catalyst were investigated using ethanol or hydrogen as 

reducing reagents. Figure 4 shows reduction degrees of the catalyst, which are 

expressed as a percentage of the lost oxygen with an exposure of the unreduced

Fig.3. Structural change of the Sb-Mo-O 

      catalyst (Mo:Sb=1:1.5).

(A) reduced at  400℃  with H2:N2=1:4

(B) used at  300℃  with ethanol:air=1:4
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sample to the reducing reagents for 

4 h. It is noted that the catalyst in 

the working state was obviously 

reduced during the catalytic oxida-

tion of ethanol, when the ester for-

mation was enhanced. Moreover, the 

reduction degrees of the MoO3-Sb2O4 

catalyst were also measured in the 

absence of gaseous oxygen. It was 

obvious from Fig. 4 that the mixture 

of Moo3-Sb2O4 was much more reducible 

with ethanol than with hydrogen. 

     Since the catalyst reduced to 

some extent is expected to be effec-

tive for the oxidative esterification 

of ethanol as mentioned above, the 

catalyst was pretreated with ethanol 

and hydrogen before reaction, respec-

tively. The induction period of ca. 

4 h for the formation of ethyl 

acetate as observed in Fig. 2 was

shortened to 2 h, when the catalyst was pretreated with hydrogen (H2:N2=1:4) at

 400℃  for 4 h. And the induction period disappeared after pretreatment of the

catalyst with ethanol (ethanol:air=1:4) at  300℃  for 4 h. These results give

further understandings of the relationship between the formation of the reduced 

phases such as Sb4Mo10O31 and the selectivity to ester. Acetic acid and ketones 

were fairly produced, however, ethyl acetate was scarcely formed by introducing a 

mixture of acetaldehyde and nitrogen even though the catalyst was pretreated with 

ethanol (the catalyst was at the favorable state to the ester formation in the 

oxidation of ethanol), which excludes the possibility of the condensation of 

acetaldehyde.

Fig.4. Dependences of reduction degree 

      on the temperature (Mo:Sb=1:2).

● after catalytic reaction for 4 h with

C2H5OH:Air=1:4; after reduction for 4 h

with

•œ

C2H5OH:N2 1:4 or ○ H2:N2=1 :4.
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