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The vapor-phase oxidation of propylene was studied over VzO,, V@-PLOJ, and V205-Pt05- 
TeO, catalysts in the presence of water vapor. On pure VIOs, the oxidation products were acetic 
acid and carbon oxides, plus a small amount of acetone. As the content of phosphorus added to 
VzOS increases, the oxidation activity markedly decreases; on the other hand, the selectivity to 
acrylic acid increases and passes through a maximum at P/V atomic ratio = 1. IS lo 1.6, while that 
to acetic acid gradually decreases. With the V20s-PzOs (P/V = 1. IS) catalyst, the yield of acrylic 
acid attains 25 mol%, that of acetic acid is less than 10 mol%, and that of acrolein is less than 0.7 
mol%. The effects of the third components added to VQ-PIOJ (P/V = 1.15) were also studied. It 
was found that TeOl is the sole additive which can improve the catalyst performance. As the 
amount of TeOz increases, the specific oxidation activity increases, as do the formation of acrolein 
and the sum of the yields of acrylic acid and acrolein, while the formation of acetic acid passes 
through a maximum at TeiV = 0.02 to 0.04. With the V20S-PIOX-Te02 (TelPIV = 0.15/1.15/l) 
catalyst, the yield of acrylic acid attains 38 mol’Z when air is used as the oxidant and 42 mol% when 
oxygen is so used. The effects of reaction variables, such as the oxygen concentration, the propyl- 
ene concentration, the water vapor, and the temperature, on the activity and selectivity were also 
studied. Q 1986 Academic Presr. Inc. 

INTRODUCTION 

It is well known that propylene is oxi- 
dized quite selectively to acrolein over 
BizOs-Mo03, U30s-SbZ05, Sn02-Sb205, 
and Fe203-Sb205 catalysts. Indeed, a great 

number of studies have been made of this 
reaction (1-7). In addition, propylene is ox- 
idized directly to acrylic acid over Mo03- 
based mixed oxides such as Co304-Moo3 
(3, 4, 6). On the other hand, it is known 
that propylene is oxidized to acetone in the 
presence of water vapor over some Mo03- 
based oxides, above all, SnOz-MoOj (8). In 
contrast to these findings, it has been re- 
ported (9) that propylene is oxidized mainly 
to carbon oxides over V205 and VzOs-based 
mixed oxide catalysts. This may be the rea- 
son why few studies has been done on the 
oxidation of propylene with Vz05-based ox- 
ides. 

VZO~-PZO~ catalysts exhibit an excellent 
performance in the oxidation of n-butane 

and n-butene to maleic anhydride. It has 
been proposed (IO) that the phosphorus 
plays a role in depressing a side reaction, 
e.g., the hydration of butene to 2-butanol, 
which is further oxidized to acetic acid via 
methyl ethyl ketone (11). In line with this 
thought, it can be predicted that the addi- 
tion of phosphorus to V205 induces a de- 
crease in the hydration, which directs the 
propylene to the formation of acetic acid 
and carbon oxides via acetone, and that, as 
a result, it directs the propylene to allylic 
oxidation. 

On the other hand, VzOs-based oxides 
are known to be effective as catalysts for 
the oxidation of acrolein to acrylic acid (3, 
12, 13). Therefore, propylene can be ex- 
pected to be oxidized directly to acrylic 
acid over V205-P20s catalysts. 

In this study, we focused our attention on 
the oxidation of propylene with V205 and 
V205-P205-based oxide catalysts and at- 
tempted to clarify the effects of catalysts 
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and reaction variables, since no detailed in- 
formation about this oxidation reaction has 
yet been reported. 

EXPERIMENTAL 

Catalysts 

V20, catalyst. VZOs powder was partially 
dissolved in water by using oxalic acid. The 
mixture was evaporated with stirring. The 
obtained paste was then dried in an oven at 
150°C for 5 h. 

V205-P20~ (P/V atomic ratio = 0.9) cat- 
alyst. This catalyst was prepared according 
to a patent (14); that is, V205 was dissolved 
in tetrahydrofuran by slowly adding the 
required quantities of POC&. Then, the 
tetrahydrofuran was removed by distilla- 
tion under reduced pressure. The paste 
thus obtained was dried in an oven at 150°C 
for 6 h. 

V205-P205 (P/V > 1.0) catalysts. These 
catalysts were also prepared according to a 
patent (15); that is, VI05 was reduced by 
refluxing it in a solution consisting of ben- 
zyl and isobutyl alcohols for 2 h; a black 
suspended precipitate was thus formed. 
Then, the required quantities of 98% H3P04 
were added to the solution, and the solution 
was refluxed again for 2 h; a light blue, sus- 
pended precipitate was thus obtained. The 
solvent was removed by distillation. The 
paste thus obtained was dried in an oven at 
150°C for 6 h. 

V205-PzOs-M,O, catalysts. Fine pow- 
der of the above-mentioned precursor of 
the V205-P205 (P/V = 1.15) catalyst was 
added to an aqueous solution containing 
the required amounts of the third metallic 
compounds, such as Cs2C03, Li2C03, Bi 
W0313, CdN03)2> (CH3COCHCOCH& 
TiO, ZrOClz, H3B03, Sb203, H6Te06, and 
H3PMo12040. The mixture was kneaded 
to achieve a complete mixing. The paste 
thus obtained was dried in an oven at 150°C 
for 6 h. 

In each of the above procedures, the re- 
covered catalyst precursor was first 
calcined at 300°C for 6 h in a stream of air 

flowing at a rate of 2.0 vol/vol/min, then it 
was broken up and sieved to a lo-20 mesh 
size. Finally, it was calcined again at 450°C 
for 12 h in a stream of air, flowing at a rate 
of 1.0 vol/vol/min. 

Oxidation Procedures 

The oxidation of propylene was con- 
ducted in a continuous-flow reaction sys- 
tem. The reactor was made of a steel tube, 
50 cm long and 1.8 cm i.d., mounted verti- 
cally and immersed in a lead bath. Air or 
oxygen-nitrogen mixture was fed in from 
the top of the reactor, with water being in- 
troduced by means of a micro liquid-feeder. 
Unless otherwise indicated, the reaction 
conditions were fixed as follows; propylene 
concentration, 2.5 ~01% in air; water vapor 
concentration, 16.2 ~01% in air; sum of the 
flow rates of air plus propylene, 400 ml (at 
20”C)/min (ca. 1.0 mo1.h); amount of cata- 
lyst used, 10 g. 

The effluent gas from the reactor was led 
into three chilled water-scrubbers to re- 
cover the water-soluble compounds. At the 
end of 1 h, the content of the water-scrub- 
bers was collected (120 ml). The reaction 
products were analyzed by gas chromato- 
graphs; a l-m column of molecular sieve 
13 X for CO; a 6-m column of propylene 
carbonate for CO2 and propylene; a 2-m 
column of PEG 20M at 100°C for alde- 
hydes, ketones, and alcohols; a l-m column 
of SP-1200 + H3P04 at 130°C for acids. The 
amount of total acid was also analyzed by 
titration with 0.10 N NaOH using a pH 
meter. 

The yield and selectivity for a particular 
product were defined as mole percentage 
yield and selectivity on a carbon-ac- 
counted-for basis. 

RESULTS 

Performance of the V205 Catalyst 

The oxidation of propylene was con- 
ducted with the pure V205 catalyst under 
the conditions described in the Experimen- 
tal section, except that the amount of cata- 
lyst used was 5.0 g. The products were ace- 
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Temperature (CO) 
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Conversion of propylene (Y.) 

FIG. 1. Oxidation of propylene on the pure V20s 
catalyst. (A) Acetic acid, (+) acetone, (0) carbon ox- 
ides. 

tic acid and carbon oxides, plus a small 
amount of acetone. Formaldehyde was also 
obtained, but only at low temperatures be- 
low 180°C. The change in the yields of each 
product with the extent of the reaction was 
studied by elevating the reaction tempera- 
ture from 180 to 330°C (Fig. 1). 

Performance of the V205-P205 
(P/V = 1.15) Catalyst 

Figure 2 shows the results obtained with 
the VZOS-P~O~ (P/V = 1.15) catalyst. The 
profile of the product distributions is com- 
pletely different from that obtained in the 
case of the pure Vz05 (Fig. 1). The main 
partial oxidation product is acrylic acid, 
and the yield attains 25 mol%, while the 
yield of acetic acid is less than 10 mol%. 
The formation of acrolein is observed, but 
the yield is less than 0.7 mol%. 

Effect of the PIV Composition 

As may be seen in Figs. 1 and 2, there 
exists a large difference in the catalyst per- 
formances between the pure V205 and 
V~OYP~O~ catalysts. Therefore, the effect 

of the P/V composition on the catalytic 
action was studied. As the index of the oxi- 
dation activity, the temperature required 
for the propylene conversion of 50% with a 
fixed level (50 m2) of the catalyst surface 
area, t5o (“C), was employed, because the 
range of activity variation was so wide that 
it is hard to express it by a reaction rate at a 
fixed temperature. The results are shown, 
together with the surface area of the cata- 
lysts, in Fig. 3. The activity markedly de- 
creases with the increase in the phosphorus 
content. 

The effect of the addition of phosphorus 
on the yield of acrylic acid was then stud- 
ied. As may be seen in Fig. 4, the selectiv- 
ity to acrylic acid (the slope of the curve) 
increases with the phosphorus content, 
passes through a broad maximum at P/V = 
1.15 to 1.6, and then decreases with a fur- 
ther increase in the phosphorus content. 

The change in the yield of acetic acid is 
shown in Fig. 5. In the cases of all the cata- 
lysts, the yield attains a maximum value at 
a propylene conversion from 50 to 60%. 
However, it is clear that the formation of 

Temperature (C’) 
360 370 380 390 LOO 610 

I I I I I I 
60- 

50. 

LO 60 80 II 

Conversion of propylene I%) 

FIG. 2. Oxidation of propylene on the P/V = 1.15 
catalyst. (0) Acrylic acid, (A) acetic acid. ( 0) acro- 
lein, (0) carbon oxides, 
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Atomic ratio P/V 

FIG. 3. Effect of the P/V composition on the cata- 
lytic activity and the surface area. 

acetic acid decreases with an increase in 

PIV 

0 20 40 60 80 
Conversion of propylene ( %) 

the phosphorus content. FIG. 5. Effect of the P/V composition on the yield of 
acetic acid. 

Effect of the Third Component Added to 
v205-p2a ability to form acrylic acid. It was found 
In order to improve the yield of acrylic that only Te02 shows an improved perfor- 

acid, attention was given to the modifica- mance; none of the others is effective. 
tion of the V205-P205 (P/V = 1.15) catalyst Figure 6 shows the performance obtained 
by adding various kinds of third metallic 
compounds, such as Cs20, L&O, Bi203, 
Co304, Ti02, Zr02, B203, Sb203, Te02, and 
Mo03. The amount of the third metallic 
ions (M) was fixed: M/V atomic ratio = l/ 
10. A series of catalysts were tested for the 

” 
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I ,.I k I -0, I 

"0 20 40 60 80 
Conversion of propylene (%I 

01 1 I 1 I I I 
50 60 70 80 90 loo 

Conversion of propylene (@I.) 

FIG. 6. Oxidation of propylene on the Te/P/V = 
O.lS/l.lS/l catalyst. (0) Acrylic acid, (0) acrolein, 

FIG. 4. Effect of the P/V composition on the yield of (A) acetic acid, (0) carbon oxides, (0) acrylic acid 
acrylic acid. plus acrolein. 



0 0.1 0.2 
surface area of the catalysts, in Fig. 7. The 

Atomic ratio Tel Y  
specific activity increases with the Te02 

FIG. 7. Effect of the amount of TeOz added to P/V = 
content up to Te/V = 0.02 and it increases 

1.15 oxide on the catalytic activity and the surface 
less steeply with a further increase in the 

area. TeO2 content. The surface area of catalyst 
decreases with the TeOz content at Te/V > 
0.01. 

with the V205-P205-Te02 (Te/P/V = 0.15/ The effect on the formation of acrylic 
1.15/l) catalyst. The selectivity to acrylic acid, acrolein, and acetic acid is shown in 
acid (the slope of the curve) increases Figs. 8, 9, 10, and 11. 
steadily with an increase in the extent of Figure 9 indicates that the formation of 
reaction up to the propylene conversion of acrolein is very small when the content of 
99%. The yield of acrylic acid attains 38 Te02 is small, Te/V < 0.04, while it mark- 

edly increases when the Te02 content is 
higher, Te/V > 0.10, and that it shows a 
maximum value at the propylene conver- 
sion of about 60%. 
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mol%, while that of the sum of partial oxi- 
dation products, i.e., acrylic acid, acetic 
acid, and acrolein, attains 51 mol%. 

Effect of the Amount of TeOz Added to 
v2%-p205 

The effect of the amount of TeO2 added 
to V205-P205 (P/V = 1.15) on the catalytic 
action was studied. As the index of the oxi- 
dation activity, the conversion of propylene 
with a fixed level (10 m2) of the catalyst 
surface area and at 350°C was employed. 
The results are shown, together with the 

As may be seen in Fig. 10, the sum of the 
yields of acrylic acid and acrolein increases 
almost linearly with the extent of reaction, 

0' ' I 1 I I 1 I 
40 60 60 II 

Conversion of propylene 1%) 

FIG. 8. Effect of the amount of TeOz added to P/V = 
Conversion of propylene CV.1 

1.15 oxide on the yield of acrylic acid. TelV composi- FIG. 9. Effect of the amount of TeOz added to P/V = 
tion; (0) 0, (A) 0.02, (0) 0.04, (0) 0.10, (A) 0.15, (m) 1.15 oxide on the yield of acrolein. Te/V composition;  ̂ -- 0.20. (0) 0, (A) 0.02, (0) 0.04, (O)o.lo,(A)o.~5,(~)0.20. 
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0' ' L I I I 1 I I 
LO 60 80 100 

Conversion of propylene W.) 

FIG. 10. Effect of the amount of Te02 added to P/V 
= 1.15 oxide on the yield of acrylic acid plus acrolein. 
Symbols are the same as for Fig. 8. 

and it increases steadily with the increase in 
the Te02 content. 

Figure 11 indicates that the yield of acetic 
acid shows a maximum value at the propyl- 
ene conversion of from 50 to 80%, and that 
the formation of acetic acid markedly in- 
creases with the addition of a small amount 
of TeOz and passes through a maximum at 
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Conversion of propylene (7.) 

FIG. Il. Effect of the amount of TeO, added to P/V 
= 1.15 oxide on the yield of acetic acid. Symbols are 
the same as for Fig. 8. 

60- 

I I I I I 1 , , , 
0 20 LO 60 80 

oxygen (WI %) 

FIG. 12. Effect of the concentration of oxygen on the 
conversion of propylene. 

Te/V = 0.02 to 0.04. Then it decreases with 
a further increase in the TeOz content. 

Effects of Reaction Variables 

Oxygen concentration. The reaction was 
conducted with the V205-P205-Te02 (Tel 
P/V = 0.15/l. 15/l) catalyst by changing the 
initial concentration of oxygen from 6.3 to 
81.3 vol%, while fixing the other conditions 
as described in the Experimental section. 
The change in the propylene conversion at 
360°C is shown in Fig. 12. The conversion 
increases almost proportionally to the oxy- 
gen concentration at the concentration be- 
low 16 vol%, but it increases less steeply 
with a further increase in the oxygen con- 
centration. 

Figure 13 shows the results obtained by 
using oxygen as the oxidant in the tempera- 
ture range from 320 to 360°C. Comparison 
of these results with those obtained by us- 
ing air as the oxidant (Fig. 6) reveals that, 
as the oxygen concentration increases, the 
formation of acrylic acid increases at the 
expense of a decrease in the formation of 
acrolein, while the formation of acetic acid 
remains almost unchanged. 

Propylene concentration. The reaction 
was conducted by changing the initial con- 
centration of propylene from 1 .O to 7.8 
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Conversion of propy he (‘/.I 

FIG. 13. Oxidation of propylene using oxygen as the 
oxidant. Feed composition; CjH6-HzO-Oz = 25 
16.2-81.3 ~01%. Symbols are the same as for Fig. 6. 

~01% in air. The rate increased to a certain 
extent with the increase in the propylene 
concentration when the concentration was 
less than 2.5 vol%, but it ceased to increase 
with a further increase in the oxygen con- 
centration. 

Figure 14 shows the results obtained with 
the propylene concentration of 7.8 ~01% in 
air. Comparison of these results with those 
obtained with the propylene concentration 
of 2.5 ~01% in air (Fig. 6) reveals that, as 
the propylene concentration increases, the 
formation of both acrolein and acetic acid 
increases at the expense of a decrease in 
the formation of acrylic acid. 

Water vapor. With the addition of water 
vapor into the feed gas in the range from 
zero to 61 vol%, the rate of reaction re- 
mains almost unchanged. In order to clarify 
the effect of water vapor, another series of 
experiments were conducted with a propyl- 
ene concentration of 5.0 ~01% in air. The 
selectivities to each product at a fixed level 
(98%) of the propylene conversion are plot- 
ted as a function of the water vapor concen- 

0’ ’ I I I I 
50 60 70 80 90 

Conversion of propylene (%I 

FIG. 14. Oxidation of propylene with a high propyl- 
ene concentration. Feed composition; C,He-HzO-air 
= 7.8-16.2-76.0 ~01%. Symbols are the same as for 
Fig. 6. 

tration in Fig. 15. As the water vapor con- 
centration increases, the selectivity to 
acrylic acid and acetic acid increases, while 
that to acrolein decreases. 

I I I I 

0 10 20 30 40 
water vapor (WI % ) 

FIG. 1.5. Effect of the concentration of water vapor 
on the product distribution. Symbols are the same as 
for Fig. 6. 
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Reaction temperature. The effect of the 
reaction temperature on the product distri- 
bution was studied by comparing the yields 
obtained at a fixed level (90%) of the pro- 
pylene conversion because the product dis- 
tribution is dependent on the extent of reac- 
tion; the results were obtained by changing 
the amounts of catalyst used from 0.7 to 10 
g. Figure 16 shows the results obtained by 
using oxygen as the oxidant. It was found 
that as the elevation of temperature, the 
formation of acrolein increases, while that 
of acrylic acid and acetic acid decreases. 

DISCUSSION 

The results represented in Fig. 1 reveal 
that, on the pure V205 catalyst, the oxida- 
tion of propylene proceeds mainly through 
the following series of consecutive steps: 

C3H6 s [CH,CH(OH)CH,I z 

CH&YOCH3 z CH$ZOOH 

+ co, -s 3 co, 

The first step is a hydration of the propyl- 
ene catalyzed by the action of acidic sites; 
the second step is an oxidative dehydro- 
genation of 2-propanol, which is catalyzed 
mainly by the action of basic sites, and the 
third and fourth steps consist of oxidative 
C-C fission. The equilibrium concentra- 
tion of 2-propanol is very low under the 
present reaction conditions (16); therefore, 
the rate of propylene consumption is de- 
pendent on the catalytic activity for the de- 
hydrogenation of 2-propanol-in other 
words, on the basic property of the cata- 
lyst. It is also found, from the mode of 
change in the yields (17) that acetic acid is 
more stable than propylene and that ace- 
tone is much more reactive than propylene. 
At any rate, no products of allylic oxida- 
tion, such as acrolein and acrylic acid, are 
obtained by this reaction pathway. 

The addition of phosphorus to V205 in- 
duces a large decrease in the oxidation ac- 
tivity, as in the case of the oxidation of n- 
butane (18, Z9), while it can change the 

Temperature ICYI 

FIG. 16. Effect of the reaction temperature on the 
product distribution. Symbols are the same as for 
Fig. 6. 

product distribution. As for the effect of 
phosphorus, many attempts have been 
made to correlate the catalytic properties of 
VZOs-PZOs oxides with their structures 
and/or oxidation states; for example, Sch- 
neider (14) proposed that the catalysts con- 
taining a crystalline compound-the so- 
called B-phase having an average valence 
for vanadium of about 4, which was later 
assigned to (VO)zPzOT-perform well in the 
oxidation of n-butane. We are sure that the 
catalytic action is connected with the pres- 
ence of a certain special phase. However, it 
has not yet fully explained why the B-phase 
exhibits a desirable catalytic action; cata- 
lysts having a valence for vanadium of 
about 4 is also obtained by combining an- 
other component such as Moo3 or K$SOd, 
but these catalysts are not effective for the 
oxidation of n-butane. 

In this connection, we would like to ex- 
plain the catalytic action in terms of the 
acid-base property of the catalyst, which 
may be related to the structure and valence 
state of vanadium. That is, with the in- 
crease in the phosphorus content, the 
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acidic property increases, while the basic acidic property induces a strong activation 
property decreases, as has been shown in a of propylene on the acidic sites, which en- 
previous study (19). The decrease in the ables us to direct the propylene to an allylic 
basic property induces a decrease in the intermediate. As a result, the hydration 
catalytic activity for the dehydrogenation pathway and the allylic-oxidation pathway 
of 2-propanol, while the increase in the compete with each other: 

[CH3CH(OH)CH3] --, CH3COCH3 -+ CHjCOOH + CO, + 3 CO, 
w  

C3H6 rJ 
L 

C&(activated) + CH2=XH~CH2 --) CH*=CHCHO * CH2=CHCOOH 

It seems quite possible that the rate of 
allylic oxidation is controlled by the rate of 
allylic-intermediate formation, as in the 
case of Mo03-based mixed-oxide catalysts 
(1). In line with these thoughts, the two 
rate-controlling steps, the oxidative dehy- 
drogenation of 2-propanol and the forma- 
tion of the allylic intermediate, can be said 
to be oxidation reactions; consequently, 
both of them are affected, to a certain ex- 
tent, by the oxidizing function of the cata- 
lyst, which is related to the basic property 
of the catalyst (20, 21). However, the oxi- 
dizing function is not the sole factor decid- 
ing the activity, because the activation of 
the reactant molecule on the acidic and/or 
basic sites also plays an important role, es- 
pecially in the case of mild oxidation (21). 
In this instance, the increase in the acidic 
property and the decrease in the basic prop- 
erty serve to promote the allylic oxidation 
relative to the dehydrogenation of 2-pro- 
pan01 . 

As may be seen in Fig. 5, the hydration 
pathway steadily decreases with the phos- 
phorus content. On the other hand, the al- 
lylic oxidation pathway increases with the 
phosphorus content and attains a maximum 
at P/V = 1 .I5 to 1.6 (Fig. 4). With a further 
increase in the phosphorus content, the sur- 
face area markedly decreases (Fig. 3); as a 
result, a much higher temperature is re- 
quired to achieve a fixed level of propylene 
conversion. This may be the reason why 

the formation of acrylic acid decreases 
(Fig. 16). 

As is shown in Figs. 2 and 4, the yield of 
acrylic acid increases linearly with the ex- 
tent of reaction below 60%, indicating that 
the consecutive degradation of acrylic acid 
is small at this extent of reaction. However, 
with a further increase in the extent of reac- 
tion, the slope of the curve, e.g., the selec- 
tivity, decreases due to the decomposition 
of acrylic acid. 

As is shown in Figs. 5 and 1 I, with all the 
catalysts, the yield of acetic acid passes 
through a maximum at a propylene conver- 
sion of 50 to 80%, indicating that acetic acid 
is not so stable as acrylic acid on the V205- 
PTOs-based catalysts. 

The effects of the addition of TeO? are 
found to be twofold: (a) an increase in the 
overall oxidation activity per unit of surface 
area, and (b) a modification of the product 
distribution. The latter effect is somewhat 
complicated. That is, when the TeOz con- 
tent is low (TelV < 0.04), the formation of 
acrylic acid and acrolein remains almost 
unchanged (Figs. 8, 9, and lo), while the 
formation of acetic acid markedly increases 
with the TeOz content (Fig. 11). However, 
when the TeOz content is high (Te/V > 
O.lO), the formation of allylic oxidation 
products, especially acrolein, increases at 
the expense of a decrease in the formation 
of acetic acid (Figs. 9, 10, and 11). At least 
it seems to be clear that the activity for the 
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oxidation of acrolein relative to that for its 
formation decreases upon the addition of 
TeOz, though the activity for the formation 
by itself increases. 

In order to clarify the effects of the Te02 
addition on the acidic property of the cata- 
lyst, the catalytic activity for acid-cata- 
lyzed reactions, such as the dehydration of 
2-propanol and the isomerization of l-bu- 
tene, were tested. It was found that the ac- 
tivity decreases only slightly with an in- 
crease in the Te02 content. On the other 
hand, the oxidative dehydrogenation of eth- 
anol was chosen as a model base-catalyzed 
reaction, and the catalytic activity was also 
studied. However, no clear difference in 
the activity was observed upon the addition 
of TeOz. Since the V20s-P205 by itself is 
strongly acidic (19), therefore, it seems 
very hard to detect a subtle change in the 
acid-base property. Further investigation 
will be necessary to ascertain the effect of 
the TeOz. 

The rate of propylene oxidation is depen- 
dent on the oxygen concentration, while it 
is dependent only faintly on the propylene 
concentration, in contrast to the case of the 
Bi203-Moo3 catalyst (1). Similar results 
have been observed in the oxidation of IZ- 
butene (22) and isobutyric acid (23) on the 
V205-P205 catalyst. Possibly, this may be a 
common feature observed in every oxida- 
tion on an acidic catalyst. As has been men- 
tioned in a previous study (23), the surface 
of the acidic catalyst is difficultly saturated 
with oxygen because of its low affinity for 
oxygen (20, 21), while it is easily saturated 
with propylene because of its strong affinity 
for electron-donating (basic) compounds 
such as propylene. 

A comparison of the results shown in 
Figs. 6 and 13 reveals that the selectivity to 
allylic oxidation increases with the increase 
in the oxygen concentration. On the other 
hand, a comparison of Figs. 6 and 14 re- 
veals that the selectivity decreases with the 
increase in the propylene concentration. 
These findings suggest that the presence of 
vanadium in a high oxidation state favors 

the formation of an allylic intermediate 
rather than the dehydrogenation of 2-pro- 
panol. It is plausible that the acid-base 
property of the catalyst is affected by its 
oxidation state; an increase in the oxidation 
state induces an increase in the electroneg- 
ativity (24), which results in an enhance- 
ment of the acidic property rather than the 
basic property. 

As for the formation of acrolein, the 
results may be summarized as follows: the 
higher the temperature and the propylene 
concentration, and the lower the concentra- 
tions of oxygen and water vapor, the 
greater the amount of acrolein obtained. 
Similar results have been obtained in the 
oxidation of toluene to benzaldehyde (25). 
These findings leads us to consider that, in 
general, aldehydes are relatively stable at 
higher temperature with a low oxygen/ole- 
fin composition and in the absence of water 
vapor. 
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