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Oxidation of various olefms and some related hydrocarbons over CoXOa-MoOa and 
SnOrMoOa (Co or Sn:Mo=9:1) are described. Both binary oxides are effective 
catalysts for the oxidation of olefins to corresponding ketones, while SnOrMoO, is 
the better one. Propylene is converted to acetone at 19N6O”C with more than 90% 
selectivity over SnOrMoO,. n-Butenes and I-pentene are oxidized to methyl ethyl 
ketone and methyl propyl ketone (including diethyl ketone), respectively. However, 
ethylene is converted exclusively to carbon dioxide. Isobutene, which has no cor- 
responding ketone, is converted to t-butyl a,lcohol and diisobutene over SnOrMoOs 
and to a-methyl acrolein over CosO4-MOO,. On the other hand, primary and sec- 
ondary alcohols are easily oxidized to corresponding aldehyde and ketone, respec- 
tively, over <both catalysts. The ketone formation is concluded to proceed via oxyde- 
hydrogenation of alcohol or alcoholic intermediate formed by hydration of olefin. 
The active site seems to involve an acidic point which is formed by the combination 
of tin or cobalt oxide with molybdenum trioxide. 

INTRODUCTION 

In the first paper of this series, the 
authors reported that the binary oxide con- 
taining molybdenum and cobalt oxides is 
an excellent catalyst for the oxidation of 
propylene to acetone (1). The selective 
formation of acetone was particularly 
prominent over the catalysts containing 10 
to 20% molybdenum on a metal atom basis. 
Although a number of oxidations of olefins 
promoted by solid catalysts have been re- 
ported, most of them dealt with the allylic 
oxidation, e.g., propylene, n-butenes, and 
jsobutene are oxidized to acrolein and/or 
-acrylic acid, butadiene, or maleic anhy- 
dride, and <a-methyl acrolein, respectively. 
The synthetic method for the selective 
.formation of ketone by one-step oxidation 
Gof olefin had not been reported except the 
oxidation using PdCl,CuCl, catalyst in 
aqueous medium (2). 

A further investigation was made exam- 
ining the catalytic activity of various 
transition metal oxides mixed with 10 
at’omic $6 molybdenum for the oxidation 
of propylene to acetone (3). It was found 
that those systems containing SnOz, Cr203, 
NiO, and FenOs are also effective for this 
reaction. The SnOz-Moos system was most 
efficient and the selectively to acetone from 
propylene was above 80% at 130 to 180°C. 

On the other hand the same catalyst sys- 
tem, SnO,-Moo,, was investigated by 
Buiten (4) for the oxidation of propylene 
in the presence of steam, whereas the 
method of catalyst preparation and the re- 
action temperature were different from 
those adopted in the work mentioned above. 
The main product found by Buiten was 
also different and consisted of acetic acid, 
acrolein, and acetone. No mechanism for 
the formation of acetone was given. 

132 



OXIDATION OVER MOOR-CONTAINING CATALYSTS. III. 133 

It was accordingly decided to investigate 
the mechanism of acetone formation over 
these catalysts. Tko catalyst systems were 
selected for this study, one was Co,O, 
MOO, which had been studied since initi- 
ation of this work, and the other was 
SnOz-MoOa which gave the best result for 
the formation of acetone. The method 
adopted here is, in principle, chemical 
characterization of the reaction, which 
seems to be fruitful as the first step. 

The present paper deals with the results 
obtained in the oxidation of various olefins 
to corresponding ketones. A possible mech- 
anism of the oxidation of olefin over both 
catalyst systems is discussed on the basis 
of the results. 

EXPERIMENTAL SECTION 

1. Procedure 

All the data were obtained by using a 
flow system described previously. A Pyrex 
glass reactor of 25-mm i.d. held about 20 g 
of catalyst. The length of the catalyst bed 
was about 30 mm. All the experimental 
runs were carried out under a constant gas 
hourly space velocity, i.e., 400 ml/ml-cat 
hr, and at atmospheric pressure. The re- 
actant gas composition used in the oxida- 
tion of each reactant were as follows: 

Composition (vol 70) 

Hydro- 
rarbon 

Or 

Reactant. alcohol Oxygen Nitrogen Water 
~ - 

Olefin (except 20 30 20 30 
for 1-G) or 
paraffin 

1-Pentene 3 30 37 30 
Alcohol 1-3 30 37-39 30 

All the analyses were carried out by gas 
chromatography. Mass spectrometry was 
used for the identification of organic 
products. 

2. Catalyst Preparation 

SnO,-Moo,. Stannous chloride and am- 
monium molybdate were used as the start- 
ing materials. The precipitation obtained 

by adding aqueous ammonia solution to 
stannous chloride solution was filtered and 
washed with water sufficiently. The stan- 
nous hydroxide thus obtained was mixed 
with ammonium molybdate solution to give 
a tin to molybdenum atomic ratio of Sn- 
9Q/Mo-10. The mixture was dried and de- 
composed to oxide by heating in air at 
300°C for 2 hr. The obtained powder of 
the binary oxide was pressed into cylindri- 
cal shape (3 mm in diameter and 4 mm in 
length) and calcined at 550°C for 5 hr. The 
surface area measured by nitrogen adsorp- 
tion was 45.6 m”/g. 

Co,O,-MOO, and Co,O,. Co304-MoO3 
having a cobalt to molybdenum atomic 
ratio of Co-90/Mo-10 was used for this ex- 
periment. Both Co,O,-MOO, and pure 
Co,O, catalysts were obtained from the 
same batch used in the previous experiment 
(1). 

SnO,. Pure stannic oxide catalyst was 
obtained by the same procedure as for the 
SnO,-Moo, catalyst except for the mixing 
with ammonium molybdate solution. The 
surface area was 40.6 m”/g after the cal- 
cination in air. 

RESULTS 

1. Oxidation of Olefins 

Propylene. The results obtained by the 
oxidation of propylene over SnO,-Moos 
are shown in Table 1. Acetone was produced 
with about 90% selectivity at lower con- 
version and at temperatures below 135°C. 

A comparison of these data with those 
obtained over Co304-Moo3 (1) shows that 
a higher activity as well as selectivity to 
acetone was obtained with SnOz-Moo, at 
the same conversion. The higher activity 
is shown by the lower reaction temperature. 
The product distribution in this work is, 
in comparison with Buiten’s (4)) remark- 
able in the high selectivity to acetone. The 
formation of acetic acid was rather low, 

and acrolein and acrylic acid were not de- 
tected in the oxidation product. 

n-Butenes. Methyl ethyl ketone (MEW 
was produced by the oxidations of 1-butene, 
&-2-butene, and trans-2-butene over both 
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TABLE 1 
OXIDATION OF PROPYLENE OVER SnOz-MoOl AND Co&-A1003 

Cat,alyst,: SnO?-MoOa Co&-MOOP 

Reaction temp (“C) : 115 124 135 175 195 210 280 
Conversion (%) : 2.9 3.9 9.0 22.0 2.0 4.0 18.0 

CH3COCHs 90.0 90.0 85.3 65.0 80.9 75 .3 20.0 
CH2=CHCHO - Trace 1.3 30 
CHz=CHCOOH - - - - 0.5 0.6 2.0 
q$CH&OOH Trace Trace 2.6 2.0 9.9 11.4 6.0 
>$CO - - Trace 3.0 0.8 9.0 
fg20, 10.0 10.0 12.1 30.0 8.7 10.6 60.0 

a Taken from the data in Ref. (1). 

SnOz-Moo, and Co,O,-MOO,. The results ketone from butene was generally lower 
are summarized in Tables 2 and 3. than that in the propylene oxidation. 

MEK was the main product in the l- 
butene oxidation over both SnO,-Moo, and 
Co,O,-MOO,. This feature was somewhat 
different in the case of 2-butenes, particu- 
larly over Co,O,-MOO,. That is, the 
amounts of acetaldehyde and acetic acid 
were increased, with the total selectivity 
to CZ products exceeding that to MEK. Al- 
though MEK was the main product from 
trans-2-butene over SnO,-Moo,, consider- 
able amounts of acetaldehyde and acetic 
acid were also formed. The selectivity to 

Butadiene, which is expected from allylic 
oxidation of n-butenes, was not detected 
in any case. As shown in the last columns 
of the Tables 2 and 3, rapid ixomerizations 
of reactant n-butenes were observed at 
higher temperatures. Most of the reaction 
product obtained at higher temperatures 
seemed to result from the equilibrium mix- 
ture of n-butencs. 

In summary, the selectivity to ketone 
from butene was generally lower than that 
in the propylene oxidation, and was more 

TABLE 2 

OXIDATION OF l-BUTEKE OVER SnOsPMoOa AND CosOd-MOOS 

Catalyst: Sn02-iMoO Co30,-MO03 

Reaction temp (“C) : 135 160 180 210 240 255 274 
Conversion (o/c) ? 4.8 6.1 8.4 17.5 2.2 30 5.2 

Oxidation” 
CH&OCzHs 
SCHzCOCHs 

~CzHsCOOH 

>6CHXHO 
>iCH,COOH 
>CCO 

j/,co, 

Isc,merizstion* 
cis-2-&H, 

trans-2-C1H~ 

85.3 60.3 38.7 24.7 60.8 44.3 27.8 
Trace 3.9 2.0 1.4 - 
Trace 2.3 2.9 1.5 - 

2.2 3.9 28 2.4 7.2 7.0 6.9 
2.6 5.2 8.7 4.9 7.2 13.6 24.8 

Trace 3.6 10.6 12.5 5.5 8.7 
9.9 20.8 34.3 52.6 24.8 29.6 31.8 

16.4 28.0 31.4 37.0 16.5” 20.8~ 29.2c 
11.2 26.1 38.0 44.4 

a The value exclusive of the isomerieation. 
b The value is the percentage of the feeded I-butene isomerized into a given produ& 
c Mixture of cis- and trans-2-CIH~. 
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T4BLE 3 

OXIDATION OF 2-BUTENES OVER SnOz-MoOa AND Cv304-Moo3 

2-Butene: truns-2-C4Hg &s-2-CaHo bans-2-CdHs 
Catalyst: Sn02-MoOa Co&-M003 Co&-M003 

React,ion temp (“C) : 130 155 200 266 275 233 255 270 
Conversion (70) : 4.0 9.2 20.0 5.0 7.0 2.5 4.0 6.7 

OxidaGon 
CHaCOCzHj 
xC!H&OCH3 
4/4CzH&OOH 
>dCH&HO 
+$CH&OOH 
>/4co 
$/qCO* 

Isomerizat,ion 
l-C4Hs 
cis- or truns-2-C,Hs 

60.6 58.8 32.8 14.5 12.9 26.7 17.3 13.3 
tr 3.1 2.1 - - tr tr 3 0 
tr tr tr - - 

15.2 11.1 7.7 10.4 12.1 16.9 18.3 9.7 
18.0 12.9 6.8 38.0 35.4 18.2 22.3 30.4 

tr 2.1 9.8 6.5 9.1 6.7 9.i 10.3 
6.2 12.0 40.8 30.6 30.5 31.5 32.3 32.3 

tr 3.6 9.7 9.7 9.6 tl tr 2.0 
tr 18.0 31.9 8.3 8.0 - tr 

favorable with 1-butene than with 2- 
butene. The catalyst SnOn-Moo, gave a 
better performance over CO,O~-MOO,. 

I-Pentene. 1-Pentene was oxidized over 
SnOz-Moo, at 158 and 185°C with the 
results shown in Table 4. The main product 
was methyl propyl ketone (MPK) includ- 
ing some amount of diethyl ketone. The 
selectivity was fairly high in spite of higher 
conversion, although this result seems to 
be due to the low concentration of l-pen- 
tene in the reactant gas. All the products 
other t,han MPK were those formed by 

TABLE 4 
OxIDhTION OF I-PENTENE OVER Snot-MoOa 

Reaction temp (“C) : 158 185 
Conversion (%) : 8.0 22.0 

Oxidation 
CHsCOCaH?” 65.4 52.6 
4/5CzHXOOH 1.0 1.4 

3/5CH&OCHs Trace 2.2 
3/5CzHsCOOH Trace 2.1 
2/5CH&HO 1.0 1.4 
2/5CH&OOH 2.0 3.0 
1/5co 2.0 9.9 
1/5co2 25.6 27.4 

Isomeriaatjion 
2-CsHt,, 57.4 70.4 

1~ Including diethyl ketone. 

C-C bond rupture. A rapid isomerization 
of 1-pentene was also observed in this case. 

Isobutene. Since isobutene has no cor- 
responding ketone, it is expected that some 
information about the reaction mechanism 
to form ketone may be obtained from the 
oxidation of this olefin. The results are 
shown in Table 5. 

Over Co&-MOO,, there was no signifi- 
cant effect of reaction temperature on the 
selectivity. .cu-Methyl acrolein was obtained 
at about 50% selectivity. The selectivities 
to acetone and acetic acid were ll-16% 
and 5%, respectively, on the carbon atom 
basis. On the contrary, over SnOz-Moo,, 
the selectivity depended seriously on the 
reaction temperature. Below 105”C, tert- 
butyl alcohol was selectively obtained. 
From 136 to 195”C, diisobutene was the 
main product with small amounts of 
acetaldehyde, acetic acid, and acetone. 
Formation of carbon dioxide increased 
rapidly with increasing temperature and at 
24O”C, more than 60% of reacted isobutene 
was converted to carbon dioxide with small 
amounts of diisobutene, acetone, and 
a-methyl acrolein. 

Butadiene, ethylene and n-butane. Buta- 
diene was oxidized at three temperatures 
over Co,O,MoOa (Table 6). The reactivity 
of butadiene was somewhat lower than 
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TABLE 5 

REACTION OF ISOBUTENE OVER SnOrMoO, AND CosOrMoO, 

Catalyst : SnOz-MoOa Co~04-Mo03 

Reaction temp (“C): 90 105 136 178 195 232 254 264 280 

Conversion (%) : 2.7 4.8 7.2 7.5 10.0 1.9 3.8 5.0 8.5 

CHaC(CH3)zOH 
CH2=C(CH3)CHO 

2DIBa 

sCH&OCHa 
>$CH&HO 

JQZHzCOOH 

>/4co 

j/,co, 

100 82.6 19.3 7.1 Trace Trace Trace - - 

- - - 51.6 47.9 49.8 50.5 
Trace 17.4 71.9 65.4 47.2 - - - - 

- - 2.1 5.8 8.3 15.9 16.2 11.3 11.8 
3.5 2.6 2.0 - - - - 

- - 0.7 1.3 1.7 5.7 5.1 5.5 4.6 

- 3.7 9.8 5.4 9.3 8.5 8.1 
- 2.5 15.0 31.0 21.4 21.5 24.9 25.0 

a Diisobutene (&HI,). 

monoenes used in this work. Furan was Ethylene was oxidized over both cata- 
obtained with 10% selectivity accompanied lysts. Although a trace amount of acetalde- 
by equal amount of acrolein. This product hyde was detected over SnO,-Moo, at tem- 
distribution is similar to that reported by peratures lower than 14O”C, the product 
Adams in the oxidation of butadiene over was mainly carbon dioxide in all cases. 

TABLE 6 

OXIDATION OF BUTADIENE OVER CosO,MoO, 

Reaction temp (“C): 250 270 290 

Conversion (%) : 2.0 4.0 8.0 

Furan 11.6 10.8 9.3 

3/4CH-CHCHO 11.6 13.9 10.7 

1/2CH&OOH 19.2 6.9 3.4 
1/4co 15.1 20.1 22.8 

1/4co2 37.0 44.8 51.1 

Carboxylic acidsa 5.5 3.5 2.7 

0 Total carboxylic acids exclusive of acetic acid. 

n-Butane was oxidized very slowly at 
205-250°C but violently above 260°C 
over Co,O,-MOO,. n-Butenes which are ex- 
pected to form in the oxidative dehydro- 
genation of n-butane was not detected at 
any temperature and at any conversion. 
The only product was carbon dioxide. 

Moo,-B&O, (5). Methyl vinyl ketone, 
croton aldehyde and diketone which are 
expected to form from butadiene by an 
analyogical reaction, were not detected. 

Oxidation of propylene over SnO,, 
Co304, and MOO,. Some oxidations of 
propylene were carried out over the com- 
ponent oxides. The results obtained by pure 
SnOz are shown in Table 7. The activity 
of SnOs was much lower than that of SnOz- 
MOO,. Propylene was hardly oxidized below 
300°C. Above 3OO”C, more than 90% of 
reacted propylene was converted to both 
carbon monoxide and dioxide. 

TABLE 7 
OXIDATION OF PROPYLENE OVER PURE SnOz 

Reaction temp (“C) : 259 290 315 360 415 
Conversion (%) : 0.3 3.5 10.4 18.3 33.6 

CHaCOCH3 +” Trace 
CH.z=CHCHO - 

CHz=CHCOOH - 
4$CH&HO - 

?dCH,COOH - 

gco ++” 40.8 
jfico, ++” 59.2 

a The selecbvity could not be determined precisely. 

2.2 1.0 
4.7 3.9 

- - 
Trace Trace 

0.4 0.2 

46.6 37.5 
46.1 57.4 

0.6 
1.1 

Trace 
Trace 

0.2 

13.0 
85.4 
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The activity of pure MOO, was extremely 
low as reported previously (1). It was com- 
pletely inactive at temperatures below 
350°C. The selectivity at 485°C and at 
15% conversion was as follows; acrolein, 
44.4%; acrylic acid, 1.0% ; 2/3 acetic acid, 
6.7% ; 1/3 carbon monoxide, 31.5% ; 1/3 car- 
bon dioxide, 16.4%. 

It has been reported that Co,O, is the 
most active oxide for the oxidation of olefin 
and produces only carbon dioxide as oxi- 
dized product (1, 6, 7). Under the reaction 
condition used in this study, 15% of pro- 
pylene was converted to carbon dioxide at 
220°C. No other products were detected in 
the effluent gas from the reactor. These re- 
sults show that the component oxides are 
completely inactive for the formation of 
ketone. 

2. Oxidation of Alcohols 

Alcohol is a possible intermediate to form 
ketone from olefin. Some alcohols corre- 
sponding to the olefins used in this study 
were oxidized over the both catalysts. 

Isopropyl alcohol. The results over both 
catalysts are summarized in Table 8. Iso- 
propyl alcohol (IPA) was converted to 
acetone and propylene over SnOz-Moo, at 
a rate much faster than the oxidation of 
corresponding olefin. Formation of carbon 
dioxide was extremely small. The selec- 
tivity to ketone decreased with increasing 
temperature. Diisopropyl ether was formed 
in addition to acetone and propylene in the 
case of higher concentration of IPA in the 
reactant gas. 

IPA was also selectivity oxidized to ace- 

tone over Co,O,-Moo3 at 195 and 210°C 
as shown in Table 8. However considerable 
amounts of carbon dioxide and acetic acid 
were formed in addition to propylene and 
acetone at 237 and 260°C. The selectivity 
to the byproducts remarkably increased 
with increasing temperature over Co304- 
MOO, in contrast with SnOrMoOs. This 
feature resembles that observed in the oxi- 
dation of propylene. 

set-Butyl alcohol. set-Butyl alcohol 
(SBA) was oxidized over both catalysts 
with the results summarized in Table 9. 
Over SnO*-Moo, MEK was formed quite 
selectively at 100°C. The selectivity to 
ketone dropped rapidly with increasing 
temperature with concurrent increase of 
formation of n-butene isomers. Selectivities 
to carbon dioxide, attic acid, and acetalde- 
hyde were at most a few percent. 

On the other hand, over CosO1-MOO,, a 
large amount of acetic acid was formed in 
addition to MEK at 200°C. n-Butenes were 
also formed above 215°C. Substantial for- 
mation of carbon dioxide was observed par- 
ticularly at higher temperatures. 

teti-Butyl alcohol. The results are given 
in Table 10. tert-Butyl alcohol (TBA) was 
selectively converted to isobutene over 
SnOz-Moo,. CojOc-MOO, was also selec- 
tive for this dehydration of TBA at 237”C, 
whereas the oxidation to carbon dioxide 
exceeded dehydration at higher tempera- 
ture. No ketone was detected in any case. 

Ethyl alcohol, Ethyl alcohol selectively 
gave acetaldehyde at 195 and 207°C over 
Co,O,-MOO, as shown in Table 11. Selec- 
tivity to acetaldehyde decreased with con- 

TABLE 9 

REACTION OF SBA OVER Snot-MoOa AND CorO~-MOOS 

Catalyst: Snot-MoOa CorOa-Moot 

Reaction temp (“C): 100 117 130 155 200 215 225 240 265 
Conversion (70) : 5.6 38.4 58.0 75.0 24.7 45.5 52.7 59.5 67.5 

CHICOGHS >90 41.1 19.3 7.9 43.0 7.9 5.5 Trace - 
Cd% Trace 56.4 75.9 78.8 5.0 43.6 47.7 51.2 40.1 
SCzHsCOOH - - Trace Trace - - - 

MCHaCHO - Trace 1.6 7.5 5.1 5.1 2.5 Trace 
$QZHdZOOH Trace Trace 1.0 5.0 37.3 31.2 26.0 27.9 25.0 
jico, Trace 3.5 3.8 6.7 7.2 11.2 15.7 18.4 34.9 
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TABLE 10 
RFXCTION OF TBA OVER SnOz-MoOa AND Co&-MoOa 

Catalyst,: 

Reaction t)emp (“C) : 
Conversion (%) : 

SnOz-MoOa Co&-M003 

100 120 135 160 237 250 275 290 
75.0 76.8 77.0 78.0 54.0 56.0 61.0 70.0 

CHz=C(CH3)4 
2DIB 
~CHGOCH~ 
>$CH,COOH 
XC02 
liC0 

100 96.9 96.4 89.9 87.4 77.1 44.3 16.8 
- 1.4 1.4 Trace - - 
- - - 2.9 - - - - 
- - - 0.2 2.0 5.5 5.9 4.6 

Trace 7.0 9.0 14.6 45.0 77.0 
- - - 1.6 2.8 4.8 1.6 

current increases of acetic acid and carbon 
dioxide at higher temperature. Ethylene 
was not detected in any case. The product 
distribution was quite different from that 
in ethylene oxidation mentioned before. 

DISCUSSION 

1. Reaction Path of the Ketone Formation 

Tables 1 to 4 show that the two catalysts 
used in this study are effective for the 
selective formation of ketone from olefin. 
SnO,-Moo, is the better system, both in 
the selectivity and the activity, the latter 
being shown by lower reaction temperature. 

Three mechanisms were suggested for the 
acetone formation from propylene in Part I 
(1). Mechanism 1 assumes an anionic in- 
termediate formed by nucleophilic attack 
of oxygen anion (O- or O*-). Mechanism 2 
assumes an alcoholic intermediate formed 
by hydration of carbonium ion. Mechanism 
3 assumes a a-complex of alcoholic inter- 
mediate formed by nucleophilic attack of 
hydroxyl anion as accepted for oxypallada- 
tion of olefin in aqueous medium (8, 9). 

TABLE 11 
OXIDATION OF ETHYL ALCOHOL OVER Co30~MoOf 

Reaction 
temp (“C): 195 207 240 260 

Conversion 
(%): 8.8 17.3 31.0 40.0 

- -_ 
CHICHO 86.5 80.6 47.0 28.3 
CHICOOH Trace 5.9 24.9 26.4 
1/2co2 13.5 13.5 28.1 45.3 

a No ethylene was deterted at any condition. 

Mechanism 2 seems to be most favorable 
for the formation of ketone on the basis of 
following results: 

1. Tertiary butyl alcohol was produced 
from isobutene which has no corresponding 
ketone. This means the catalysts have an 
ability to hydrate olefin. 

2. No carbonyl compound was formed 
from ethylene which is known to be hard 
to hydrate. This result is reasonable with 
mechanism 2, while hardly explained by 
the nucleophilic addition to olefin (10). 

3. Secondary alcohol was readily oxidized 
to the corresponding ketone under the same 
reaction condition as in the olefin oxida- 
tion. This means the alcoholic intermediate 
assumed in mechanism 2 can be converted 
to ketone. 

4. Dehydration to form the correspond- 
ing olefin also took place in the oxidation 
of alcohol. This again shows that the cata- 
lysts are able to promote the hydration of 
olefin. 

The results 2 and 3 also indicate that the 
oxidation of alcoholic intermediate is not 
rate-determining in mechanism 2. The slow 
step seems to be the hydration of olefin. 
In agreement with this view, no alcohol 
was detected in the effluent gas of the olefin 
oxidation except the oxidation of isobutene 
which can not be oxidized to the ketone. 

Since molecular hydrogen was not de- 
tected in the product gases obtained by the 
reactions of olefin and alcohol, it is obvious 
that the formation of ketone from alcohol 
occurred by oxydehydrogenation. Acetone 
was also produced from IPA in the absencr 
of oxygen over the both catalysts. HOW 
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TABLE 12 
SELECTIVITIES TO LOWER CI\RBOXYLIC ACIDS AND ALDEHYDE IN THE OXID.ITION OF 71-0~~~1~ 

OVER SnOz-MoOa 

n-Olefin 
Temp 

(“C) 

Selectivit,y 
Conversion 

(%I) CaH,COOH CzH&OOH CH&OOH CHICHO 

CHF=CH~ 
CH z=CHCHs 
CHF=CHCH~JH~ 
CH&H=CHCHa 
CH2=CHCHzCH&H3 

170 
135 
180 
155 
158 

8.0 
9.0 
8.4 
9.2 
8.0 

- 

- 
- 
1.0 

- 

2.9 
- 

Trace 

2.6 
8.7 

12.9 
2.0 

- 
Trace 

2.8 
11.1 

1.0 

ever, the reaction rate of alcohol to ketone These results suggest that t’he side re- 
was much slower than that in the presence actions producing lower acids and alde- 
of oxygen. This demonstrates that O- or hydes were caused by the decomposition of 
02- takes part in the ketone formation. olefins at the double bond. The adsorbed 
Thus the reaction path for the formation of state of olefin on oxide may be conceived 
ketone can be described as Eq. 1. as a rr complex with some electron donated 

H2O 7 o- or 0' 
CH2=CHR - 

SIOW 
CH,-F-R - CH,-C-R + H,O (1) 

fost 
OH 1: 

6. Mechanism for the Side Reaction 

There were some other reaction products 
such as carbon oxides, aldehydes, and car- 
boxylic acids which must be formed by the 
side reaction to cause the fission of the 
carbon-carbon bond of the reactant olefins. 
As shown in the results, these side reactions 
were increased with the reaction tempera- 
ture. The lower aldehydes and acids ob- 
tained by the side reaction of each olefin 

to oxide surface as shown for nickel oxide 
(11, 12) and cobalt oxide (13). The P 
adsorbed olefin would react with active 
oxygen on the catalyst surface to break the 
double bond, one fragment possessing one 
carbon atom being immediately oxidized 
to carbon oxides, and another fragment 
possessing longer carbon chain being oxi- 
dized to acid or aldehyde as expressed by 

Eq. (2). 

CH CH-CH,R W! RCti,-CHO RCHZ -COOH 

*c!L 
O-or 02- / CH# 7 co, co2 

(2) 

over the SnO,-Moos catalysts are sum- According to the same mechanism acrolein 
marized in Table 12. It should be noted in would be formed by the oxidation of buta- 
Table 12 that the carboxylic acid of a diene. In fact, this was the case shown in 
carbon chain shorter than the reactant Table 6. It has been shown for the adsorp- 
olefin by one carbon atom was obtained in tion of olefin over oxide that ,&olefin is 
the oxidation of #a-olefin, whereas G-car- adsorbed more strongly than corresponding 
boxylic acid was not detected in the product oc-olefin (11-13). Furthermore, when the 
and instead, substantial amounts of acet- double bond is attacked by the electrophilic 
aldehyde and acetic acid were formed in reagent, the reaction rate of ,&olefin is ad- 
the oxidation of 2-butene. A fairly high mittedly higher than that of a-olefin (14). 
yield of acetic acid from l-butene seems to In %his connection, it seems reasonable that 
be formed after isomerization to 2-butenes. the side reaction to form lower aldehyde 
Similar results were obtained over Co,O,- and acid was much more pronounced in the 
MOO,. oxidation of 2-butenes than 1-butene over 
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both catalysts as shown in Tables 2 and 3. 
Isobutene was oxidized to a-methyl acro- 

lein with about 50% selectivity over CoS 
O,-MOO,. This reaction is well known over 
Moo,-Bi,O, and has been reported to 
proceed via an allylic intermediate formed 
by the abstraction of a hydrogen atom of 
a-position to the double bond (15-19). 
Since propylene is also oxidized to acrolein 
at higher temperature over Co,O,-MOO,, 
it seems that some allylic oxidation occurs 
as a side reaction. On the other hand, any 
reaction product corresponding to the al- 
lylic oxidation was not observed in the 
oxidation of olefin over SnO,-Moo,. 

The reaction rate of paraffin was quite 
low on both catalysts. This suggests that 
decomposition in the alkyl part of olefin 
far from the double bond occurs with dif- 
ficulty under the reaction condition. The 
above discussion is summarized in the re- 
action scheme shown in Scheme I. 

In Scheme I, the selectivity of the reac- 
tion is determined by the rate of ketone 
formation relative to that of direct oxida- 
tions of olefin (iii and iv). The former is, 
as described above, seemingly controlled by 
the hydration step at lower temperature, 
but it’ is expected at higher temperature 
that, the hydration step reaches an equilib- 
rium, because it is unfavorable for alcohol 
at higher temperature. If this is the case, 

olefin from alcohol, decreases with increase 
in the reaction temperature. In this case, 
the heat effect for the rate of ketone forma- 
tion is reduced by the heat of hydration. 
On the other hand, the rate of direct oxida- 
tion of olefin usually exhibits a higher heat 
effect over various oxide catalysts. Accord- 
ingly, the apparent heat effect for the 
ketone format’ion from olefin would be 
lower t’han that for the direct oxidation of 
olefin. It seems that the higher selectivity 
to ketone at lower temperature and the 
higher selectivity over Snot-Moo3 than 
over Co,O,-MOO, are reasonably explained 
on the basis of the above discussion. 

The above view also explains the differ- 
ence in the product, distributions between 
Buiten (4) and present authors. In Buiten’s 
work, runs over SnOe-Moo, were made at 
temperatures higher than 272”C, which is 
about 150°C higher than the present’ case. 
It seems obvious that this difference in the 
reaction temperature brought about the 
difference in product distribution, i.e., selec- 
tive formation of ketone in the present case 
and format,ion of acetic acid accompanied 
with acetone and acrolein in Buiten’s work. 

As shown in Tables 8 and 9, t’he forma- 
tion of carbon dioxide was usually low in 
the oxidation of alcohol over SnO,-Moo,. 
This means direct oxidation of alcohol to 
carbon dioxide and secondary oxidat’ion of 

CH,CHO, CO 

CH,=CH-CH,R - 
(reactant) (i) 

CH,-?H-CH,R - CH3+-CH,R 

OH (ii) 0 

it 
CH 

RCH,-CHO - RCH,-COOH, CO, 

CH,-Cl+CHR - 

-7x- (“) 

CH,=CH-CC0 

CH,=CH-CH=CHR’ 
Ally radical 

Scheme I 

the rate-determining step would be shifted the produced ketone are low in this cata- 
to the step of alcohol oxidation. This cir- lyst. On the other hand, considerable 
cumstance seems to be demonstrated in the amounts of decomposed products were ob- 
results of alcohol oxidation (Tables 8 and tained in the oxidation of alcohols over 
9). The selectivity to ketone, relative to Co,O,-MOO,. This is another reason why 
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the selectivity to ketone was lower over bination of two oxides. The situation looks 
Co,O,-MOO, than over SnOZ-Moo,. similar in both cases, although the origin 

3. Active Site Eflective for the Ketone 
of the acidity in the present case should be 
investigated further. 
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