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The route of oxygen incorporation into oxidized products has been studied in the 
heterogeneous oxidation of propylene by molecular oxygen over stannic oxide 
combined with molybdenum trioxide in the presence of [1801HZ0 tracer. ‘“0 tracer 
is incorporated into the acetone produced but is not incorporated into the acrolein 
produced simultaneously with acetone. Incorporation of “0 tracer into the acetone 
does not depend on the exchange reaction between molecular oxygen and water or 
the exchange reaction between acetone and water. These results lead to the con- 
clusion that there are two different active species of oxygen on the catalyst surface, 
one of which is derived from water and the other from molecular oxygen. Oxidation 
to acetone depends on the interaction with an active species derived from a water 
molecule, while oxidation to acrolein depends on a species derived from molecular 
oxygen. The mechanism of acetone formation seems to involve the surface reaction 
between a carbonium ion and the active species of water to form an alcoholic 
intermediate. 

It has generally been found in oxidation 
reactions that the oxygen atom is incorpo- 
rated into the oxidized product in two dif- 
ferent ways. One is the case where the 
oxygen atom is incorporated from ,molecular 
oxygen, and the other is where the atom 
is incorporated from a water molecule: 

A+ +O,-tAO, (1) 
A + 302 + HzO* -+ AO* + H20, (2) 

where A is the molecule to be oxidized. For 
example, in biochemical oxidation, Eq. (2) 
is commonly observed and is catalyzed by 
oxidase, while it has been proved that the 
oxidation catalyzed by oxygenase (1) or 
mixed function oxidase (6) follows Eq. (1). 

In recent years, a number of catalytic 
oxidations of hydrocarbons have been de- 
veloped on transition metal oxide catalysts 
(3). The mechanisms of these oxidations 

have been studied by the tracer technique 
with regard to the behavior of hydrocarbons 
(4-8). In particular, the adsorbed species of 
olefins formed on the oxide surface have 
been studied extensively by tracer tech- 
niques (4-11)) kinetic methods (I.$?-14)) and 
spectroscopic methods (15-17). Adsorbed 
species of oxygen have also been studied 
and 02- and O-, as distinct from 02-, have 
been identified on several transition 
metal oxide surfaces (18-121). However, 
little work has been done on the mech- 
anism of oxygen incorporation into the 
oxidized product. It has generally been con- 
sidered that atomic species of adsorbed 
oxygen (such as O- or 02-) is active for 
the oxidation and no reaction represented 
by Eq. (2) has ever been reported in the 
heterogeneous oxidation over transition 
metal oxide catalysts. 

The present investigation was started in 
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an attempt to discriminate between Eqs. 
(1) and (2) in the heterogeneous oxidation 
of olefins. A clear discrimination of the 
route of oxygen incorporation into the ox- 
idized product, will undoubtedly be helpful 
for the understanding of the mechanism of 
heterogeneous oxidation and of the role of 
the active site on the catalyst. surface. This 
paper deals with the oxidation of propylene 
over SnO,-Moo, catalyst. We chose this 
reaction for the following reasons. First, it 
has been reported t’hat saturated ketone is 
the main product in the oxidation of olefins 
on SnO,-Moo, (Z%-24). This is quite dif- 
ferent from the reaction products reported 
in the usual heterogeneous oxidation of 
olefins on transition metal oxide catalysts 
but identical to those reported in metal ion 
oxidations in aqueous solut’ion (25-27). 
Thus, this oxidation may be the first ex- 
ample of the reaction represented by Eq. 
(2) in heterogeneous oxidation of olefins. 
Second, propylene is the simplest olefin 
which follows this type of oxidation. The 
work was carried out using [180]H20 
tracer. 

EXPERIMENTAL 

Catalysts. Two types of SnO,-Moo,, (A) 
and (B), were used as the catalysts. The 
composition of both catalysts Sn/Mo = 
9/l, in metal-atom ratio. SnO,-Moo, (A) 
was prepared by the decomposition of 
stannous hydroxide mixed with ammonium 
molybdate solution. The oxide powder was 
pressed into cylindrical pellets and calcined 
in air at 550°C for 5 hr. The BET surface 
area was 45.6 m*/g. SnO,-Moo, (B) was 
prepared from ammonium molybdate and 
stannic oxide obtained by the calcination of 
stannous hydroxide in air at 800°C for 5 
hr. The stannic oxide (24-35 mesh) was 
impregnated with the ammonium molyb- 
date solution, dried on a water bath, and 
then calcined in air at 550°C for 5 hr. The 
BET surface area of the sample was 7.4 
m’/g. 

Materials. Water enriched with IsO was 
obtained from BIO.RAD Laboratories. The 
water was also enriched wit.h deuterium 
(3% as atomic fraction). Deuterium was 
removed by an exchange reaction with H, 

over a platinum-asbestos catalyst at 25O”C, 
until mass spectrometry showed a deute- 
rium concentration in the [ lsO] -enriched 
water lower than 0.1%. 

Procedure. All the oxidation runs were 
carried out using a flow system at 1 atm 
pressure. A Pyrex tube reactor 8 mm in 
diameter was used, with the catalyst tem- 
perature controlled by a thermoelectric 
controller. The gaseous reactants were in- 
troduced from cylinders through needle 
valves. Water was introduced by evapora- 
tion in the gaseous reactant stream. The 
reaction products were cooled by water, 
separated into gaseous or liquid phase, and 
analyzed by gas chromatography (GC) 
and mass spectrometry. The GC columns 
used were Molecular Sieve 5A for oxygen 
and carbon monoxide, /3,/3’-oxidipropioni- 
trile supported on 60-80 mesh A1,03 for 
carbon dioxide and propylene, polyethylene 
glycol supported on 6k-80 mesh Celite for 
acetone, acrolein, and acet,aldehyde, and 
dioctyl sebacate with 5% sebacic acid sup- 
ported on 60-80 mesh Celite for acetic 
acid, propionic acid, and acrylic acid. 

Determination of the IsO content of the 
reaction products. The I80 content of the 
oxidized products was determined by mass 
spectrometry after the separation and puri- 
fication by GC. The mass spectra obtained 
at, 80 ionization voltages were corrected 
for natural isotopes, and ionization effi- 
ciency for the isomer containing IsO was 
assumed equal to that containing 160. The 
IsO content of the oxidized products was 
calculated from the peak height ratio in 
the corrected mass spectra. The peak height 
ratios adopted for the calculation are h,5/ 
h,, for acetone, h,,/h,,; for acrolein, h,,/h,, 
for acetaldehyde, and h,,/h,, for carbon 
dioxide. The I80 content of the issuing 
water was also determined by mass spec- 
t.rometry. The values are liable to be some- 
what inaccurate because of the difficulty of 
the mass spectrometry of water. 

The IsO content of the unreacted oxygen 
was determined by mass spectrometry after 
conversion to carbon dioxide. The unreacted 
oxygen gas was separated by a Molecular 
Sieve 5A column and then introduced into 
a closed circulating reaction system where 
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it was completely converted to carbon di- 
oxide by reaction with the stoichiometric 
amount of carbon monoxide using Pt- 
asbestos catalyst at 250°C. 

RESULTS 
Oxidation to acetone. Propylene was ox- 

idized to acetone in the presence of water 
vapor enriched with I80 on the SnOz-Moo, 
(A) catalyst under two different conditions. 
The oxidation to acetone was quite selec- 
tive, as reported previously (62-2~). The 
IsO contents of acetone, unreacted oxygen, 
and water are summarized in Table 1. In 
every run, the IsO contents of the products 
were determined, rejecting those obtained 
in the first hour. As can be seen in Table 1, 
IsO tracer was detected in the acetone 
produced. It is clear that the oxygen atom 
from the water molecule is incorporated 
into the oxidized product. The first four 
runs in Table 1 were carried out under the 
same experimental conditions using water 
of 5.4870 I80 content. Although the I80 
content of the input water decreases during 
the course of the reaction, the values of 
the I80 content for the acetone produced 

are smaller than those for the output water. 
The differences seem to be beyond experi- 
mental error. The situation is quite similar 
in Run 8. Thus, in spite of the apparent 
evidence that the oxygen atoms from the 
water molecules are incorporated into the 
acetone produced, the IsO contents of the 
acetone are slightly lower than those of 
water in the reaction system. 

Two oxygen exchange reactions were ex- 
amined in connection with the oxygen in- 
corporation. One is the oxygen exchange 
reaction between molecular oxygen and 
water: 

I602 + Hz’*0 + 1601*0 + Hz=O. (3) 

The I*0 contents of the unreacted oxygen 
are listed in the last column in Table 1. 
The oxygen exchange reaction between 
molecular oxygen and water was scarcely 
observed at the conditions adopted in the 
runs. The result rejects a possibility that 
IsO in the acetone was incorporated from 
the resulting 160180 molecule from the ex- 
change reaction as expressed in Eq. (3). 

Another oxygen exchange reaction be- 
tween acetone and water, 

TABLE 1 
'80 CONTENT OF REACTION PRODUCTS IN THE OXIDATION OF PROPYLENE TO ACETONES 

‘*O content (atomic a/00) 

Run Hz0 (input) Hz0 (output) CHICOCHI 02 (output) 

1C 5.48 4.62 4.11 
2c 5.48 4.91 3.68 
3 5.48 4.59 3.93 
4 5.48 4.78 4.55 
5 4.59 - 2.72 
6 4.59 - 2.40 
7 4.59 - 2.79 
8C 8.60 8.47 6.73 

0.02 
0.04 
0.01 
0.02 
tr. 
tr. 
tr. 

0.01 

Reaction condition 

Run 
Temperature Catalyst usedb Flow rate C’s conversion Selectivity to 

(“C) k) (ml/min) (%) acetone (%) 

l-7 125 3.6 21.8 4.0 93.7 
8 225 2.0 34.3 1.7 68.1 

a Reactant gas composition: Propylene, 20 vol %; Oxygen, 30%; Water, 30%; Nitrogen, 20%. 
b SnOs-Moos(A). 
c Taken from the data in Reference 31, where the values for ‘80 content of acetone were miscalculated. 



180 MORO-OKA, TAKITA, AND OZAKI 

CHa-C-CH, + H.z’~O = 

16 li 
CH,-C-CH, + Hz’Q, (4) 

18& 

was also checked using water enriched with 
180. The contact time of acetone and its 
concentration in the reactant gas were ad- 
justed to be the same as in the oxidation 
runs (Runs l-7 in Table 1). The reactant 
gas composition and other conditions were 
the same as adopted in the oxidation runs, 
except that propylene in the reactant gas 
was replaced by nitrogen. The results are 
shown in Table 2. Some exchange reaction 
was observed under these conditions, but the 
rate was slower than that of the oxidation. 
The IsO contents observed in the produced 
acetone are not attributable to the ex- 
change reaction as expressed in Eq. (4). 
Thus the possibility that the I80 tracer 
found in the acetone is incorporated by the 
exchange reaction between water and the 
acetone which is formed by reaction be- 
tween propylene and molecular oxygen (or 
some derivative from molecular oxygen) 
can be rejected. 

Oxidation to acrolein and acetaldehyde 
as well as to acetone. Propylene is oxidized 
to acrolein and acetaldehyde as well as to 
acetone on SnOz-MOOR at higher reaction 
temperatures (98). The product distribution 
obtained in the oxidation over the low sur- 

TABLE 2 
OXYGEN EXCHANGE REACTION HETWEEN 

ACETONE 9ND WATER ON THE 

SnOz-MoOz(A) CATALYST" 

face area catalyst, SnOz-Moo, (B), is 
shown in Table 3. This oxidation was also 
investigated using H,lsO in a similar man- 
ner. The results are summarized in Table 4. 

In the oxidation at higher temperatures, 
IsO was also incorporated into the produced 
acetone, but it was difficult to check the 
exchange reaction between the produced 
acetone and water at the same conditions 
because of the rapid oxidation of acetone 
to smaller fragments. Although an appre- 
ciable amount of la0 was incorporated into 
the produced acetone, the IsO content of 
acetone was much lower than that of the 
reactant water. It was about 405% of the 
value for the water in the reaction system. 

In contrast to the oxidation to acetone, 
hardly any IsO tracer was incorporated 
into the acrolein produced. A small amount 
of I80 was found in the acetaldehyde. Since 
the oxygen exchange reaction bet,ween 
molecular oxygen and water was observed 
to some extent under the experimental con- 
ditions, a part of the IsO found in the 
acetaldehyde may be incorporated from the 
160180 result,ing from the exchange reac- 
tion. The IsO content of the acetaldehyde 
is somewhat larger than that of the molec- 
ular oxygen in the reaction system. Since 
acetaldehyde is formed in the the oxidation 
of acetone as well as in the direct, oxidation 
of propylene at these conditions, some part 
of the 180 in the acetaldehyde seems to be 
due to the consecutive oxidation of the 
acetone produced. In any event, the IsO 

I*0 content (%) 

TABLE 3 
PRODUCTS IN THE OXIDATION OF PROPYLENE 

OVER SnOn-MoOa CATALYST" 

Run Hz0 (input) CH&OCHz 
Temperature (“C) 355 370 
C’3 conversion (%) 3.09 3.44 

1 4.59 1.29 
2 4.59 1.69 
3 4.59 1.37 
4 4.59 1.62 
5 4.59 1.72 
6 5.48 2.36 
7 5.48 2.65 

D Reaction temperature: 125°C. Reactant gas 
composition: Oxygen, 33.7 vol ‘%; Nitrogen, 40.9’%; 
Water, 24.6y0; Acetone, 0.87%. Other experimental 
conditions are the same as described in Table 1. ml-STP/min. Catalyst: SnO,-Moo,(B), 2.0 g. 

Yield (pmole/min) 
CH&OCHs 2.25 1.93 
CH2=CHCHO 1.10 1.40 
2/3CH,CHO 0.45 0.54 
2/3CH,COOH 1.32 1.32 
CHz==CHCOOH 0.67 1.28 
1/3co 4.63 4.65 
1/3co* 1.45 2.10 

Q Reactant gas composition is identical with that 
in Table 1. Flow rate of total reactant gas: 37.6 



PROPYLENE OXIDATION OVER SnOz-MoOa 181 

TABLE 4 
180 CONTENT OF THE REACTION PRODUCTS IN THE OXIDATION OF PROPYLENE TO ACETONE, 

ACHOLEIN, AND ACETALDEKYDE’ 

Reaction temperature 
(“C) 

365 
366 
367 
370 
366 

average 

CHaCOCH3 

2.21 
3.51 
2.07 
2.38 
2.62 

2.56 

I80 content (atomic %)b 

CHz==CHCHO CH&HO 

0.20 0.43 
0.11 0.43 
0.34 0.48 
0.00 0.45 
0.03 0.47 

0.14 0.45 

02 (output) 

0.54 
0.19 
0.20 
0.58 
0.32 

0.37 

a Experimental conditions are the same as those described in Table 3. 
B 180 content of wat.er: Input 6.70?& Output 5.5%. 

contents found in the acrolein and acetal- 
dehyde are far lower than those of the 
water in the reaction system. It can be 
reasonably concluded that propylene is ox- 
idized to acrolein and acetaldehyde by 
active species derived from molecular oxygen 
or by oxygen ions in the bulk oxide as 
demonstrated by Keulks (29) and Wragg 
et al. (SO) in the oxidation of propylene 
over Moos-Bi,O, catalyst. 

water on the oxide surface. When the oxy- 
gen exchange reaction between gaseous oxy- 
gen and adsorbed species is not so rapid, 
we cannot detect this rapid oxygen equil- 
ibration on the catalyst surface. It seems 

DISCUSSION 

The labeled oxygen atoms in the water 
molecules are incorporated into the acetone 
produced. The incorporation does not de- 
pend on the exchange reaction between 
molecular oxygen and water or between the 
produced acetone and water at 125°C.” 
This suggests that there is some active 
species which is derived from a water 
molecule. The most reasonable mecha- 
nism to form acetone appears to involve the 
active species of water and may be sketched 
as shown in Fig. 1 (Mechanism I). How- 
ever, there is some room for the alternative 
mechanism (Mechanism II), that acetone 
is produced by a reaction of propylene (or 
some derivative from propylene), with the 
active species derived from molecular oxy- 
gen which is in rapid equilibrium with the 

*There remains a possibility that InO tracer 
was incorporated into the produced acetone by 
exchange reaction between some precursor to 
form acetone and water on the catalyst surface. 
However, elucidation of this possibility seems to 
be beyond the ability of the tracer technique. 

Mechanism 1 

(02)gos (MUgas 
11 11 

(HzO)o or (Hat OHo) 

Propylene or 

Intermediate derived 
from propylene 

Intermediate 

I 
I Removal of H atom 

(or atoms) (IS Hz0 

Acetone 

Mechanism II 

\ (H2O)gas / 
/ “0 contents of the 
1 species in the dotted 

fast j line are m rapid 
I equilibrium wth 

Oa fast _ (HzO)o or 
; - 

j one another. 

(Ha + OHo) : 

Propylene or 
Intermediate dewed 
from propylene. 

Ace tone 

FIG. 1. Possible mechanisms of oxygen incor- 
poration into acetone. The charge of each species 
is omitted in the figure. Ha, OHa, and Oa do not 
necessarily mean the adsorbed hydrogen, hydroxyl 
radical, and oxygen atom. OR represents the ac- 
tive species derived from molecular oxygen. It 
includes also the active species via the bulk oxide. 
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to be difficult to discriminate between 
Mechanisms I and II directly. However, 
when the oxidat.ion proceeds according to 
Mechanism II, ‘*O must be incorporated 
into all of the oxidation products which 
are formed simultaneously on the catalyst 
surface. In practice, as shown in Table 4, 
IsO tracer was only found in acetone. It, 
was scarcely incorporated at all into the 
acrolein which was formed simultaneously 
with acetone on the catalyst surface. Hence, 
assuming that the oxidat’ion to form acetone 
obeys the same mechanism irrespective of 
the reaction temperature, it seems reason- 
able that the rapid oxygen exchange reac- 
tion depicted in Mechanism II does not 
occur on the catalyst, surface. Of course, 
if the mechanism of acetone formation at 
365°C is different from that at the lower 
reaction temperature and incorporation of 
IsO into acetone at 365°C is entirely due to 
the exchange reaction between the water 
and the produced acetone, Mechanism II is 
still valid. In addition, some more com- 
plicated interpretations may be possible. 
One of them is that there exist two different 
active species derived from molecular oxy- 
gen and one of these, which is active for 
the acetone formation, is in the rapid oxy- 
gen exchange reaction with water vapor, 
whereas the other is not. The results ob- 
tained in this work cannot reject t,hese 
alternative mechanisms. However, these al- 
ternatives are based upon too many as- 
sumptions. We think, at present, that 
Mechanism I is the most probable for 
acetone formation. 

Although the incorporation of I80 into 
acetone is considered to be due to the 
direct interaction between the active species 
of propylene and of water, I80 contents 
found in the acetone were somewhat lower 
than those of water in the reaction system. 
The difference was prominent especially in 
the runs at the higher temperatures (Table 
4). This indicates that the incorporation of 
oxpgen into the acetone also involves some 
active species originating from molecular 
oxygen, as well as from water. One pos- 
sible explanation may be that the oxidation 
to form acetone involves a hydroxvl group 
which is formed by a reaction between 

atomic oxygen and propylene or some 
intermediate derived from propylene. When 
this is the case, this hydroxyl group formed 
on the catalyst surface may be indistin- 
guishable from the active species of water, 
and the oxidation to form acet.one may be 
a chain reaction. Unfortunately, the I80 
content of the reactant water used in this 
work is too low t.o discriminate such tine 
details. It must await further investigation 
using water of higher I80 content. 

The fact that I80 in the water was in- 
corporated into the acetone produced and 
that the oxidation to form acetone seems 
to follow Eq. (2), suggests some possible 
mechanisms for this oxidation. One is 
analogous to the mechanism for metal ion 
oxidation in aqueous solution (34). Pro- 
pylene is oxidized to acetone by Pd”, Hg2+, 
and Tl”+ in aqueous solution and the mech- 
anisms of these oxidations have been well es- 
tablished (25-27, 3.2). A x-complex forma- 
tion between the olefin and the metal ion is 
followed by insertion of a hydroxyl group 
into the x-bond to form a a-complex. This 
a-complex decomposes to a carbonyl com- 
pound with displacement of a hydrogen 
atom and reduction of the metal ion. 

CH2-CH-CH3 

24 

I 
addition of OH group. 

CH2-CHOH-Cti3 

PL 

I 
migration of H or H-. 

CH3-COH-CH3 CH$OH-CH3 

L Or AL 

1 
removal of H or H+. 

CH3-i-CH3 

0 

Another mechanism involves an inter- 
mediate such as CH,CHCH,, which is prob- 
ably a carbonium ion (23, 33, 34). The 
attack of an OH group or water on this 
intermediate will form a secondary alcohol 
which is easily oxidized to a carbonyl com- 
pound (93). Buiten (33) has suggested that 
the CH,CHCH, species changes into an 
isopropoxy group bonded to the catalyst 
surface rather than to isopropyl alcohol and 
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that this isopropoxy group furnishes an 
oxidation pathway to acetone. When the 
surface hydroxyl group is in rapid oxygen 
equilibration with water vapor, incorpora- 
tion of I80 into the acetone will be also 
possible according to Buiten’s mechanism. 
Since it is not definite whether the isopro- 
poxy group or isopropyl alcohol is t,he more 
reasonable for the intermediate to acetone, 
the mechanism is depicted as follows: 

CH2--CH-CH3 

ii 

I 
addition to P+ 

MOM 

CH+-CH3 

MW 

Or 

r-2 

addition of hydroxyl 
group or water. 

1 
CH3-i-CH3 

0 

as H20. 

Further information concerning the mech- 
anism of the oxidation of propylene to 
acetone may be summarized as follows: 

(1) Propylene is oxidized to acetone not 
only on the SnOz-Moo, catalyst used in 
this work but also on TiOz-, Co304-, 
Cr&-, and Fe203-Moo3 catalysts. A small 
amount but about half of the equilibrium 
concentration of isopropyl alcohol was de- 
tected in the oxidation of propylene on the 
above catalysts (24). 

(2) Tertiary butyl alcohol is mainly 
produced in the oxidation of isobutene 
which has no corresponding ketone (63). 

(3) Isopropyl alcohol is easily oxidized 
to acetone on SnOz-Moo, under the con- 
ditions adopted in this work (93). 

(4) l- or 2-butene is oxidized to methyl 
ethyl ketone on Sn02-MoOa, and reactant 
n-butene is isomerized rapidly during the 
oxidation reaction (93). 

(5) A hydrogen exchange reaction be- 
tween propylene and D,O was also observed 

on SnO,-Moo, but the hydrogen atom at- 
tached to the central carbon atom in pro- 
pylene was not concerned in the exchange 
reaction (3s). 

(6) SnOs and MOO, are inactive for 
acetone formation when they are used 
separately. Metal oxides such as SnOz and 
Co,O, are active only when they are com- 
bined with molybdenum trioxide (23, 24, 
34). 

(7) Although pure SnOz has no acidity, 
it displays marked acidity as determined 
by Benesi’s method (35) when it is com- 
bined with molybdenum trioxide. 

Although these facts do not rule out the 
possibility of the mechanism similar to the 
metal ion oxidation, they seem to be favor- 
able for the mechanism via the carbonium 
ion and the alcoholic intermediate. The 
carbonium ion has commonly been reported 
as the intermediate for the isomerization of 
olefin on a number of mental oxides (10, 
II). If acetone formation follows the mech- 
anism involving the carbonium ion, it is 
expected that the surface acidity will play 
an important role in the oxidation. This 
may be partly revealed in (6) and (7) 
which have been described above. The 
quanbitative relation between the catalytic 
activity and the surface acidity will be ex- 
amined in a subsequent investigation. 

Oxygen-18 tracer was not found in the 
acrolein produced in the oxidation of pro- 
pylene on the SnO,-Moo, catalyst. It is 
not clear whether the oxygen atom is in- 
corporated into acrolein from an active 
species derived directly from molecular ox- 
ygen or from an active species coming via 
bulk oxide. Anyhow, oxvgen incorporation 
into acrolein is quite different from that 
into acetone. Acrolein is usually formed in 
the oxidation at reaction temperatures 
higher than 300°C on metal oxide catalysts 
(3). On the other hand, acetone is mainly 
produced below 300°C. especially from 
100°C to 200°C (24). This effect of the 
reaction temperature on the selectivity of 
the oxidation may depend on the different 
modes of oxygen incorporation. Since the 
two independent oxygen incorporations are 
competitive, the selectivity of the oxidation 
is determined by their relative rates. The 
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reactivity of adsorbed species derived from 14. MORO-OKA, Y., OTSUKA, M., AND OZAKI, A., 

molecular oxygen or from oxygen ions in Trans. Faraday Sot. 67, 877 (1971). 

the catalyst oxide seems to increase mono- 15. PERI, J. B., J. Phys. Chem. 70, 1482 (1966) ; 

tonically with the reaction temperature. On Actes Congr. Int. Catal. 2e 1960 1, 1333 

the other hand, the formation of alcoholic 
(1961); Proc. Int. CongT. Catal. 3rd 1964 

intermediate seems to become unfavorable 
2, 1100 (1965). 

irrespective of derivation via carbonium 
16. LEFTIN, H. P., AND HERMANA, E., Proc. kt. 

ion or not at a higher reaction temperature, 
Congr. Catal. 3rd 1964 2, 1064 (1965). 

lY. DENT, A. L., AND KOKES, R. J., J. Amer. Chem. 
as can be seen from the equilibrium con- Sot. 92, 1092, 6709, 6718 (1970). 
stant for isopropyl alcohol formation from 18. KOKES, R. J., J. Phys. Chem. 66, 99 (1962); 

propylene and water. This probably ex- GLEMZA, R., AND KOKES, R. J., J. Phys. 

plains why oxidation to form acetone is pre- Chem. 66, 566 (1962). 

dominant at lower temperatures, while ox- 19. LUNSFORD, J. H., AND JANE, J. P., J. Chem. 

idation to form acrolein is mainly observed Phys. 44, 1487 (1966). 

at higher temperatures. 
20. VAN HOOFF, J. H. C., AND VAN HELDEN, J. F., 

J. CataE. 8, 199 (1967). 
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