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Various metal oxides combined with molybdenum trioxide have been examined
for their catalytic activities in the oxidation of propylene to acetone. In the
molybdenum-poor series (10 at. % molybdenum), TiO:-, Fe;0-, and Cr,0—MoO;
as well as C0i;0-~MoO; and SnO-MoO: reporied previously, are active for the
selective formation of acetone. V:Os, NiQ-, CuO-, and ZnO-MoOQ; are able to
form acetone but with poorer selectivity. SnO-MoQO: shows the highest activity
among the effective catalysts.

An increase in molybdenum concentration decreases the catalytic activity for
acetone formation in several of the binary systems. However, molybdenum-rich
Sn0~MoO; and TiO~MoO: catalysts (70 at. % molybdenum) show high activity
and selectivity for acetone formation in common with the corresponding poor
catalysts.

Tungsten trioxide or triuranium octoxide fails to be an effective component
instead of molybdenum trioxide. Molybdenum trioxide seems to be an essential
component for an active catalyst. Over any effective catalyst the reaction temper-
ature to form acetone is far lower than that of the allylic oxidiation. No allylic
oxidation produect is formed under the reaction conditions at which acetone is

mainly produced.

INTRODUCTION

The catalytic oxidation of olefins to pro-
duce ketones was first found by Smidt
et al. using PdCl—-CuCl, eatalyst in aqueous
solution (I) and has been developed in the
Wacker process. However, in the hetero-
geneous oxidation of olefins over transition
metal oxides, no catalyst effective in
forming ketone was known prior to 1967
(2-4). Recently, Buiten has reported that
acetone is one of the main products as well
as acetic acid and acrolein in the oxidation
of propylene over Sn0O,-MoQ; catalyst
(), and the present authors also have
found that propylene is oxidized to acetone
selectively over Co,0,~MoQ; (6) and SnO,-
MoO; (7). In a f{further investigation,
oxidations of various olefins over Co,0,—
MoO; and Sn0O,-MoO; were examined, and

it was found that these two catalysts are
also effective for the oxidations of normal
butenes and 1-pentene to methyl ethyl
ketone and methyl propyl ketone, respec-
tively (8). A reaction mechanism which
demonstrates that ketone is formed via
hydration of olefin to form alcoholic in-
termediate followed by oxydehydrogenation
was proposed for this oxidation (8).

In the present work, we examine the
catalytic activities of some other binary
oxides for the oxidation of propylene to
acetone, since this reaction is the most
typical of this type of oxidation.

EXPERIMENTAL

All runs were carried out using a con-
ventional flow system at 1 atm of pressure.
The apparatus and analytical method for
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reactants and products were the same as
described previously (6).

Catalysts

The following salts were used as start-
ing materials for the preparation of the
oxide catalysts. Nitrates were used for iron,
nickel, chromium, cobalt, zine, copper,
manganese, lead, thorium, and uranium;
chlorides were used for tin and titanium,
and ammonium molybdate, ammonium
tungstate, and ammonium metavanadate for
molybdenum, tungsten, and vanadium, re-
spectively. All of the binary oxides con-
tained molybdenum trioxide, tungsten tri-
oxide, or triuranium octoxide as one
component and one of the other above
metal oxides as the other component.
Aqueous solutions of the two salts (except
chloride) were mixed and dried on a water
bath, then decomposed to the oxide by
heating in air at 300-400°C for 1 hr. The
binary oxide powder so obtained was
pressed into cylindrical shape (3 mm in di-
ameter and 2 mm in length) and calcined
at 550°C for five hr. When the starting
material was chloride, it was first converted
to hydroxide by precipitation from its
aqueous solution of the other component.
The hydroxide was filtered, washed with
distilled water, and then mixed with an
aqueuos solution of the other component.
This mixture was dried, decomposed to
oxide, tabletted, and caleined according to
the same procedure as mentioned above.
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REsuLts

1. Ozidation of Propylene over Various
Transition Metal Oxides Combined with
10% (Metal Atom Basis) Molybdenum
Trioxide
In the first paper of this series, the effect

of catalyst composition on the reaction

products was investigated in the oxidation
of propylene over the Co;0+MoQ; binary
system (6). Selective formation of acetone
was found with the cobalt-rich catalysts

(Co/Mo = 9/1 — 8/2).

We now report the catalytic activities
of various other metal oxides containing
10 at. % molybdenum, namely, Fe,O,, TiO.,
Sn0,, Cr,0;, Ni0, V.0;, Zn0, CuO, Mn,0s,,
ThO,, and PbO,. All runs were carried out
under a constant GHSV, 660 ml-STP/ml-
cat. hr, and fixed gas composition, propylene
20 vol %, oxygen 30%, steam 30%, nitrogen
20%, using 16.0-16.5g of catalysts. The
product distribution was determined over
a range of temperature.

SnOy—, T70,—, Fe,04, and Cr,0;~-Mo0,
Catalysts

Selective oxidation of propylene to ace-
tone was observed on these four catalysts,
as with Co,0,~Mo00O;. The results are shown
in Table 1 and in Figs. 1, 2, and 3. The
results on the SnO,-MoO; catalyst was
partly reported earlier (7, 8). The most
effective of these catalysts is Sn0O,—MoO;.
The characteristics of this catalyst are
found in its high activity and high selec-

TABLE 1
OXIDATION OF PROPYLENE OVER SnQ;—MoQ;¢
Reaction temp (°C) 115 130 145 160 172 185 200
C’s conv (%) 1.9 4.1 8.2 12.4 14.3 18.0 20.7

Product (umole/min)

CH;COCH;, 15.3 33.1 65.9 93.6 107.7 128.3 139.8
CH;CHOHCH; 2.7 2.9 2.9 2.7 2.2 1.7 1.3
(2/3) CH,CHO - 2.2 2.3 2.6 2.8 3.9 4.3
(2/3) CH,COOH — — 1.1 2.4 3.1 5.0 6.8
(1/3) CO — — — 1.4 1.5 5.1 7.3
(1/3) CO, -_ 0.2 5.4 11.1 17.2 24.9 35.4

e Catalyst, 17.2 g; GHSV, 660 ml-STP/ml-cat. hr; catalyst composition (Sn/Mo = 9/1).
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tivity to acetone at the lowest reaction
temperature. The catalyst is already active
at 110-120°C where no other catalyst is
active for acetone formation. The selec-
tivity to acetone amounts to 80-85% of
converted propylene below 172°C. The one-
pass yield of acetone increases with in-
creasing temperature until 200°C, but at
higher temperatures the selectivity to ace-
tone decreases to 70-75% of converted
propylene on account of a considerable in-
crease in carbon dioxide formation. Above
200°C, the product distribution could not
be determined because of difficulty in tem-
perature control caused by the exothermic
reaction.

Some acetic acid and acetaldehyde were
formed in the oxidation but acrolein, which
is the main product of the allylic oxidation
of propylene, could not be detected at any
reaction temperature. A small amount of
isopropyl aleohol, which is regarded as
the reaction intermediate to acetone, was
detected in the effluent gas in every case.
The amount of isopropyl alcohol detected
corresponds to 10-40% of the equilibrium
concentration.

The second most effective catalyst is
Ti0,~Mo00;. The results are shown in Fig,
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Fic. 1. Oxidation of propylene over TiQ:-MoQs.
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1. This catalyst is also active for acetone
formation at a reaction temperature as
low as 110°C, but the rate of acetone
formation is roughly one-third of that over
Sn0,~Mo0;. It should be noted that a eon-
siderable amount of isopropyl alcohol is
formed on this catalyst, especially at lower
temperatures, The amount of isopropyl
alcohol corresponds to approximately 50-
60% of the equilibrium concentration at
125-145°C and approaches the equilibrium
with increasing temperature. The selec-
tivities to acetaldehyde and acetic acid
are low and no acrolein is formed at any
reaction temperature.

Fe.0,-MoOQ; is active for acetone forma-
tion at temperatures higher than 150°C.
The results obtained at the temperature
range of 150-300°C are shown in Fig. 2;
the main product is acetone. The rate of
acetone formation increases with increasing
temperature to reach a maximum at 200°C,
and then decreases as CO; and CO increase.
The selectivity to acetone is roughly 80%
of converted propylene below 200°C. The
oxidation products, other than acetone and
carbon oxides, are small amounts of acetic
acid and acetaldehyde. No allylic oxida-
tion products were detected under the con-
ditions adopted for this work.
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ml-cat. hr. Catalyst composition (Fe/Mo = 9/1).
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Cr,0;—Mo0O; 1s active above 200°C, as
shown in Fig. 3. The oxidation on this
catalyst is also selective. The main product
is acetone and the by-products other than
carbon oxides are acetaldehyde and acetic
acid. The activity is approximately the
same as that of Co0;0,—MoO; reported
previously (6).

V.05, NiO-, CuO-, and ZnO-MoO,
Catalysts

These four catalysts are able to form
acetone from propylene but with poorer
selectivity. The results on V,0;—MoO; are
shown in Fig. 4. A characteristic feature of
this catalyst is the formation of large
amounts of acetic acid at high temper-
atures. The selectivity to acetone amounts
to 50% of converted propylene only below
200°C and when one-pass conversion of
propylene is below 2%. The rate of acetone
formation does not exceed 20 wmole/min,
which is far lower than those obtained on
the catalysts mentioned above. Small
amounts (1-2 wmole/min) of acrolein are
formed at higher reaction temperatures.

NiQO-Mo0QO; and CuO-MoQO; are similar
in their effectiveness. Typical runs are sum-
marized in Table 2. Although some amounts
of acetone are formed on these catalysts,
the rate of formation does not exceed 10
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Fic. 3. Oxidation of propylene over Cr:0s

MoQ.. Catalyst, 162g; GHSV, 660 ml-STP/ml-
cat. hr. Catalyst composition (Cr/Mo = 9/1).
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Fic. 4. Oxidation of propylene over V.05
MoQ,. Catalyst, 163g, GHSV; 660 ml-STP/ml-
cat. hr. Catalyst composition (V/Mo = 9/1).

pmole/min. The rates to acetic acid and
acetaldehyde are fairly low on both catal-
ysts. This is the characteristic difference
from the V:0,—MoO; catalyst.

The catalytic activity of ZnO-MoO, is
extremely low, as shown in Table 2. No
oxidation is observed below 350°C under
the conditions adopted in this work. Above
400°C, small amounts (3-4 pmole/min)
of acetone are formed as well as acrolein,
acetaldehyde, and large amounts of carbon
oxides. Although acrolein formation in-
creases with temperature, the increase in
carbon oxides is far larger.

ThOy—, PbOy»—, and Mn,0,~MoO,
Catalysts

No oxygenated produects other than carbon
oxides were found in propylene oxidation
over these three catalysts. The activities
of ThO,~MoQO; and PbO,~MoQO; are ex-
tremely low. Propylene is not oxidized at
all below 350°C. Most of the oxidized
products above 350°C are carbon dioxide
on PbO,~MoQO, and both carbon monoxide
and dioxide on ThO,~-Mo0O;. Mn,0,—MoO,;
is active above 200°C, forming only carbon
dioxide.
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2. Oxidation of Propylene over Molyb-
denum-Rich Catalysts

It is well known that allylic oxidation
oceurs over a number of molybdenum
trioxide catalysts combined with minor
amounts of other metal oxides. Thus, in
the oxidation of propylene over molyb-
denum-rich Co0;0,~Mo0QO;, the main oxida-
tion products other than carbon oxides were
acrolein and acrylic acid (6). Six other
binary oxides, viz., SnO.~, TiO.;—, Fe.0;—,
V.0s—, NiO-, and CuO-MoO; of molyb-
denum-rich composition (70 at. % molyb-
denum) have now been examined. All runs
were made using a flow system under a con-
stant GHSYV, 660 ml-STP/ml-cat. hr and at
a fixed gas composition; propylene 6 vol %,
oxygen 30%, nitrogen 34%, and steam 30%.
The product distribution was determined
over a range of temperature.

Sn0,~Mo0; and Ti0,-Mo0; Catalysts

The behaviors of SnO,~Mo0Q; and TiO.—
MoO; are little affected by the increase in
molybdenum content. The results obtained
on the Sn0,~Mo0O; catalyst (Sn/Mo = 3/7)
are shown in Fig. 5. The characteristic
features observed with low molybdenum
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F1a. 5. Oxidation of propylene over molyb-
denum-rich Sn0,-MoQ;. Catalyst, 164 ¢g; GHSV,
660 ml-STP/ml-cat. hr. Catalyst composition (V/
Mo = 3/7).
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Sn0,-MoO;, i.e., the low temperature ac-
tivity and the principal formation of ace-
tone, are unchanged. The oxidation is highly
selective below 180°C and the selectivity
to acetone exceeds 80% of converted pro-
pylene.

Typical runs on molybdenum-rich TiO,~
MoO; catalyst are summarized in Table 3.
The low-temperature activity and the prin-
cipal formation of acetone in addition to
substantial amounts of isopropyl alcohol
are again observed with this molybdenum-
rich catalyst. The amount of isopropyl
aleohol corresponds to approximately 50—
60% of the equilibrium concentration.

Vi05—, Fe;05—, NiO-, and CuO-MoO;
Catalysts

The results on the molybdenum-rich
V:0:~MoO; catalyst are shown in Fig. 6.
The increase in molybdenum content causes
little ehange in catalytic behavior also in
this case. Acetone is the main product at
low temperatures. However, at high tem-
peratures, large amounts of acetic acid
are formed in addition to carbon oxides.

The behavior of Fe,0,-MoO; is strongly
affected by its composition, as shown in
Table 3. The molybdenum-rich Fe,0,—
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F1a. 6. Oxidation of propylene over molyb-
denum-rich V,0s~MoOQO;. Catalyst, 16.3g; GHSV,
660 ml-STP/ml-cat. hr. Catalyst composition (V/
Mo =3/7).
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Propucr DIsTRIBUTIONS IN THE OXIDATION OF PROPYLENE OVER MOLYBDENUM-Rica TiO:-, Fes03-, NiO-, anp CuO-MoOg

OXIDATION OVER MoQO;-CONTAINING CATALYSTS.
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MoO; catalyst is no longer effective for
acetone formation. Although small amounts
of acetone, acrolein, acetaldehyde and acetic
acid are formed, propylene is mostly oxi-
dized to carbon oxides.

The oxidation over the molybdenum-rich
NiO-MoO; catalyst is not so selective, as
shown in Table 3. Acetone is the main
product at 240 or 280°C but the selectivity
decreases at higher temperatures. Consider-
able amounts of acrolein and acetic acid
are formed at 360°C in addition to carbon
oxides.

Acrolein is the main produet in the oxida-
tion over the molybdenum-rich CuO-MoQ;
catalyst. The results are also listed in

Mahla 2 Tha aatalyutie aetivity of i)

Lauit o, 11IE ULalalyul auulvivy Ul vuu—

MoO, is decreased very much by the in-
crease in molybdenum concentration, as in
the case of C0:0,—MoQO; (6). The reaction
product over both binary oxides changes
from acetone to the allylic oxidation prod-
ucts aceording to the catalyst composition.

3. Oxidation of Propylene over SnQ, and

Co,0, Combmed :mth WO, or U308

It is well known that tungsten oxide and
uranium oxide resemble molybdenum tri-
oxide in their effect as heterogeneous oxi-

da«tluu uauaIySuo for ulcﬁu\, {0) 9—11) T“

the present work, WO; and U'«}Og have been
examined for thelr activity in the oxidation
of propylene to acetone by combining with
tin oxide or cobalt oxide, the oxides which
were most effective in the molybdenum
trioxide series. All the binary oxides tested
were composed of nine parts of tin or
cobalt and one part of tungsten or uranium
on an atom basis. The runs were carried
out under the same conditions as described
in Section 1. The produet distributions are
summarized in Table 4. As can be seen in

Table 4, no catalvset i narticularly effective
apie 4, no cataiyst 1s particuiarly effectlv

for acetone formation. The selectivity to
acetone is fairly high on Co0;0,~-WO; cata-
iyst only when the conversion of propylene
is below 29%. However, the selectivity to
acetone decreases markedly with increasing
temperature. At 230°C, most of the reacted
propylene is converted to carbon dioxide

at a0 nranvlana aanvarainn af 20102 Tha
&l & propyiene conversion ol o.wlyo. ihe

catalytic activity of SnO,~WO; is far lower

NING CATA

LYSTS, IV. 181
than that of SnO,-MoO; and propylene

is not oxidized at temperatures below
300°C; above 300°C carbon oxides are the

,.,-lnmn-\n“ nnnnnnn
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The eatalytic activity of SnO.— or Co:0.-
U:0; to form acetone is even poorer than
those combined with WO,. Oxidation prod-
ucts other than carbon oxides only occur
in trace amounts.

DiscussioNn
The results obtained in this work can be
summarized as follows;

1. Acetone formation is not limited to
a specific catalyst, but several tran-
sition metal oxides combined with
molybdenum trioxide are active for

this oxidation. The effective cata-
lvsts are Ti0.— Fe n,_. and Cr.0.—

AF WO LT L INS3TTy ATy Gl gy

MoQ;, as well as 00304—M003 and
Sn0.-MoQO; reported previously
6, 7).

2. Molybdenum trioxide is an essential
component for an effective catalyst.
Tungsten trioxide or triuranium
octoxide fails to be an effective
component instead of molybdenum
trioxide.

3. Over any effective catalyst, the re-
action temperature to form acetone

is much lower than that of allylic
oxidation. No allylic oxidation prod-
uct is formed under the reactlon
conditions of acetone formation.
4. Generally speaking, a molybdenum-
poor composition is favorable for
acetone formation. However, in the
cases of Sn0,—MoQO, and TiO.-

Mo0;, the selective formation of

anntana g shaorvad indanandontiy
aCelone 18 Opserved Inaependaenuy
.e
of their composition.
In a nrevious naner (8 we nronosed
ill & previgus paper (&), we roposeq

that ketone is produced via hydration of
the olefin to form an alcoholic intermediate,
followed by oxydehydrogenation. In accord-
ance with this mechanism small amounts
of izopropyl alcohol were detected iIn
several runs. especially those at low tem-
peratures. The fact that the reaction tem-
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than that of the allylic oxidation over any
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binary oxide seems to support the proposed
mechanism via hydration. This fact can be
easily understood according to the mech-
anism, since the equilibrium constant of the
hydration is favorable for aleohol at low
temperatures and alcohol is rapidly oxidized
to the corresponding ketone on an active
catalyst (8).

Some of the molybdenum-rich binary
oxides, such as Sn0,-MoO; and Fe,O,—
MoO;, have been reported as allylie oxi-
dation catalysts (2). However, a substantial
formation of acrolein or acrylic acid was not
observed in this work. This diserepancy is
mainly due to the low reaction temperature
adopted in this work. The fairly high sur-
face area of the catalysts, e.g, 16.4 and
210 m?/g for SnO,~ and TiO,-MoO;, re-
spectively, and the fairly low GHSV
adopted in this study, e.g., 660 mi-STP/
ml-cat. hr, may have some role in the ace-
tone formation observed at low temper-
atures.

It is important to try to understand

what ia tha naannmtiaol fantar 1m thnca fatn_
Wiiauv 18 ul€ &65Ciiviadr Ialill il wulisT Yauva

lysts effective for acetone formation. It
seems that molybdenum trioxide is an in-
dispensable component. However, it is dif-
ficult to find something common to those
second components in the effective cata-
lysts. Neither the chemical properties of the
element invelved in the effective oxide,
e.g., position in the periodic table, valency,
electronegativity, and atomic radlus, nor
the ecatalytic activity and the chemical
reactivity of the second oxide itself (12-14)
can give a criterion for an effective oxide.

Annnvrh-ng to the mechanism of acetone

iIeCiiail

formation proposed in our previous paper
(8), propylene is hydrated to an aleoholic
intermediate in the rate-determining step
followed by oxidative dehydrogenation to
acetone, It is reasonable in this mechanism
that the first hydration step should be
promoted by an acid site of the catalyst.

Th. ralativaly lawe ntl
11fle reiauivery 10Wer reactl

in the acetone formation is understandable
as an acid-catalyzed reaction. Thus the

essential nature of the effective catalyst
seems to he related to creation of an acid

SCUILS WU D Ielalol L0 LoIicdauiivld il &

site by the combination of the two oxides.
This will be studied in a forthcoming paper.
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