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The oxidation of cyclohexene has been studied in the liquid phase, using as catalysts molybdenum-
chromium binary oxides supported on y-AlLQO;. The activities were compared by measuring
maximum rates of oxygen absorption. The binary system catalysts, in which the formations of
chemical compounds were suggested, showed higher activities than the one component systems.
The maximum rate was 0.4 order with respect to the catalyst in the region of low catalyst
concentration; a much lower order was found for high concentration. There was a critical
concentration of catalyst observed, above which the rate of oxidation dropped suddenly. For low
catalyst concentration, the maximum rate proved to be first order with respect to the concentration
of cyclohexene; a much higher order was observed for high concentrations. The apparent
activation energies for oxidation ranged between 12.2 and 14.0 kcal/mol. Product distribution
studies suggested that the epoxidation of cyclohexene with cyclohexeny! hydroperoxide proceeded
on the molybdenum-rich catalysts and also that cyclohexenone was partly produced by the reaction
between cyclohexenyl peroxy radicals and the catalyst. A degenerate chain branching mechanism
is proposed in which the catalyst plays an important role in the initiation and termination steps.

I. INTRODUCTION

The liquid-phase oxidation of cyclohex-
ene, catalyzed by soluble transition metal
salts, has been studied extensively. The
work reported so far on insoluble catalysts
for the oxidation of cyclohexene is mainly
that of Meyer et al. (1), Gould and Rado
(2), and Neuburg et al. (3-5). They used
one component metal oxides such as CoO,
MnO;, Cr,0O;, etc., mainly in the form of
insoluble catalysts. Recently the authors
(6-9) studied this oxidation by using vana-
dium—chromium binary oxides as catalysts.
The activity of the binary system was
higher than the one component metal ox-
ides, i.e., vanadium pentoxide and
chromium(IIl) oxide separately, and de-
pended on the catalyst structure which
seemed to be largely influenced by its
method of preparation. When the binary
system was supported on SiO,, the effect of
interaction between SiO, and each metal

oxide was more strongly observed than the
effect of the binary system formation; the
latter effect was preferably found on +y-
Al Q4 carrier,

Molybdenum—~chromium binary oxide
supported on y-Al,O; (Mo-Cr—y-Al,O;)
also showed high activity (8) which may be
attributable to the formation of chemical
compounds as observed in the vanadium-
chromium binary system (7). It was consid-
ered that the autoxidation of cyclohexene
proceeds through the radical decomposi-
tion of I-cyclohexenyl hydroperoxide
(HPO), i.e., the degenerate chain branching
mechanism, on the latter binary system (7-
9). Also the termination reaction is reasona-
bly expected on the heterogeneous metal
oxide catalyst as has been reported by
Neuburget al. (5) and Srivastavaer al. (10—
12).

In the present work, Mo-Cr-y-Al,O,
catalyst was prepared by a kneading
method and its effect on kinetics of the
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liquid-phase oxidation of cyclohexene was
studied. The effects of molybdenum:
chromium composition, cyclohexene con-
centration, catalyst amount, oxygen partial
pressure, and temperature on the reaction
rate and the product distribution are dis-
cussed. The decomposition of ¢-butyl hy-
droperoxide (--BuOOH) was also carried
out for the purpose of studying the charac-
ter of the binary system catalyst.

II. EXPERIMENTAL METHODS
1. Catalysts

The supported binary system catalysts
were prepared by the kneading method as
follows; a mixture of ammonium paramo-
lybdate, chromium(III) nitrate, and alumina
hydrate (Shokubai Kasei Co., Ltd.) as the
raw materials was kneaded in the presence
of small amount of water at 80°C for 5 hr,
dried at 100°C for 1 day, and calcined at
450°C for 5 hr in air. The resulting catalyst
was pulverized and used as 30-40 mesh
particle size powder. The concentration of
metal oxides (calculated as MoO; + Cr,0y)
was 20 wt%. The symbol, composition of
supported metal oxides (in terms of atom%
of Cr/(Mo + Cr)), and specific surface area
(S,) are given in Table 1.

2. Apparatus and Procedure

The oxidation was carried out using a 200
ml batch-system reactor with an oxygen
recycling unit and a magnetic stirrer (6).
Oxygen consumption was measured by a
gas meter. It was verified that the kinetic
results obtained were not influenced by the
stirring speed. Cyclohexene (30.0 ml,
purified by passing it over activated alu-
mina to eliminate the hydroperoxide), ben-
zene as solvent (40.0 ml), and z-BuOOH
(0.1 ml) were used in each reaction, except
when the effect of cyclohexene concentra-
tion was studied. r-BuOOH purified by dis-
tillation (40.0°C/25 mm Hg) was added
such that reproducible results of oxidation
were obtained (8).

The decomposition of 1-BuOOH was per-
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TABLE 1

Symbol, Composition of Supported Metal Oxides,
and Specific Surface Area of Catalyst?®?

Symbol Composition  Specific surface

Cr/(Mo + Cr) area: S,

(atom%) (m*/g)
MOOg—'}’-Ales 0 288
Mo—Cr—y-ALO, 10 309
Mo—Cr—y-Al,05-2 20 301
Mo—Cr—y-Al,05-3 30 295
Mo-Cr-y-Al,05-5 50 290
Mo-Cr—y-Al,05-7 70 249
Crgos—'y'A]zO;g 100 293

« Concentration of metal oxides (calculated as MoO;
+ Cry03) was 20 wt%.

b Specific surface area of y-Al,O; similarly prepared
from the alumina hydrate was 220 m?/g.

formed in 10-ml reaction tubes attached to a
wrist-action shaker to achieve vigorous agi-
tation (9) using 25 mg of the binary catalyst
and 5 ml of benzene solution of 1-BuOOH
(0.1 M) at 60°C under a nitrogen atmo-
sphere.

3. Analyses of Reaction Products and
Catalysts

The oxidation products 1-cyclohexenyl
hydroperoxide (HPO), 2-cyclohexene-1-
one (ONE), 2-cyclohexen-1-ol (OL), and
cyclohexene oxide (OXIDE), and uncon-
verted cyclohexene were determined by the
iodometric method and gas chromatogra-
phy (6).

t-BuOOH and its decomposition prod-
ucts ¢-butyl alcohol (--BuOH), acetone, and
di-t-butyl  peroxide (t-Bu,0O,) were
identified, and then determined using the
method reported previously (9).

The surface area of the catalyst was
measured by the BET method using nitro-
gen, and its structure was studied by means
of X-ray diffraction and infrared absorption
(6). X-Ray photoelectron spectroscopy
{XPS) measurements were carried out on a
Du Pont ESCA 650 B using monochromatic
AlK, radiation (8).
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III. RESULTS AND DISCUSSION

1. Influence of the
Molybdenum:Chromium Composition

The results of the reactions for 4 hr with
binary catalysts containing different
molybdenum:chromium compositions are
shown in Fig. 1, together with the results
with one component systems, i.e., Mo—y-
Al,O; and Cr—y-AlLO;. Mo—y-Al,Oq
showed very low activity; its induction
period of oxygen consumption (I.P.)! was
very long (155 min) and its rate of oxygen
consumption was extremely low. Cr—y-
Al,O; was fairly active itself, and the activ-
ity increased further by the formation of
Mo-Cr binary systems. The maximum rate
of oxygen consumption per unit surface
area of the catalyst (Rn../S), i.e., the
specific activity, is shown in Fig. 2. The
decomposition of z-BuOOH on the binary
catalyst was a first-order reaction, and its

'1.P. was defined as a time at an intersecting point
on a time axis of a maximum tangent line of oxygen
consumption curve.

Conversion & Yield ( % )
Induction period ( min )}

o 50 100

Cr/(Mo+Cr) ( %)

FiG. 1. Oxidation of cyclohexene with Mo—Cr—y-
Al;O; catalysts. Cyclohexene, 30 ml; benzene, 40 ml;
1-BuOOH, 0.1 ml; catalyst, 50 mg; reaction tempera-
ture, 60°C; reaction time, 4 hr; O, pressure, 1atm; (A)
induction period, (O) cyclohexene conversion. Yield,
(0) OL, (@) OXIDE, () HPO, (@) ONE.
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F1G. 2. Specific activity of Mo—-Cr—-y-ALO; catalyst
for the cyclohexene oxidation (R,./S) and for the ¢-
BuOOH decomposition (k,/S).

products were ¢-BuOH, ¢-Bu,O,, and ace-
tone, suggesting that -BuOOH is decom-
posed homolitically as observed already
with V-Cr-y-Al,0, (9). The specific activ-
ity of the binary system for the s-BuOOH
decomposition was expressed by a first-
order rate constant per unit surface area
(ki/S) (Fig. 2). The activity of R,,,/S cor-
related well with that of &,/S and also with
the activity for initiation shown by I.P. in
Fig. 1, suggesting that the autoxidation is
initiated and accelerated by the radical de-
composition of HPO on the binary catalyst.

Concerning the product distribution, OX-
IDE and OL were produced maximally on
the catalysts of high molybdenum content,
HPO and ONE on the contrary on those of
high chromium content (Fig. 1). It is thus
considered that two types of active sites
exist on the present binary catalyst; one
composed mainly of molybdenum species
catalyzes the epoxidation of cyclohexene
with HPO and another of chromium species
catalyzes the autoxidation as observed al-
ready in the vanadium-chromium binary
catalyst (6-8).

The analytical results of surface state of
Mo-Cr-y-Al;O; by XPS showed the va-
lence state of molybdenum is about +6
because of the Mo3d5/2 values of 232.8-
233.0 eV (13) on all the catalysts used. On
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the other hand, the Cr2p3/2 binding energy
of 577.6 eV on Mo-Cr—y-Al,O3-1 shifted
toward a slightly higher value of 578.0 eV
on Mo-Cr—y-Al,O37, and the value of
spin-orbit splitting (E) of the Cr2p level
decreased simultaneously from 9.8 eV on
Mo-Cr-y-ALO;-1 to 9.5 eV on Mo-Cr—y-
Al,0,-7, when the chromium content in the
binary system increased. These results sug-
gest that the valence state of chromium is
higher than +3 in the binary system of
higher chromium content (8, /4). The peak
area ratios of Mo3d5/2 and Cr2p3/2 to Cls
as a standard were plotted to the Mo:Cr
composition (Fig. 3). Both the ratios are on
the straight lines passing the origins, indi-
cating that each of molybdenum and chro-
mium distributes uniformly in proportion to
the Mo:Cr composition.

In the X-ray diffraction patterns or the ir
absorption spectra of Mo-Co—y-Al,O, cat-
alysts, only some broad peaks or absorp-
tion lines assigned to y-Al,O; were ob-
served; the evidence of MoQ;, Cr,0;, or
chromium “molybdate supposed to be
formed (I4) was not obtained. An unsup-
ported Mo-Cr (1:1) binary oxide was pre-
pared from ammonium paramolybdate and
chromium(III) nitrate by the same method
as the catalyst preparation. Its X-ray dif-
fraction pattern (I) and ir absorption spec-

Peak area ratio

Cr/(Mo+Cr) ( 8 )

F1G. 3. Peak area ratios of Mo3d5/2 and Cr2p3/2 to
Cls in XPS spectra; (O) (Mo3d5/2)/(Cls), (@)
(Cr2p3/2)/(C1s).
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FiG. 4. X-Ray diffraction diagram (I) and ir absorp-
tion spectrum (II) of the Mo-Cr binary oxide, (I), (m)
MoO;, (c) Cr,05: (), (—) MoO;, (-----) Cr,0,,
( ) the binary oxide.

trum (II) are shown in Fig. 4. The X-ray
analysis showed several lines (o) which can
be assigned neither to MoQ; (m) nor to
Cr,0; (c); none of the reduced®species of
MoO; (e.g., Mo;0;, MoO,, etc.) was de-
tected. The ir spectrum differed clearly
from those of MoO; and Cr,0;. A broad
absorption band at 840-850 c¢cm™! is as-
signed to the [MoO,] tetrahedron observed
in the structure of some molybdates (16);
the absorption band at about 990 cm™!
assigned to the octahedral [MoQg) in MoO;
was not observed clearly. After these,
chromium molybdates containing the
[MoO,] tetrahedron may be formed in the
binary system. Also when the binary sys-
tem was supported on y-Al,O;, such chemi-
cal compounds may be formed, resulting in
the increase in catalytic activity. It is
doubtful that molybdenum species catalyze
the homolytic decomposition of HPO,
though it can catalyze the epoxidation with
HPO (8). Therefore, the activity for the
radical decomposition may be due to chro-
mium species; this increased activity ob-
served in the binary system may be based
upon a change in the coordination state
around the chromium. This latter may be
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changed by the chemical compound forma-
tion of the chromium,

2. Kinetics of the Reaction

In order to clarify the oxidation mecha-
nism of the binary system, the kinetics of
oxidation was studied using the most active
catalyst: Mo-Cr-y-Al,O3-7. Mo-Cr-y-
Al,O;-2, on which the epoxidation was
observed together with the autoxidation,
was also used as a catalyst for comparison.

The oxygen consumption curves when
changing the amount of Mo—-Cr—y-Al,O;-7
are shown in Fig. 5. The R, increased and
the I.P. was shortened when increasing the
catalyst amount up to about 50 mg, above
which the R,,, increments became very
small; the I.P. was also lengthened with
larger amounts of catalyst. When the
amount of 700 mg was reached, oxygen
consumption was not observed for an 8 hr
reaction except that a small amount of
oxygen was absorbed at the beginning of
the reaction. The values of R,,. and the
rate of oxygen consumption at the begin-
ning of reaction (R,) with Mo—Cr—y-Al,0,-
7 catalyst are shown in Fig. 6; the recipro-
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Reaction time ( min }

F1G6. 5. Oxygen consumption curves when using var-
ious amounts of Mo-Cr—y-Al,04-7 catalyst. Cyclohex-
ene, 30 ml; benzene, 40 mi; -BuOOH, 0.1 ml; reaction
temperature, 60°C; oxygen pressure, 1 atm; amount of
the catalyst, (a) 1.8, (b) 5.2, (¢) 10, (d) 20, (e) 75, (D)
200, (g) 400, (h) 500, (i) 700 mg.

cal of I.P. is shown in Fig. 7. Also when
using Mo-Cr—y-Al,0;-2, a similar result
was observed; oxygen consumption was
not observed in the presence of 2000 mg of
the catalyst even when an 8 hr reaction was
carried out. The results are shown in Figs. 6
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F1G. 6. Rates of oxygen consumption: R,,,, and R,. (O,0-) Mo~Cr—y-ALO,-7; (@,®-) Mo-Cr—y-
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Fi16. 7. Reciprocal of induction period. (O) Mo—Cr-
‘Y’Alea"7; (.) MO—CT—’)’-A]zO;—Z.

and 7. The order of the R_,, with respect to
the catalyst concentration was 0.40 and
0.43 for Mo-Cr~y-Al,0,-7 and -2, respec-
tively, at low concentrations; both the
values were nearly equal to zero at the high
concentrations.

When the autoxidation of cyclohexene
proceeds under sufficiently long oxidation
chains as follows (R, cyclohexenyl radical;
M, catalyst):

R

ROOH 2RO - and RO, = R-, (1)
R-+ ()2 _— I(()z "y (2)

RO,- + RH=ZROOH + R*, (3)
RO, + RO, - - nonradicals + O,. (4)

If oxygen evolved from the biradical termi-
nation (4) is neglected with respect to oxy-
gen absorbed in the propagation, the rate of
oxidation can be expressed as:

—d[0,)/dt = (Ri/2k)'*k,[RH]  (5)

where R, stands for the rate of free radical
initiation. At the low catalyst concentra-
tion, Eq. (7) is obtained:

R, = k,[ROOH][M], )
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—d[0,]/dt
= (ky/2k)"?k,[RH][ROOH]'?[M]'2.  (7)

It is considered that HPO is decomposed
via an adsorption equilibrium of HPO on
the binary catalyst (4, /7). Under the con-
dition that the concentration of HPO is far
higher than that of the catalyst, Eq. (7)
becomes:

~d[O.)/dt = (ki/2k)'?k[RHI[M]'2.  (8)

At high catalyst concentrations, the rates of
formation and decomposition of HPO be-
come equal; a steady-state concentration of
HPO is attained complying with the equa-
tion:

_ k[RHF
[ROOH]. = W

9
From this the limiting theoretical rate of
oxidation becomes:

—d[0,]/dt = K*RHF/k.  (10)

The results shown in Fig. 6 can be qualita-
tively explained by Eqgs. (8) and (10), which
relate the reaction order with respect to
catalyst. The values found as the limiting
rate in Fig. 6 were 1/20-1/30 of the theoret-
ical value: 2.6 x 107% mol/liter - sec, given
by Eq. (10) when using values of k,2/2k,
obtained by Mayo et al. (I18). The present
values are far smaller than 3.3 x 1074-7.5 x
10~* and 7.0 x 107* mol/liter - sec obtained
when using MnO, catalyst (5) and cobal-
tous acetate catalyst (/9), respectively.
Moreover, in a reaction for reference,
Co(acac), (1072 mol/liter) showed a rate of
5.6 x 10~* mol/liter - sec under conditions
similar to the reaction with Mo-Cr—y-
Al,0, catalyst. This value suggests that the
reaction is not diffusion limited. These
results indicate that Mo-Cr—y-Al,O; cata-
lyst has large inhibiting properties. The R,
and the reciprocal of I.P. showed a similar
tendency with respect to the catalyst con-
centration, indicating that the radical chain
reaction is initiated by the decomposition of
HPO on the catalyst. The reaction orders of
R, with respect to the catalysts of low
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concentration were larger than the value of
1 (Fig. 6). It has been established (20) that
for short chain length a more general ex-
pression for the rate of oxygen consump-
tion can be derived:

—d[0,l/dt = 3R,/2 + (R/2k)**k,[RH].
(11)

If the rate of free radical initiation is pro-

portional to the concentration of catalyst

(Eq. (6)), the increase of the reaction order
with respect to catalyst from the value 0.5

11 a4
5 10

Cyclohexene concentration ( mol-1 )

-

]

[$]

L3

w

r—i. a

1

= 107
'3 b
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»
I
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5 10

Cyclohexene concentration ( mol-l-l )
Fi1G. 8. (a) Rate dependence with respect to cyclo-
hexene concentration. Catalyst, Mo-Cr—y-Al,05-2, (a)
5, (b) 10, (c) 20, (d) 50 mg; reaction temperature, 60°C.
(b) Rate dependence with respect to cyclohexene
concentration. Catalyst, Mo-Cr—y-Al,0;-7, (a) §, (b)
10 mg; reaction temperature, 60°C.
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Fi1G. 9. Rate dependence with respect to oxygen
pressure. Catalyst, (@) Mo—Cr—y-Al,04-2, 20 mg; (O)
Mo-Cr-y-Al;0;-7, 10 mg; reaction temperature, 60°C.

will depend on the influence on the term
3R,/2. A lowering of the R, and an increase
of the I.P. observed when using a large
amount of catalyst (Figs. 6 and 7) may be
due to inhibition by the catalyst or to the
adsorption of HPO on inactive sites of the
catalyst.

The dependence of the rate of oxidation
on the concentration of cyclohexene is
shown in Fig. 8, with changing amounts of
catalyst. The value of the reaction order
with respect to the cyclohexene concentra-
tion varied depending on the amount of
catalyst used; the value was 1.8, 1.5, 1.2,
and 1.0 when using 50, 20, 10, and 5 mg,
respectively, of Mo-Cr-y-Al,0;-2 (Fig.
8a), and 1.6 and 1.2 when using 10 and 5
mg, respectively, of Mo-~Cr-y-Al,0;-7
(Fig. 8b). These values can be explained by
Egs. (8) and (10). When a large amount of
the catalyst was used, the value neared to 2
as shown by Eq. (10); on the contrary, the
value decreased to 1, by Eq. (8), as the
amount of catalyst was reduced.

The influence of the oxygen pressure is
shown in Fig. 9. At low O, pressure, the
order of the reaction, with respect to oxy-
gen, was between 0.7 and 0.8; the order
was zero complying with Eq. (8) or (10) at
atmospheric pressure.

The influence of the reaction temperature
is shown in Fig. 10. An apparent activation
energy (E,), obtained from the R,,,,
changed somewhat depending on the
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FiG. 10. Influence of reaction temperature on reac-
tion rate (—) and induction period (-----). Cata-
lyst, Mo-Cr-y-Al;O47, (a) 10, (b) 5 mg; Mo-Cr—y-
Al,03-2, (¢) 20, (d) 5 mg.

amount of catalyst used; the value of E,,
was 12.2 and 13.9 kcal/mol with 10 and 5
mg, respectively, of Mo-Cr—y-Al,03-7. It
was 13.5 and 14.0 kcal/mol with 20 and 5
mg, respectively, of Mo-Cr-y-Al,0;3-2.
According to Egs. (8) and (10), E,, can be
expressed by either Eq. (12) or Eq. (13):

Ey =E, + (E - E)/2, (12)
Ey = 2E, - E, (13)

where E, = activation energy of the propa-
gation step, E; = activation energy of the
initiation, and E, = activation energy of the
biradical termination of peroxy radicals.
Equation (12) can be adopted at low cata-
lyst concentrations, and, accordingly, the
value of E,, may be calculated as about 14

\c—c(
7“5 RN

2

RO,- + _—

N\. 7/
C
/ N\

When increasing the amount of catalyst, a
decrease of HPO and an increase of ONE
were observed; the amounts of OL and
OXIDE did not significantly change. On
Mo-Cr-y-Al,05-2 catalyst (Fig. 11b), a
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kcal/mol. For the oxidation of cyclohex-
ene, the following values were obtained: E,
= 8.5 kcal/mol by Bateman and Gee (21),
and £, = 7.5 kcal/mol and E, = 4.5
kcal/mol by Howard and Cobb (22). The
adoption of the values reported by Howard
and Cobb and 14 kcal/mol as E,, into Eq.
(12) gave the value of E; = 17.5 kcal/mol.
Values from the literature of E,, = 11.4-
13.0 kcal/mol were reported for the oxida-
tion of cyclohexene with MnO, catalyst (5).
Arrhenius plots of the reciprocal of I.P., a
part of which are shown in Fig. 10, gave the
following values of apparent activation en-
ergy: 13.0 and 14.2 kcal/mol with 10 and 5
mg, respectively, of Mo-Cr-y-Al;0;-7,
and 12.9 and 14.9 kcal/mol with 20 and 5
mg, respectively, of Mo—Cr—y-Al,O;-2.

3. Reaction Products

The oxidation products recognized in the
present work were HPO, ONE, OL, and
OXIDE. The molar percentage of each
product is shown in Figs. 11 and 12, as
catalyst concentration and the reaction
temperature are varied. All the reactions
were carried out until the amount of oxygen
absorbed reached about 1500 ml NTP, ex-
cept when the reaction was stopped at 4 hr
because the catalyst concentration was too
small to give a sufficient rate of oxidation
(Fig. 11).

On. Mo-Cr-y-Al,0,-7 catalyst (Fig.
11a), the selectivity of OXIDE showed a
low value of about 5%; OXIDE may be
formed mainly via the addition of peroxy
radical to cyclohexene (I8, 23):

c-c/ (14
Y

fairly large amount of OXIDE and OL was
observed; conversely those of HPO and
ONE were small. The results support the
hypothesis that the epoxidation of cyclo-
hexene with HPO is catalyzed by molybde-
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Fi1G. 11 (a) Influence of catalyst concentration on
product distribution. Catalyst, Mo-Cr—y-Al,0;-7; (O)
cyclohexene conversion; products, (0) HPO, (®)
ONE, (©) OL, (®) OXIDE. (b) Influence of catalyst
concentration on product distribution. Catalyst, Mo—
Cr—y-ALO;-2; (O) cyclohexene conversion; products,
(0) HPO, (D) ONE, (©) OL, (@) OXIDE.

num species on Mo-Cr-y-Al;O4-2. The
product distribution obtained at low con-
version, when using a small amount cata-
lyst (Fig. 11), shows that the first oxidation
product is HPO which is then converted
into ONE and OL or epoxidizes cyclo-
hexen. Though the amount of oxygen con-
sumed was fixed at a constant value of 1500
ml NTP in the reactions with both the
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catalysts, a difference in the value of cyclo-
hexene conversion was observed. Conver-
sion was 21% on Mo-Cr—y-AlL,O;-7 and
27% on Mo-Cr-y-Al,05-2; the difference
of 6% suggests that cyclohexene is con-
sumed by the successive epoxidation on the
latter catalyst.

When further increasing the amount of
catalyst, the concentration of catalyst
reached a limiting value where the oxida-
tion was inhibited almost completely (Fig.
6). Above the limiting concentration of cat-
alyst, only ONE was detected with a selec-
tivity above 90%. The result suggests that
ONE forms selevtively by the inhibition
reaction. Two possible types of reactions
catalyzed by chromium species are consid-
ered. First is a nonradical decomposition of
hydroperoxide as has been reported in the
oxidation of ethylbenzene (24):

ROOH ——~ ONE + H,0.  (15)

The second is the reaction between peroxy
radicals and the catalyst which was pro-
posed by Ravens (25) and further observed
with the ions of Mn?* (26) and Co?* (27):

RO, - + Cr** — ONE + Cr**? + OH~ -

(16)

. @ 0.
) S
H ne _____ e
'E 20t .
# ..(l........o....-......_....o..-.-.

10 @7
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Reciprocal of reaction temperature { °K = )

FiG. 12. Influence of reaction temperature on prod-
uct distribution. Catalyst, ( ) Mo-Cr-y-Al0;-7,
10 mg; (-—--) Mo-Cr-y-Al,0;-2, 20 mg; products,
(0J) HPO, (®) ONE, (©) OL, (@) OXIDE.




276

The influence of the reaction temperature
is shown in Fig. 12. When the reaction
temperature varied, the selectivity of each
product did not change particularly on Mo-
Cr-y-Al;Os-7. However, on Mo-Cr—y-
Al,O;-2, the increments of OL and OX-
IDE, at the expense of HPO, was observed
as the reaction temperature was raised.
Epoxidation was favored at the high tem-
perature. An activation energy of the epoxi-
dation of 2-methyl-2-pentene with cumyl
hydroperoxide, calculated from the data
obtained by Sheng and Zajacek (28), using
molybdate as catlayst, was 22.3 kcal/mol.
This is higher than the value of E,, obtained
in the present work, supporting the result
that epoxidation was favored at high tem-
peratures.

4. Inhibition on the Catalyst

As mentioned above, Mo-Cr-y-Al,O,
catalyst works as a promoter by decompos-
ing, homolytically, HPO. On the other

Mo-Cr-J-A1,0

Mo—Cr—-I‘—A1203

o
N
I

Added

0,~Consumption ( mo1-171 )

1 L
0 100 200

Reaction time ( min )

Fic. 13. Oxygen consumption as a function of time
when adding a large amount of catalyst in the course of
reaction. Catalyst amount up to 104 min, Mo-Cr—y-
Al,O;-7: 10 mg, Mo—-Cr—y-Al;03-2: 20 mg; the final
amount, Mo-Cr~y-Al,05-7: 2010 mg, Mo-Cr—y-A1,0,-
2: 5020 mg; cyclohexene, 30 ml; benzene, 40 mi; ¢-
BuOOH, 0.1 ml; reaction temperature, 60°C; oxygen
pressure, 1 atm.
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TABLE 2

Product Distribution before (95 min) and after (140
min) the Addition of Large Amount of Catalyst

Catalyst Reaction Selectivity (%)
time
(min) HPO ONE OL OXIDE
Mo-Cr—yALO3-2 95 41.9 14.7 22.9 20.5
140 5.2 49.1 23.9 21.8
Mo-Cr—y-Al,Oy7 95 34.6 30.5 29.9 5.0
140 34 68.2 24.6 3.8

hand, it also works as an inhibitor of autoxi-
dation. In order to clarify the mechanism of
inhibition, the following studies were car-
ried out.

A cyclohexene oxidation was studied
with Mo- Cr—y-Al,O;-7 catalyst concentra-
tion of 10 mg/ml, and the reaction contin-
ued for about 100 min. A large amount of
the catalysts, 2000 mg, which had com-
pletely inhibited the oxidation (Fig. 6), was
added into the reaction, and the oxidation
was allowed to proceed. The change of the
oxygen consumption curve is shown in Fig.
13. A similar experiment was performed
also with Mo-Cr-y-Al,0;-2, being started
with 20 mg of catlayst and then adding 5000
mg (Fig. 13). In both the cases, the oxygen
consumption was inhibited but not stopped
by the addition of large amounts of catalyst.
This may be due to the existence of rela-
tively large amount of HPO. That is, as
reported by Mukherjee and Graydon (29)
and Fukuzumi et al. (30), there may ex-
ist a limiting ratio of HPO to the catalyst,
below which no oxidation proceeds. The
product distributions before and after the
addition of large amount of catalyst, i.e.,
at the reaction time of 95 and 140 min,
respectively, are shown in Table 2. A
large increase of ONE at the expense of
HPO was observed on both the catalysts.

Some oxidation experiments were car-
ried out using a large amount of the cata-
lysts in the presence of 2,2'-azo-bis-isobu-
tyronitrile (AIBN) as a radical initiator
(Fig. 14). Even in the presence of AIBN,
the oxidation was retarded when using 2000
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F1G. 14. Inhibition of the oxidation in the presence
of AIBN when using a large amount of Mo—Cr—y-
AlL,Os-7 (—) or Mo-Cr—y-Al,042 (---). Cyclo-
hexene, 30 ml; benzene, 40 ml; concentration of
AIBN, 0.05 mol/liter; reaction temperature, 60°C;
oxygen pressure, 1 atm; amount of catalyst, (a) 700,
(b) 2000, (c) 2000, (d) 5000, (e) 10,000 mg, (f) without
catalyst.

or 5000 mg of Mo-Cr—y-Al,04-2, or 2000
mg of Mo—Cr—y-Al,0,-7; use of 10,000 mg
of Mo—-Cr—y-AL,O;-2 inhibited the oxida-
tion for 400 min or more. Such an inhibition
observed even when radical initiators are
present suggests that radicals are inacti-
vated by the catalyst, that is, a main termi-
nation on the catalyst is not the nonradical
decomposition of HPQ, i.e., reaction (15),
but reaction (16). The oxidation results are
shown in Table 3. The values of R,,, were
similar to those obtained when no AIBN
was added; the increase of ONE observed
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at the expense of HPO when the amount of
catalyst increased was also similar to the
result shown in Fig. 11. When 10,000 mg of
Mo-Cr—y-Al,04-2 was added, only ONE
was detected with a selectivity above 90%,
also supporting reaction (16) as the main
termination.

After a cyclohexene oxidation for 60 min
using 300 mg of Mo~-Cr-y~Al,0;-7 or 200
mg of Mo-Cr—y-Al,0;-2, stirring was in-
terrupted in order to allow the catalyst parti-
cles to settle. Just before the interruption,
the rate of oxygen consumption was 1.12 X
10~ or 7.4 x 1075 mol/liter - sec for Mo-
Cr—y-Al,03-7 or Mo-Cr—y-Al,03-2, re-
spectively. Each sample of the supernatant
reaction liquid, when replaced in a fresh
reactor without catalyst, showed a sharp
decrease in the rate of oxidation to values
of about 5 x 10=® mol/liter - sec corre-
sponding to the uncatalyzed reaction. This
indicates that there was no homogeneous
catalysis resulting from dissolved catalyst
species in either oxidation.

An autoxidation of a-methylstyrene, an
easily polymerizable olefin, proceeds al-
most completely by the addition mecha-
nism (23), and accordingly can be initiated
by a catalyst which activates oxygen mole-
cules. This can be observed using Co(II)
acetylacetonate (31). Two solutions, each
of which contained 30 ml of a-methylsty-
rene and 40 ml of benzene, were prepared
and oxidized at 60°C for 5 hr using 50 mg of
Mo-Cr-y-Al,0;~7 or Mo-Cr—y-Al,O;-2,
respectively. Neither of the two showed the

TABLE 3

Product Distribution and Rate of Oxidation in the Presence of AIBN*®

Catalyst Amount of Selectivity (%) Rpax
catalyst (mol/liter - sec)
(mg) HPO ONE OL OXIDE (x 1079
Mo-Cr—y-Al,0;-7 700 24.7 48.4 23.2 3.7 10.5
2000 14.8 57.8 23.0 4.4 10.4
Mo-Cr-y-Al;O52 2000 18.8 30.7 29.5 21.0 8.2
5000 15.7 34.8 30.5 19.0 8.4

¢ Concentration of AIBN, 0.05 mol/liter; cyclohexene, 30 ml; benzene, 40 ml; reaction temperature, 60°C;

amount of oxygen consumed, 1500 ml NTP.
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oxygen absorption, suggesting that the abil-
ity for oxygen activation of these catalysts
is very small.

5. Reaction Mechanism

The kinetics already described have been
derived on the assumption that the catalyst
works only as an initiator. However, the
experimental results cannot be explained
by such a simple mechanism, and indicate
that the termination reaction (16) has an
important role in the oxidation. As already
reported, using V-Cr—y-Al;O; catalyst, the
rate of initiation increased by the addition
of t-BuOOH until the ratio of ~-BuOOH to
the catalyst amount reached a limiting
value, beyond which no marked increase in
the initiation rate was observed (8). Such a
phenomenon can be reasonably expected
also in the present study using Mo-Cr-y-
Al;O; catalyst. This indicates that radical
generation proceeds through the decompo-
sition of hydroperoxide adsorbed on the
heterogeneous catalyst surface (4, 29).
This can be well understood when consid-
ering that an equilibrium of complex forma-
tion was observed between hydroperoxide
and catalyst in the homogeneous oxidation
(32). The adsorbed hydroperoxide may be
decomposed homolytically via one electron
transfer between itself and chromium ion
on the catalyst.

The simplest reaction mechanism which
accounts for many of the observed phe-
nomena is presented. The initiation pro-
ceeds via the adsorption equilibria:

ROOH + Cr* = (ROOH - - - Cr™), (17)

(ROOH - - - Cr™¥) k

RO - + Cr®++...QH-, (18)

ROOH + Cr(n+1)+ « v OH_ﬁ
RO,- + H,0 + Cr*, (19)
RO- + RH—ROH + R-. (20)
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This is followed by the propagation step:
k
R- + 0,—RO, -, 2)

RO,  + RHZROH +R-. (3

As the termination step, reaction (16),
which produces ONE, may be added to the
biradical termination (4) producing both of
ONE and OL.:

ke
RO;- + RO;- = ONE + OL + O,, (4)

+ ol
ONE + Cr(n+l)+ .

ROg :

-OH~. (16)

Neuburget al. (5) proposed a mechanism
composed of the following biradical termi-
nation instead of reaction (16) for the oxida-
tion of cyclohexene on MnQ, catalyst. In
this reaction nearly equal amounts of ONE
and OL were produced:

RO, + Cr™ = (RO, - - - Cr™), (1)

RO; - + (RO, - - - Cr'™) —

inactive products. (22)

This mechanism was also adopted to the
oxidations of cumene on NiO catalyst (10),
cyclohexene, etc. on MnO, catalyst (/7),
and tetralin on NiO-Al,O; catalyst (12),
because ONE and OL were produced in
nearly equal amounts. Already in the ho-
mogeneous oxidation of tetralin, a possibil-
ity of a similar mechanism was suggested
by Kamiya and Ingold (33). He also, how-
ever, considered a termination reaction
(16). Reaction (16) was recognized to be
prominent in the reaction between ¢-alkyl
peroxy radicals and Mn(Il) ions (34). sec-
Alkyl peroxy radicals may produce ketones

. selectively by this reaction, as reported by

Mizukami and Imamura (35) in the oxida-
tion of tetralin by chromium catalyst. Also
in the present work, the remarkable in-
crease in the ONE selectivity observed
using a large amount of the catalyst sup-
ports reaction (16) as the termination.
Using the steady-state approximation for
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the mechanism mentioned above, the rate
of free radical initiation (R;) will be given
by:

Ry = 2k[RO, - * + k{[RO; - J[Cr"*]. (23)

For sufficiently long reaction chains, the
rate of oxidation can be derived:

—d[0,]/dt = k,[RO; - J[RH]

- 2k, R[RH]
T KICr™] + (KACr™) + 8RRk

If the termination reaction of peroxy radical
on the catalyst surface, indicated by reac-
tion (16), is negligible compared to the
biradical termination (4), Eq. (5) is ob-
tained.

When the limiting rate of oxidation is
reached, it is assumed that the rate of
formation of hydroperoxide through reac-
tion (3) becomes equal to its rate of decom-
position on the catalyst surface, Ry. In
these circumstances the total rate of hydro-
peroxide formation will be:

d[ROOH]
dt

(29

- 2k, R[RH]
~ KICr™ + (KHCr® + 8Riky)'™
- Rd = 0.

(25)

HPO may be decomposed into radicals
through reactions (17)—-(19); a part of
peroxy radicals formed through reaction
(19) can be changed into ONE through
reaction (16), resulting in no participation in
the chain reaction. Though reaction (15)
cannot be completely overlooked, it may be
more reasonable to consider a combination
of reaction (16) and (19) in order to explain
the formation of ONE from HPO (Table 2),
as reported by Mizukami and Imamura
(35). This combination is also supported by
the fact that water drops formed on the
reactor wall, though its amount was not
quantitated, when using a large amount of
the catalyst.

It is assumed that R; and R, are linearly
related as:

R = aR, (26)
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where « is the fraction of hydroperoxide
decomposed contributing to radical initia-
tion. Then the limiting rate of oxidation will
be given as:

~d[O,)/dt = k,[RH](ak,[RH]
- k[Cr**])/2k. @27)

Thus, Egs. (24) and (27) were obtained
instead of Egs. (5) and (10), respectively,
by introducing reaction (16) and the con-
stant «. For a small enough value of
k{[Cr"*], the reaction order with respect to
the catalyst will become to 0.5, because
R; may be proportional to the catalyst
concentration [Cr**]. When the rate of
termination (16) of peroxy radical on the
catalyst surface becomes competitive with
the biradical termination (4), the reaction
order will be less than 0.5. The values of
0.40 and 0.43 observed with Mo-Cr—y-
Al,0457 and -2, respectively, at low cata-
lyst concentration suggests that the termi-
nation (16) cannot be ignored. As the
catalyst concentration increased, the reac-
tion order with respect to the catalyst be-
came far lower (Fig. 6), indicating an in-
crease of this contribution. In these
circumstances, the reaction order with re-
spect to cyclohexene was found between
1.0 and 2.0 (Fig. 8). Such an apparent
order possibly results from a transition
between these more normal responses to
Egs. (24) and (27). When the concentra-
tion of catalyst further increased, the lim-
iting rate of oxidation was reached (Eq.
(27); its value was far smaller than the
value obtained from Eq. (10), as men-
tioned already. It can be seen from Eq.
(27) that for high catalyst concentration a
point must be reached where k[M**] =
k,[RH] and inhibition will become com-
plete.

From the present results, we conclude as
follows: Mo-Cr—y-Al,O; catalyst acceler-
ates the autoxidation of cyclohexene by
decomposing homolytically HPO and si-
multaneously inhibits it by reacting with the
peroxy radical (Eq. (16)). HPO is converted
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into ONE through a combination of reac-
tions (19) and (16). These reactions which
proceed via one electron transfer may be
catalyzed by chromium species on the cata-
lyst. Simultaneously, the epoxidation of
cyclohexene with HPO may occur on its
molybdenum species. The increase of ac-
tivity observed on the Mo-Cr binary cata-
lyst (Fig. 1) may be due to the changes of
the coordination states around chromium
atom.
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