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The behavior of oxygen, O,~ and O~ radicals adsorbed on the partially reduced V,0;-SiO, catalysts has
been investigated. Oxygen is adsorbed mainly in a molecular state at room temperature, the sum of amounts
of paramagnetic adsorbed species O,~ and O~ being less than 10%, of total amount of adsorbed oxygen. High
degree of reduction, high content of V,0; and low pressure of oxygen at adsorption equilibrium are favorable

for the formation of O- radical.

It was confirmed by the quantitative analysis of reaction products and the ad-

sorbed species that O,-, not O-, is the active species in the oxidation of propylene at room temperature. A mech-
anism involving an intermediate of an epoxide structure was proposed.

In the last decade, many works have been carried
out mainly by ESR technique on the formation of O,~
and/or O~ on the surface of partially reduced metal
oxide. It has been established that O~ is very reactive
to carbon monoxide, while O,~ seems to be unreactive
to such gases as hydrogen and carbon monoxide at
room temperature.) In most works, zinc oxide and
titanium oxide were chosen as adsorbents, which exhibit
poor activity for the oxidation of hydrocarbons. No
reports seem to have been given on the oxidation of
hydrocarbons by O,~ or O~ over these oxides.

Schvets et al.® and Tarama et al.® found that O,
and/or O~ were formed on partially reduced vanadium
oxide used as a commercial catalyst for oxidation, when
the oxide was supported on silica. Kazansky et al.
have established the high reactivity of O~ to carbon
monoxide and claimed that O,~ is inactive in oxidation
reactions.9

In a previous paper® a report was given on the
stability and reactivity of O,~. It was found that
propylene is oxidized to propionaldehyde by adsorbed
oxygen species over this catalyst, a hypothesis being
proposed that O,~ is the active species in the reaction.
Kazansky et al. reported that O~ was formed on the
reduced vanadium oxide? but they gave no favorable
conditions for its formation, and this could not be
confirmed in the previous work. The first aim of the
present work is the establishment of favorable con-
ditions for the formation of O-. The second aim is
clarification of the active species in the oxidation of
hydrocarbons. A large amount of diamagnetic oxygen
species are coexistént on the surface.’) The possibility
of participation of these species can not be excluded
from ESR investigation only. We attempted to solve
the problem by investigation of the quantitative correla-
tion between the amount of products and oxygen
species.

Experimental

Materials. Carrier (SiO,); Silica gel obtained from
ethyl orthosilicate hydrolyzed in a water—ethanol mixture at
boiling point was calcined at 500 °C for 5 hr in a dry stream
of air and was ground to powder of less than 100 mesh.

Catalysts (V,04-5i0,): Silica gel impregnated with 0.3 M
ammonia solution containing ammonium metavanadate was
dried and calcined at 500 °C for 10 hr in dry stream of air.
The amounts of vanadium oxide (V,0;) supported on SiO,

were 2 and 5 wt%,.

Gases: Commercial oxygen and propylene were used.
Carbon monoxide was obtained by the decomposition of
sodium formate. All gases were purified by vacuum distilla-
tion at a low temperature.

Apparatus and Procedure. Measurements of oxygen
adsorption were carried out by the usual volumetric method.
ESR spectra were recorded with a JES-3BSX type ESR
spectrometer (X-band). Amounts of O,- were determined
by means of a TE105 cavity using DPPH as a standard.
Amounts of O~ were estimated from the amount of CO,
produced by its reaction with CO at room temperature.
The reaction of propylene with adsorbed oxygen was carried
out in a similar manner to that described previously.® The
reaction mixtures were recovered with a liquid N, trap and
analyzed by a gas chromatograph with 3m column (PEG
1500 209, Celite) at 80 °C. Partial reduction of catalysts
was carried out at 420 °C for a given time with CO. The
degree of reduction was calculated from the amount of CO,
produced and given in terms of the percentage of V4+ pro-
duced to the total V ions.

Results and Discussion

Adsorption of Oxygen. Adsorption isotherms* of
oxygen on partially reduced V,0;(5 wt%,)-SiO, cata-
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Fig. 1. Adsorption isotherms of oxygen on partially
reduced V,05(5 wt%)-SiO, (% ; reduction degree)

*  V,0;-Si0, catalyst before reduction adsorbed a small
amount of oxygen at room temperature. The adsorbed
amount of oxygen on partially reduced catalysts was corrected
by subtracting the amount.
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Fig. 2. Langmuir plot for oxygen adsorption isotherm
(% degree of reduction)

TABLE 1. VARIATION OF a,/V*" BY REDUCTION
Degree of
reduction 16.7 20.0 22.1 28.5 34.7 49.6 50.1

(%)
a/V¥* (%) 26.9 23.6 27.1 22.7 32.2 25.8 33.7

ay: Saturated adsorption amount of oxygen (mol/g-cat)
V4*: Amount of V4* produced by reduction (mol/g-cat)

lysts at room temperature are shown in Fig. 1. Since
the Langmuir equation for non-dissociative adsorption
fits the isotherms (Fig. 2), oxygen should be mainly
adsorbed in a molecular state on these catalysts at
room temperature. The saturated amount of adsorp-
tion of oxygen (as) increases with the increase in the
reduction degree of the catalyst and the ratio of a5 to
V# produced by reduction falls in the range 23—349,
(Table 1).

ESR Spectra of Adsorbed Oxygen. Figure 3 shows
the ESR spectrum of oxygen radical species adsorbed
on the 179 reduced V,0,(5 wt%)-SiO, catalyst at
room temperature. This spectrum with hfs of 4,,=
9.3G and 4,=5.8G at g//=2.022 and g,=2.004 can

22.26G

Fig. 3. ESR spectrum of oxygen adsorbed on 179,
reduced V,0; (5 wt9%,)-SiO,.
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Fig. 4. ESR spectrum of oxygen adsorbed on 229,
reduced V,0; (5 wt%)-SiO,.

H
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Fig. 5. ESR spectrum of oxygen adsorbed on 519,
reduced V,05 (5 wt%)-SiO,.

be assigned to O, radical.2® Figures 4 and 5 show
the ESR spectra of oxygen radical species adsorbed on
the 22 and 519, reduced V,0,(5 wt%)-SiO, catalyst,
respectively.  In these spectra, a new signal (marked
by arrows) is superimposed on the O, signal. The
new signal g=2.027, A=13 G corresponds to that
assigned to the O~ radical by Kazansky.9

The signal assignable to the O~ radical was detected
on catalysts more highly reduced than 209, for V,0,-
(5wt%)-SiO, and 309, for V,0;(2 wt%)-SiO,, the
ratio of O~-/O,~ increasing with the increase in the
reduction degree of catalysts (Fig. 6).

The influence of adsorption pressure of oxygen on
the formation of oxygen radical species was investigated,
the results being given in Table 2. Increase in the
pressure of oxygen resulted in the increase in relative
signal intensity of O,~ and decrease in that of O-,
regardless of degree of reduction of the catalysts.
This evidently shows that high degree of reduction,
high content of V,0, and low pressure of oxygen at
equilibrium are favorable for the formation of O-
radicals.**

Both signals of O,~ and O~ radicals are stable in

** In the former study,? the O- radical was not detected
for the catalyst of 1—459, reduction, which seems to have
been due to high oxygen pressure.
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Fig. 6. Variation of O-/O,~ by reduction (wt%; V,O,
content in catalyst)

TaBLE 2. RELATIVE INTENSITY OF O, AND O~

A ¢ Relative

Equili- ofg:gruglel:n intensity
Catalyst brium adsorbed a/V** Of:ESIl{ O7/O,~

pI’CSSUI‘C — 51gna

1078 mol/

p (Torr) g-cat —~

0, O
50% reduced < 0.1 63.1 22.8 2920 0.69
Vo055 wt%)- 2.1 76.5 27.6 4915  0.31
10, 7.5 78.0 28.2 4311 0.26
15.2 91.3 33.2 49 7.4 0.15
25.3 92.7 33.7 52 4.6 0.09
359 reduced < 0.1 53.8  27.6 20 6.0 0.30
V,O,(5 wt%)- 4.4 57.3  29.4 24 4.0 0.17
§i0, 10.6  60.0 30.1 29 2.0 0.07
17.4 62.8 32.2 29 1.2 0.04

vacuo at room temperature even after 16 hr, but heating
for 15 min at 150 °C caused a decrease of O,~ by 809,
and O~ by 309%,. This shows that O~ is more stable
than O, at high temperatures in agreement with the
result of Shvets ¢t al.®)

Quantitative Measurement of O,~ and O-. 179,
reduced V,0,(5 wt%)-SiO, catalyst adsorbed 2.6 x
10-5mol oxygen/g-cat at room temperature. The
amount of O,~ on this catalyst was determined to be
1.6 x10-% g ion/g-cat by the ESR method. On the
other hand, both ESR signals of O, and O~ were
observed for 209, reduced V,0;(5 wt%,)-SiO, catalyst
adsorbing 2.62 x10-5mol oxygen/g-cat, the ratio of
O~ to O, being 0.59 from the relative signal intensity.
Addition of CO at room temperature caused instan-
taneous disappearance of the ESR signal of O- and
formation of CO,, as reported by Kazansky et al.9
It was confirmed that the ESR signal intensity of O,~
radical is not affected by either the addition of CO or
the recovery of the resulting CO,. This can be utilized
for the evaluation of the amount of O~ by measuring
the amount of CO, produced by reaction of O~ with
CO. The amount of O~ radical adsorbed on 209%
reduced V,0;(5 wt%,)-SiO, was evaluated to be 9.6 x
10-7 g-ion/g-cat. The amount of O, calculated from
these values of O~ and O~/O,~ was 1.6 X 10-% g-ion/g-
cat. Thus, the values from the two different methods
agree. In the following experiments, the amounts of
O, and O~ were estimated by the latter method.
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TABLE 3. AMOUNT OF ADSORBED SPECIES

A t - -
Reduc- vt of ggrugrtl:n 0 0;" 10°+0,"
tion = O~ 107¢x 1078 x a
107X  adsorbed <=
degree s O,~ mol/ mol/
S mol;g-cat  1078X% —cat t °
mol/g-cat g gca %o
17 1.12 260 — - 1.6 6.2
20 1.20 2.62 0.59 0.95 1.6 7.91
35 2.0 6.13 0.04 0.13 3. 5.2
45 2.5 4.76 0.65 1.2 1.8 5.0
50 2.75 9.27 0.09 0.42 4.8 5.4

The amounts of V4, total adsorbed oxygen (a), O,
and O~ for several catalysts are given in Table 3. In
all cases, the values of [O,~+4(1/2)O~]/a are smaller
than 10%. From the fact that paramagnetic adsorbed
species are only a small part of total adsorbed oxygen
and the Langmuir equation for non-dissociative adsorp-
tion fits the isotherms, a large part of oxygen seems to
be adsorbed as a neutral molecule.

Reaction with Propylene. Some olefins are oxidized
by adsorbed oxygen, accompanied by the simultaneous
disappearance of O,~ signal in ESR spectra.? Since
large amounts of adsorbed oxygen besides O,~ are
existent together with O~ on the catalyst surface, it
seems that the previous results can not exclude the
possibility of oxidation of olefins by adsorbed oxygen
species other than O,~. In order to specify the oxida-
tive species unambiguously a correlation between
amounts of consumed O,~ and oxidation products
of propylene was quantitatively investigated.

At room temperature, propylene was brought into
contact with catalysts, on which O~ had been removed
by CO treatment to exclude the possibility of oxidation
by O-. After 1 hr, the reaction mixture was recovered
in a liquid N, trap. For the desorption of products,
the catalyst was evacuated at 200 °C during the course
of recovery (1 hr). The results of gas chromatographic
analysis of reaction products are given in Table 4.
The amounts of recovered oxidation products (pox) for
the A-series experiments are in the same order as that
of consumed O,, the ratios of pox to O,~ being
nearly in the range 0.8—1. Case B shows the result
for the 46.59, reduced V,0;(5 wt%,)-SiO, catalyst, on
which both O,~ and O~ initially coexist and O~ mainly
remains after heating at 150 °C for 15 min. Although
both O~ and O,~ rapidly diminish in contact with
propylene, the amount of oxidation product is in the
same order as that of O, rather than that of O-.
This probably means that in spite of reaction of O—
with propylene, the oxidation products resists the
desorption from catalyst surface,” where oxidation
products of propylene on zinc oxide are too tightly
adsorbed to remove and are recovered as CO, only
at a higher temperature than 200 °C. The oxidation
products (Table 4) can be regarded to result from the
reaction of O,~ but not from other oxygen species.

Propionaldehyde, acetaldehyde and acrolein were
detected with small amounts of acetone and propylene
oxide in the oxidation products. Since these products
except acrolein are not expected from the allylic inter-
mediate, it is suggested that low temperature oxidation
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TaBLE 4. PRODUCTS OF PROPYLENE OXIDATION ON V,0j5 (5 wt%)-SiO, CATALYST

o Oxygen
Expt 10~%mol/g-cat Composition of product (%) containing Py /O~
o —_— . product Poy; 0% 72
No.® O, (O CH, CH,CHO Prop ycllene I;ilol:}':og' Acetone Acroleine 1078 x ® %
oxide aldehyde mol/g-cat
A-1 1.8 — 99.3 0.16 — 0.55 — — 1.78 99
A-2 3.1 — 92.3 2.47 — 3.34 0.80 1.14 2.94 95
A-3 3.7 — 96.1 1.16 — 2.69 — — 2.95 80
A-4 4.8 — 59.0 15.94 1.46 16.33 2.89 4.40 4.40 92
B» 0.36 0.97 99.2 0.36 — 0.34 0.13 — 0.165 47
co — — 10.6 — 22.0 52.8 14.6 — — —

a) O™ was removed by reaction with CO. b) Catalyst adsorbing oxygen was heated at 150 °C for 15 min.
c) 1.5 1075 mol propylene oxide was introduced at room temperature on the 10% reduced V,05(5 wt%,)—
SiO, and then evacuated. The reaction products were recovered by the same method as for Expt. A and B.
*) Reduction degrees of catalysts in A-1, A-2, A-3, A-4 and B were 22.1, 34.7, 47.6, 50.1 and 46.5%,, respec-

tively.

of propylene with O,~ radical occurs mainly through
the intermediate of an epoxide structure as follows.

— H,CG-C-CH,
I
0—o0
N/ H.C
Vo+ 2] \:}O\ I
C,Hg; + or —— HC” 0 —|—— H,C—CH-CH,
I l A
0 H,C Ve 0
v |
Ve
—— O=CH-CH,-CH,

Propionaldehyde and acetone are also formed by the
isomerization of propylene oxide on this catalyst.
(Expt. No. C, Table 4).

The mechanism of formation of acetaldehyde is not
clear, but the following mechanism might be partially
cooperative with the above one.

H H
| |
H,C—C-CH; — CH,-C=O + HCHO

0-+-0

\Y%
However, we could not detect any formaldehyde in
reaction products, nor could be elucidate the reaction

products of O~ with propylene.
In conclusion, the respective amounts of total oxygen,

O, and O~ adsorbed on partially reduced V,0,-SiO,
catalyst were quantitatively determined. It was con-
firmed that O,~ on the catalyst oxidized propylene at
room temperature by a mechanism involving the inter-
mediate of an epoxide structure.
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