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Differently %0-labeled bismuth molybdate catalysts were prepared by the solid-state reaction
from 180-enriched bismuth and molybdenum oxides. The results of the propylene reduction of
the catalysts and the catalytic oxidation of propylene clearly demonstrated that the oxygen
atom in the acrolein formed comes from the (Biz0:).2* layer whether or not the gaseous oxygen
is present. During the catalytic oxidation, the oxide ions consumed by the reaction seem to be
replenished by gaseous oxygen through the (MoO2),*" layer.

INTRODUCTION

Batist et al. (1) suggested that the oxidiz-
ing species in the catalytic oxidation of
butene over bismuth molybdate are the
oxide ions of the catalyst lattice and that
the gaseous oxygen replenishes the oxide
ions consumed by the reaction. This is
supported by the results of the catalytic
oxidation of propylene obtained by Keulks
(2), Wragg et al. (3), and Sancier et al. (4)
using *0 as a tracer. Schuit and his co-
workers (5, 6) have further discussed the
detailed mechanism of the incorporation
of lattice oxygen into the reaction products
in connection with the layered structure of
bismuth molybdate which consists of
(Bi;0,),2t and (MoO,},2* layers inter-
connected by (0),* layers.

Previously we obtained two kinds of
v-bismuth molybdate catalysts which were
differently labeled with 80 oxygen (7).
One, designated as y-Bi;'*O;-MoOs;, was
prepared by the solid-state reaction be-
tween 0-enriched bismuth oxide (Bi»'*Os)
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and molybdenum oxide (MoOs3). The other,
designated as v-Bi.0;-Mo'®0; was pre-
pared similarly but with Bi,O; and Mo!®0,.
The results of the hydrogen reduction of
these catalysts clearly demonstrated that
v-Bi,1805-MoO; contained '*0  prefer-
entially in the (Bi;02) .2t layers, while
v-Bi,03-Mo'0Q; contained O in the
(Mo00Q,) 2t layers. The results also re-
vealed that hydrogen reacts with the oxide
ions of the (Biy0.).2T layers rather than
with those of the (MoOg).** layers. This
fact lead us to infer that the oxide ions of
the (Bi.0s).2" layers would also be re-
sponsible for the oxidation of olefins. In
order to prove this, we investigated the
propylene reduction of #0O-labeled catalysts
and the catalytic oxidation of propylene
over these catalysts. The results obtained
are reported here.

EXPERIMENTAL METHODS

’Y—Bi21803'1\/1003 and ‘Y-BizO;;'l\’IOISOg
catalysts containing *0 at 4.5% of the
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total oxide ions were prepared in the same
way as reported previously (7). In addition,
highly enriched catalysts (**0 119;) were
prepared similarly from either Bis*0; (%0
2297) or Mo'®0; (0 229). Biy%0; (%0
2207) was obtained by the reoxidation of
partially reduced Bi;O; with *O oxygen
(180 909,). MoO; was not easily reduced to
the extent desired. Therefore, ammonium
molybdate was decomposed in a hydrogen
stream at 450°C and the MoO; produced
was oxidized to Mo, (180 309) with 30
oxygen at 550°C. Mo'*0; was next blended
with Mo®03; and the %0 content was
adjusted to 229,. The 80 content of all
oxides was calculated from the material
balance for oxygen and no confirmation was
made experimentally because of the dif-
ficulties. All catalysts were checked by
means of X-ray diffraction. The structure of
y-bismuth molybdate was confirmed for all
catalysts and no reaction residuals were
detected within the detection limit.

The apparatus was a closed recircula-
tion system. An amount of 1.0 g of each
catalyst was loaded in a U-tube-type re-
actor and evacuated at 500°C prior to
reaction. The reduction of catalysts was
carried out at 500°C with a mixture of 40
Torr of propylene and 100 Torr of helium.
The acrolein and water produced were
collected into a trap cooled at the melting
point of methanol (—96°C) and taken in
a sampling tube at intervals to analyze the
isotopic concentration by mass spectros-
copy. Two traps were installed in parallel
and used alternately so that the reaction
was carried out without interruption by
sampling. Catalytic oxidation of propylene
was conducted at 400°C by circulating a
mixture of propylene (110 Torr), oxygen
(100 Torr), and helium (250 Torr). The
acrolein and water formed were trapped
with a dry ice—methanol bath (—78°C).

The 80 concentration in acrolein was
carefully determined using a mass spec-
trometer (Hitachi RMU-5B). Ior some
samples, several mass spectra were taken

repeatedly and '#0 concentration was cal-
culated from the spectra. The values of 120
concentration showed good reproducibility
on each sample and did not deviate more
than +0.19, from the average.

RESULTS AND DISCUSSION

The 130 concentration in the acrolein
produced by reduction of labeled catalysts
was plotted against reaction time in Fig. 1.
In the case of v-Biy'%0;-3Mo00;, %0 con-
centration was initially higher (12.09)
than 80 content of the catalyst (119%) and
gradually decreased to 10.19,. On the
contrary, the 'O concentration in the
acrolein produced with ~-BisOjz:Mo'%0O;
increased from the initial value of 9.39
which was lowcer than the 30 content
of the catalyst. These features werc ob-
served previously (7) when we studied
hydrogen reduction of the labeled catalysts
and concluded that the isotopic distribu-
tion 1s not uniform in the catalyst as
prepared. This conclusion is also drawn
from the present results. Similar time
courses were obtained for the 0 concen-
tration in the water simultaneously pro-
duced with the acrolein, although the
absolute value of ¥ concentration could
not be determined exactly. The values
calculated for water were always about 309
smaller than those for the acrolein. Water
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Fia. 1. Time course of 180 coneentration in the
acrolein produced by the reduction of 180-labeled
catalysts with propylene. (O) ~+-Biy 20;-MoOjs;
(A) ’y-Big()g'l\rIOlSOg.



36 MIURA ET AL.

seemed to exchange its oxygen easily with
the other molecules (CO,, H,0, ete.) in
the mass spectrometer during analysis.

The present results clearly indicate that
the formation of acrolein involves the
oxygen atoms of (Biy0,).2t layers rather
than those of (MoOg),** layers. Wragg
et al. (3) have confirmed that no oxygen
exchange occurs between acrolein and bis-
muth molybdate at 500°C. It is therefore
concluded that the oxygen atom in the
acrolein molecule is directly derived from
(B1,04) 2t layers by the reaction of pro-
pylene with the catalyst. Rapid oxygen
exchange of water with bismuth molybdate
has been suggested by Novakova et al. (8).
The results in Fig. 1 show, however, that
the surface oxide ions are not scrambled
extensively by the exchange reaction of
water, at least in the initial stage of the
reduction.

The results of the catalytic oxidation of
propylene are shown in Fig. 2 where the
180} concentration in the acrolein formed
is plotted against reaction time. In an
experiment, the oxidation was carried out
with *0 oxygen on an unlabeled catalyst
which was prepared similarly to other
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Fia. 2. Time course of 80 concentration in the
acrolein produced by the oxidation of propylene
with 80, over (O) ¥-Biz 180;-MoO; (180 4.5%);
(A) v-Biz0;3-Mo 1205 (120 4.5%,); and (A) v-Bi:0Os
-Mo'0; (120 11%). (W) On unlabeled catalyst with
18(Q)-enriched oxygen.

catalysts from ordinary oxides. The results
are shown by the darkened squares in
Fig. 2 which show a montonous increase in
30 concentration from 0%, Keulks (2) and
Wragg et al. (3) observed the same results.
It is likely, as they mentioned, that pro-
pylene is oxidized by the oxide ions in the
catalyst whose *0Q content is almost 09,
at first but increases as a result of scrambl-
ing of oxygen in the catalyst with 20
oxygen. When propylene is oxidized with
150 oxygen over *O-enriched catalyst, the
reverse change in 130 concentration would
be expected. In fact, the time course of
the 80 concentration in the acrolein pro-
duced over y-Biz'#03- MoO;, shown by the
blank circles in Fig. 2, decreased mono-
tonously from the initial value of 4.1 to
2.49%. In the case of -Bi;O;3-Mo'#0;,
however, the time course for *0 concentra-
tion was not simple as shown by the
blank triangles. It increased in the initial
10 min from 2.89, to the maximum value
of 3.59, followed by a slow decrease. This
feature was further confirmed by using a
larger amount (3.0 g) of highly enriched
v-Bi,0;- Mo'®0; catalyst, the results of
which were shown by the darkened tri-
angles. The 20 concentration started below
89, which was much lower than the %0
content of the catalyst (119,) and, after
abruptly reaching a maximum value of
11.19,, it started to decrease slowly.
Since v-Bi:0;-Mo'%0; contains most of
180 oxygen in the (MoOg),2t layers, the
value of the initial 180 concentration clearly
indicates that the oxygen came from the
(Bi302) 2t layers rather than from the
(Mo00Oy) 2+ layers. The participation of an
undetectable amount of residual BisOj, if
any, is definitely excluded because a bis-
muth oxide has no activity to produce
acrolein under the reaction conditions
employed here. The increase in 20 con-
centration in the initial stage of the reac-
tion may be explained by the scrambling
of the oxide ions in the catalyst. The 30
content of (Bi;0,).2+ layers would increase
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if scrambling with 80-enriched oxygen in
the (MoQ2).2* layers occurred. The slow
decrease in O concentration at the later
stage results from the dilution of 20 in
the catalyst with %0 taken from the gas
phase. This dilution effect is seen in the
run with v-Bi,'%0;- MoO; in Fig, 2.

The present study strongly supports
the mechanism of lattice oxygen incor-
poration proposed by Matsuura et al. (6)
for the oxidation of butene. The results
clearly demonstrate that propylene is
selectively oxidized to acrolein by the oxide
ions of (Bi,0,),.2+ layers whether or not
gaseous oxygen is present. These partic-
ular oxide ions consumed by the reaction
might be immediately replenished by sub-
surface oxide ions. High mobility of the
oxide ions from the bulk to the surface
and from the surface into the bulk has been
shown by Keulks (2). From his estimation,
the oxygen adsorbed on the catalyst surface
scrambles with 500 oxide layers and 60 to
100 oxide layers before reacting with
propylene and carbon monoxide, respec-
tively. We (9) investigated the oxidation of
carbon monoxide over various molybdate
catalysts using %O-enriched oxygen and
found that the oxide ions in 8- and vy-bis-
muth molybdate and lanthanum molyb-
date are more mobile than those in a-bis-
muth molybdate, nickel molybdate, and
calcium molybdate by a factor of 10. The
former group has metal oxide layer,

(Bi;03) 2t or (La:02),*", sandwiched by
(Mo0QOs) 2 layers. On the other hand, the
corresponding layer in the latter group
consists of only metal ions, that is, Bi,*,
Ni2t, and Ca,?*t. The (Biy0,),2t layer
seems not only to act as a source of the
reactive oxygen favorable to selective
oxidation of olefins but also to facilitate
the interlayer transfer of oxide ions.

It is likely that the oxide ions are re-
plenished by the gaseous oxygen through
the (Mo00Os2),2t layer during catalytic oxida-
tion, because the catalyst with a 130
distribution similar to that of ¥-Bi.Os
- Mo'80; has been obtained (7) by reoxida-
tion of partially reduced y-bismuth molyb-
date with ¥ oxygen.
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