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Propene oxidation in the absence of gaseous oxygen has been studied on unsupported bis-
muth molybdate with atomic ratio Mo/Bi= 2.66, and on unsupported iron antimonates
prepared according to various procedures. The study was carried out in a flow reactor: the
distribution of the products and the oxygen consumption were foliowed. The experimental
conditions were: temperature, 450-550°C; CgHy WHSYV, 0.1-0.2 hr~'; and C3;H, partial
pressure, 108 mbar.

On bismuth molybdate and iron antimonate with ratio Sb/Fe = 2 the main oxidation prod-
uct was acrolein, whereas for Sb/Fe = 1 deep oxidation products were obtained. The struc-
tural modifications occurring during the reduction of bismuth molybdate are pointed out and
the structure of the intermediate phase was elucidated. The chemical composition of this
intermediate is close to 2Bi,0, - MoO; and the structure is monoclinic pseudo-tetragonal
(a=b=25.58 /Z\; c=11.62 A; y = 89.00°). The different behavior of iron-antimony cata-
lysts obtained varying the chemical composition and the thermal treatment of the samples
supports the hypothesis that the two phases of the catalyst, FeSbO, and Sh,0,, cooperate in
producing acrolein with a higher selectivity than on each phase alone. A mechanism has

been proposed to explain the phenomenon.
INTRODUCTION

Many oxide-based compositions are suc-
cessfully adopted for the selective hetero-
geneous oxidation and/or ammoxidation of
olefins, antimony or molybdenum being
present in the majority of them. Among
them it is evident that the iron-antimony
system is far less studied (/-4) in compari-
son to other catalysts. The present re-
search was undertaken to achieve a better
knowledge of this catalyst and to inves-
tigate whether the optimum catalytic activ-
ity can be related to some peculiar feature
of the solid. We thought a comparison
between the Fe,0;-Sb,0, system and the
Bi,0;-MoQO; system would be of great
interest. The latter system has stimulated
in recent years extensive investigations on

physicochemical properties in correlation
with catalytic activity and selectivity
(5-10). We chose to oxidize propene (PR)
on both catalysts, in depletive conditions,
that is to utilize the lattice oxygen as the
oxidizing species and to measure the
change of catalytic activity and product
distribution as a function of the increasing
degree of reduction of the solid.

In Part I (//) we studied under the same
conditions the behavior of the simple an-
timony, bismuth, iron and molybdenum
oxides. Iron oxide proved very active and
not selective and underwent a complete
transformation to Fe;O,; antimony oxide,
on the other hand, showed low activity but
high selectivity, 1-5-hexadiene (HEX)
being the main partial oxidation product.
In the last case the oxygen consumed was

223

Copyright © 1975 by Academic Press, Inc.
All rights of reproduction in any form reserved.



224

predominantly supplied by the surface.
MoO; and Bi,O; were both active and se-
lective, the former producing mainly acro-
lein (ACR) and the latter benzene (BEN),
with a great mobility and a noticeable con-
sumption of the bulk oxygen, even though
X-ray analysis detected only small structu-
ral modifications.

The present investigation was under-
taken to investigate the extent to which the
behavior of the simple oxides could pro-
vide explanations and suggestions for the
interpretation of the performances ob-
tained with the systems Fe,O;-Sb,O, and
Bi,0O;-MoO;.

EXPERIMENTAL METHODS

The catalysts were prepared according
to the following procedure:

MoBi. The bismuth molybdate unsup-
ported catalyst (MoBi) was prepared by
slowly adding at room temperature a solu-
tion of Bi(NO;); - SH,O in dilute nitric acid
to an ammonia solution of (NH,)sMo,0,, -
4H,0. The final pH was 2.2. After drying,
the powder was pelletized and activated
in air up to 600°C. The composition of the
final product was Bi;O; - 2.66 M0oO; and its
BET surface area was 3.3 m? g1,

FeSb 1 and FeSb 2. The samples with
atomic ratio Sb/Fe=1 (FeSb 1) and
Sb/Fe=2 (FeSb 2) were prepared by
heating at 80°C the desired amount of
Fe(NQO;); - 9H,0 which melts in its hydra-
tion water giving a concentrated solution
of Fe(NO;);. The corresponding amount of
finely divided Sb,Q; was added to this
solution, and the resulting slurry was
carefully stirred. The mixture was then
evaporated and the powder obtained was
activated up to 800°C. The surface area
of the final products was 28 m? g' for
FeSb 1 and 13 m? g' for FeSb 2.

MIX I. FeSb 1 and Sb,O, were sepa-
rately calcined at 800°C for 2 hr and sub-
sequently mixed together in such a ratio as
to obtain Sb/Fe = 2.

MIX 2. This was prepared by calcining
MIX 1 at 800°C for 2 hr.
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The final products were pelletized,
ground and sieved: the fraction between
50 to 70 mesh was collected for the experi-
ments.

The reagents, equipment, analytical and
operative procedure and nomenclature
have been described and defined in Part I
(11).

The particular operating conditions
chosen for the experiments to be described
below were: temperature, 450-550°C; re-
duction time ¢,, 1-20 min; C;Hg partial
pressure, 108 mbar; C,H; weight hourly
space velocity, WHSV, 0.1-0.2 hr.

RESULTS

Conversion and Selectivity

Propene conversions against reduction
time, ¢,, at 450 and 550°C are plotted in
Figs. 1 and 2 for all the investigated solids.
The initial conversion is nearly 100% in all
cases except MoBi at 450°C and sharply
decreases towards 10-20% after a few
minutes of reduction. At 550°C the behav-
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Fi1G. 1. Values of the conversion of PR versus ¢, at
450°C: (©)FeSb 1, ((D)FeSb 2. (VMIX 1, (AYMIX 2,
(O)MoBi.
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F1G. 2. Values of the conversion of PR vs ¢, at
550°C: (&)FeSb 1, (YFeSb 2, (V)MIX 1, (AMIX 2,
(O)MoBiI.

ior is quite similar for all solids, with ex-
ception made again for MoBi. Propene
conversions around 50%, nearly indepen-
dent of the degree of reduction, are ob-
tained on this catalyst.

The selectivities to the main oxidation
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Fi1G. 3. Values of selectivity to HEX versus ¢, at

550°C: (¢0)FeSb 1, (()FeSb 2, (VIMIX 1, (A)MIX 2,
(O)MoBi.
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Fi1G. 4. Values of selectivity to BEN versus ¢, at
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products at 550°C, and in the case of ACR
also at 450°C, are plotted against the re-
duction time in Figs. 3-6. It may be no-
ticed that HEX is not produced on MoBi
in the temperature range we considered;
on the iron-antimony catalysts the amount
of HEX increases almost linearly with ¢,
and is nearly independent of the tempera-
ture. BEN production is low on every cat-
alyst (less than 5%) and is independent of
t, and temperature. The selectivity to
ACR on MoBi is extremely high, around
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FiG. 5. Values of selectivity to ACR versus ¢, at
450°C: (&)FeSb 1, ((J)FeSb 2, (V)MIX 1, (A)MIX 2,
(O)MoBi.
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FiG. 6. Values of selectivity to ACR versus ¢, at
550°C: ($)FeSb 1, ()FeSb 2, (VMIX 1, (AMIX 2,
(O)MoBi.

80%, and does not change with tempera-
ture. The significant behavior of the iron-
antimony catalysts must be accurately
examined. The selectivity to ACR on
FeSb 1 is low, and nearly constant with
temperature; on the other hand, on FeSb 2
the selectivity at 450°C is almost as high
as on MoBi, but it decreases sharply as the
temperature is increased. MIX 1 and MIX
2 are both more selective than FeSb 1 and
less selective than FeSb 2. The selectivity
to ACR follows the order MoBi > FeSb
2> MIX 2 >MIX 1 > FeSb 1; its de-
pendence on the reduction time is nearly
the same, showing a maximum after 3 min
of reduction and then a slow decrease. On
raising the temperature, CO and CQO,
increase on all the iron-antimony cata-
lysts. The difference between the various
iron-antimony catalysts is evident only
after the first minute, because at the begin-
ning they behave in quite identical ways
producing predominantly CO and CO,; af-
terwards they sharply differ among them-
selves.
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Catalyst Structure

FeSbh 1. The structure determined by
X-ray analysis (see Table 1) agrees with the
one proposed in the literature (/2.13),
where a tetragonal phase with a rutile-type
structure and a composition FeSbO, is de-
scribed. By reducing with PR, for the time
we considered in the experiments, no
change was detectable by X-ray analysis,
whereas, when the reduction was pro-
tracted for longer periods (up to 1 hr), a
decomposition of the rutile phase was evi-
dent with formation of large amounts of
B-Sb,0, and traces of «-Sb,O4. Such a
decomposition must run parallel to the for-
mation of iron oxide, but this phase was
not detected by X-ray analysis.

FeSb 2. For this composition, the pres-
ence of two phases Sb,O, and FeSbO, was
reported (1,3), and the catalytic activity
was attributed to FeSbO,. For this com-
position, however, Adamiya et al. (4) de-
tected an ir absorption band that they
ascribed to a phase consisting of a solid
solution of Sb,0O, and FeSbO,. We exam-
ined FeSb 2 by X-rays and detected the
two phases a-Sb,O, and FeSbO,, rutile
type. Magnetic susceptibility measure-
ments were performed on FeSb 1, FeSb 2
and on other samples with an atomic ratio

TABLE 1
PHASE COMPOSITION ACCORDING FO
X-RAY ANALYSIS®

Reduction (min)

FeSb 1

Before FeSbO,

10 FeSbO,

60 FeSbO, + B-Sb,0, + [a-Sb,O4]
FeSb 2

Before FeSbO, + a-Sb,0,

10 FeSbO, + a-Sb,0,

30 FeSbO, + a-Sb,0, + [B8-Sb,0,]

60 FeSbO, + a-Sb,0, + B-Sb,0,

@ Brackets indicate small amounts or traces of the
compound.



OXIDATION OF PROPENE. 11

Sb/Fe ranging between 1 and 2.5. A con-
stant value of magnetic susceptibility per
mole of iron was obtained at room temper-
ature, indicating that iron atoms are in the
same oxidation state in all samples and
their environment does not change.

In the case of FeSb 2, no structural
changes are detectable by X-ray analysis
during the first 10 min of reduction,
whereas, when the treatment is protracted,
large amounts of B-Sb,0O, are produced:
the formation of 8-Sb,O, must be ascribed
to the decomposition of FeSbO, and not to
the transformation of «-Sb,O,, which re-
mains unaffected (Table 1).

MoBi. The Bi,O;~-Mo0Q; system has
been widely investigated. Even though
there are discrepancies among the various
authors, a substantial agreement exists
about the phases with high molybdenum
content Bi,O; - 3MoO, (7,/14) and
Bi,O; - 2Mo00O, (7). Two phases are re-
ported for Bi,O; - MoQ,, the K phase, or-
thorhombic with koechlinitic structure (/5)
and the K II phase, stable at high tempera-
ture, with a tetragonal structure (16). All
the above phases are described as catalyt-
ically active. Among the compositions
with high bismuth content, a 2Bi, O, - MoO,
phase, which has an oxygen-deficient CaF,
structure with a = 5.65 A, is reported (/7).
At 870°C this cubic structure transforms
into a tetragonal one. The compound
3Bi,O; - M0O; is reported (5,18) to change
its diffraction pattern with temperature and
at 1000°C, closely resembles K 11.

According to Rashkin and Pierron (8),
who studied the structure of the
Bi,0; - 2M00O; composition on alumina by
means of high temperature diffraction, the
X-ray data obtained at room temperature
do not present an adequate picture of the
sitnation at reaction temperatures. In the
presence of air and PR they detected an
unknown structure but it was impossible to
identify it, due to the small number of ob-
served diffraction peaks. Bi,O; - MoO,; K
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and crystalline MoQ;, according to Dalin
et al. (19), are the products formed from
Bi,O; - 2M00O; and Bi,O; - 3MoO; after
prolonged use as catalysts in the oxidative
ammonolysis of PR at 470°C. Aykan (10),
reacting PR and ammonia in the absence
of gaseous oxygen on the phase Bi,Oj, -
3Mo00O,;, found that metallic bismuth
and MoQ, are the final reduction products,
which would be formed through the inter-
mediate Bi,O; - MoO; K. Tsailingol’d et al.
(24), on the other hand, studying the ox-
idative dehydrogenation of n-butenes in
the absence of gaseous oxygen on bismuth
molybdates, found that the reduction of
the catalyst proceeds to metallic Bi and
Mo,Q; as the final products. However, the
X-ray diffraction pattern they reported for
Mo,0; is identical to the ASTM pattern of
MoOQO, (in ASTM the pattern of Mo,O; is
not reported). Our catalyst, MoBi, was com-
posed of the phase Bi,O; - 3MoQ; with
small amounts of the phase Bi,O; - MoO,
K. The phase modifications occurring
during the reduction by PR are displayed
in Fig. 7 which shows the phase composi-
tion as a function of ¢,. The phase K is not
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TABLE 2

X-RaY DATA oF PTPh®
d A hkl Intensity
3.284 T12 s
3.242 112 s
2.903 004 mw
2.791 200-020 ms
2.012 204—024 ms
1.738 116-116 w

@ Unit cell parameters: a = 5.58 A; b = 5.58 A;
c=11.62 A; y = 89.00° V = 362 As,

considered because it cannot be detected
any more on the reduced catalyst. The me-
tallic Bi which should accompany the re-
duction was not observed by microscopic
inspection of the catalyst reduced for up to
10 min, but it could be observed after ex-
tended reduction, when all the structure
collapsed forming MoQ, and Bi.

A new phase (PTPh), not before iden-
tified, was detected and partially character-
ized (20). Its chemical composition is close
to that of the phase 2Bi,O, - MoO,, but it
has a pseudo-tetragonal monoclinic struc-
ture; some crystal data are given in Table
2. We suggest that PTPh, which has a high
bismuth content and is probably oxygen
deficient, could be the intermediate formed
in the reduction of bismuth molybdates.
PTPh is probably the ‘“unknown phase”
detected by Aykan (/0) and the phase
whose pattern, according Batist et al. (5),
closely resembles that of K I1.

DISCUSSION

In Part 1 ({1), we pointed out the dif-
ferent catalytic behavior of bismuth,
molybdenum, antimony, iron and tin
oxides both for activity and for the dis-
tribution of allylic products.

The behavior of MoBi and FeSb 2,
which more closely resemble some indus-
trial catalysts, is quite different from that
of their constituent oxides: ACR is always
the main partial oxidation product on these
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catalysts. Considering the number of ox-
ygen layers consumed during the reaction
as a function of ¢, (Fig. 8) it is evident that
the surface monolayer is consumed in the
first minute. Afterwards the rate of OC
remains unchanged for MoBi, whereas it
decreases for FeSb 2 (and FeSb 1), whose
activity is greatly dependent on the reduc-
tion (compare with Fig. 2). The linear
trend of MoBi is similar to that of MoO;
and Bi,O;, but with a lower OC, and the
behavior of FeSb 2 and FeSb 1 is interme-
diate between that of their component
oxides. The low influence of ¢, on conver-
sion confirms the high mobility, in reaction
conditions, of lattice oxygen of MoBi
(6,21), whereas for iron-antimony cata-
lysts the diffusion from bulk to the surface
is slower (even though faster than on
Sb,0.,).

As already pointed out, the PR oxida-
tion is directed towards ACR, whereas the
dimerization and/or cyclization of the allyl
radicals are always negligible at low ¢, and
become significant at high ¢,.

The trend of ACR selectivity versus ¢,
showing a maximum on the slightly re-
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Fi1G. 8. Values of oxygen consumption versus ¢, at
550°C: ({)FeSb 1, (DFeSb 2, (O)MoBi, (@)Bi;0,,
(H)MoO;, (A)Fe,0,, (4)Sb,0,.
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duced catalysts suggests that industrial
operating conditions in the presence of air
should be selected in such a way as to
allow the catalyst to work in a slightly
reduced steady state, as confirmed by
Dulin et al. (25) on the basis of energetic
considerations.

The iron-antimony system must be care-
fully examined both from the catalytic and
structural point of view.

Gel’bshtein er al. (22) found for a ratio
Sb/Fe near to 2 a change of the activation
energy for the isotopic oxygen exchange,
the electron work function and the elec-
trical conductance. Shchukin et al. (23)
showed a maximum selectivity in the de-
hydrogenation of butenes for catalysts
with an atomic ratio Sb/Fe near to 2 and
ascribed this selective behavior to the
phase FeSbO,. However, by ir analysis
Adamiya et al. (4) detected in samples
with atomic ratio Sb/{Fe = 2 an absorption
band ascribed to a phase consisting of a
solid solution of Sb,0O, and FeSbO,. By
X-ray analysis we detected only a phase
FeSbO, and our measurements of mag-
netic susceptibility did not allow us to de-
tect any change of the iron valence in the
range of atomic ratio Sb/Fe between 1 and
2.5. The peculiar behavior corresponding
to the ratio Sb/Fe = 2 could be ascribed to
the hypothetical phase of Adamiya et al.
or to a simple additivity of the separated
oxides. Simple mechanical mixtures of
FeSbO, and Sb,0O, (MIX 1 and MIX: 2)
produce ACR with selectivities of about
40% , much higher than any of the constit-
uents.

This result can only be understood if it
is assumed that the two separated oxides
perform different functions in the sequence
of a polystep reaction, and that each solid
performs one of the steps in a more ef-
ficient way. Also, some kind of migration
either of an intermediate product formed at
the surface of one of the solids or of ox-
ygen ions through the boundaries where
the two solids are in contact must be as-
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sumed to rationalize the fact that a major
reaction product (ACR) is obtained which
cannot be produced by either solid alone.
Since, on Sb,0, products from the dimeri-
zation of allyl radicals are obtained, while
on FeSbQ, only traces of allyl radical deriv-
atives are observed, it seems reasonable
to postulate that allyl radical formation
takes place on Sb,O,. Subsequently allyl
radicals could migrate from Sb,O, to
FeSbO, via surface or gas phase, or alter-
natively their oxidation could be per-
formed by oxygen ions migrating from
FeSbO, to Sb,0,. Due to the fact that on
FeSbO, there is a high probability for an
organic fragment to be oxidized to CO and
CO,, it seems more reasonable to postu-
late that oxygen ions migrate from FeSbO,
to Sb,O,. An atomic ratio Sb/Fe near to 2
should be reached in order to allow the
catalytic behavior induced by Sb,O, on
FeSbO, to take place, thereby changing
the reaction path occurring on FeSbO,
alone.

In the light of this hypothesis, in MIX 1
allyl radicals would be formed on Sb,O,:
however, instead of dimerizing to HEX,
such radicals would form ACR due to a
reaction with oxygen ions which are avail-
able as a consequence of inter-particle mi-
gration from FeSbO, to Sb,O,.

In catalysts working in the presence of
air, the restoration of the oxygen content
of FeSbO, could be obtained by reaction
with gas-phase oxygen, thus reconstituting
a steady state catalytic composition.

The ability of FeSbO, to release oxygen
is supported by the X-ray analysis of FeSb
1 after different reduction periods, which
shows the decomposition of the solid with
formation of Sb,0,; the oxygen released
requires the reduction of a species, in this
case SbY. At the same time the production
of HEX on FeSb 1 increases remarkably
with the reduction, thus resembling the
behavior of Sb,O, alone, and suggesting
the formation of Sb,O, on the surface.

According to this hypothesis, FeSb 2
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should be nothing else but a “well dis-
persed” mixture of FeSbO, and Sb,0;: it
would differ from MIX 1, the mechanical
mixture of FeSbO, and Sb,Q,, only in the
degree of contact and subdivision of the
constituent solid particles.

In order to check whether the higher
selectivity to ACR of FeSb 2 could be
ascribed to a solid solution formed at the
contact points between the particles of
Sb,0, and FeSbO,, the sintering of MIX 1
was conducted in order to increase the
contact necks. The catalyst thus obtained,
MIX 2, gave a slightly higher selectivity to
ACR (43% against 39%), a difference
which does not seem relevant to justify the
role of the solid solution in the overall
catalytic process.

A further experiment was performed
preparing a catalyst according to the pro-
cedure followed for FeSb 2 but containing
Sb and Fe in a 99:1 atomic ratio. Produc-
tion of ACR was similar to the one ob-
tained on MIX 1 and MIX 2, as shown in
Fig. 9, confirming the shift from dimers
(pure Sb,O4) to ACR as an effect of the
presence of even small amounts of FeSbO,
(X-ray analysis, because of the small
amount of iron, could not detect any
change in the pattern of Sb,O, so doped).

In conclusion:

a. The existence of a new phase not

before identified, formed during the reduc-
tion of bismuth molybdates, was demon-
strated. This phase, with a chemical
composition close to 2Bi,O; - MoOj; and a
pseudotetragonal monoclinic  structure,
could be the intermediate formed in the
reduction of bismuth molybdates.

b. The catalytic behavior of the constitu-
ent oxides cannot allow one to forecast the
properties of the molybdenum-bismuth
and iron-antimony catalysts.

¢. The behavior of iron-antimony cata-
lysts prepared in different ways suggests
the hypothesis that the two phases of the
catalyst, FeSbQ, and Sb,0,, cooperate in
producing ACR with a higher selectivity
than on each phase alone.
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