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Propene oxidation over Fe,0,-Sb,0, was studied in detail under catalytic oxidation conditions
as well as reduction conditions mainly by using two catalyst compositions of Sb/Fe = 1 (catalyst I)
and Sb/Fe 2 (catalyst II). It was confirmed that the selectivity to acrolein was very much
improved with increasing Sb content beyond 50% (FeSbO,). The kinetic data for catalytic acrolein
formation were well explained, over both catalysts I and I1, by a redox mechanism in which surface
oxygen was extensively depleted in the working state. The role of the surface oxygen was more
clearly shown by the reduction study; the analysis of the reduction curves suggests that the acrolein
formation proceeds via the interaction of a propene molecule with two surface oxygen atoms. The
reduction study revealed also that the reactivity and selectivity of surface oxygen were significantly
different between catalysts I and II, in agreement with the results obtained under the catalytic
oxidation conditions. On the basis of these resuits, the effects of mixing Sb,O, in excess of FeSbO,,
i.e., depression of CO, formation accompanied by slight enhancement of the acrolein formation,
were suggested to arise from modifying the properties of surface oxygen of the catalysts. It was
proposed that the excess Sb,O, forms a particular surface structure of enriched Sb composition on
top of FeSbO, and that this surface compound is responsible for the selective acrolein formation.

INTRODUCTION

Mixed oxide catalysts such as Bi,O3—
MoO;, Sn0,-Sb,0,, UO;-Sb,0O,, and
Fe,0;—Sb, 0, are well known to be active
for the allylic oxidation of olefins (/), and
Bi,O;—Mo0O; and Fe,0;—Sb,0O, have been
widely used commercially. While a great
many studies have been reported on the
Bi,O;—Mo0QO; catalyst (I, 2), the Fe,O;—
Sb,0, catalyst has been dealt with in far
fewer reports and understood less satisfac-
torily. For instance our knowledge is quite
limited regarding the mechanism of allylic
oxidation over this catalyst system. Shchu-
kin et al. (3, 4) have proposed a redox
cycle for the oxidation of butene to butadi-
ene, but there have been no reports dealing
with the mechanism of propene oxidation in
sufficient detail.

An interesting fact with this catalyst sys-
tem is that, while a single compound

FeSbO, is detected after calcination by X-
ray diffraction analysis, the selectivity of
allylic oxidation can be largely improved
when Sb,0, is present in excess of that
composition (Sb/Fe = 1). There have been
some arguments concerning this phenome-
non. Boreskov et al. (5, 6) have proposed
that, while FeSbO, is really an active and
selective species, the addition of excess
Sb,0, effectively suppresses the free iron
oxide which is active for deep oxidation.
Sala and Trifiro (7) have assumed that the
increased selectivity in the Sb-rich side
may be ascribed to the formation of
FeSb,Og or Fe,Sb,0,. Fattore et al. (8)
have proposed that the high selectivity
results from cooperative action at the phase
boundaries between FeSbO, and Sb,0,
phases. However, none of these theories
seems to be established.

We have attempted to elucidate the
mechanism of propene oxidation over the
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Fe,03;-Sb,0, catalyst system and the effect
of Sb,0, in excess of FeSbO,. In this paper,
studies were made from the reaction ki-
netics of the propene oxidation as well as
the reduction behavior of the catalyst sys-
tem in a flow of propene. We have demon-
strated elsewhere (9, 10) that reduction be-
havior can provide useful information on
interactions between olefin and oxide cata-
lyst surface.

EXPERIMENTAL
Preparation of Catalysts

Fe,0; was prepared by thermal decom-
position of ferric hydroxide precipitated
from an aqueous solution of Fe(NO;); -
9H,0 with ammonia, followed by calcina-
tion at 600°C for 5 hr. Sb,O, was obtained
by oxidizing Sb,O; in air at 600°C for 5 hr.
To prepare Fe,0,-Sb,O, catalysts, an
aqueous solution of Fe(NOQ;); - 9H,O was
mixed with Sb,O, suspended in water. The

resulting slurry was controlled to pH = 2

with an ammonia solution, evaporated to
dryness, and calcined at 900°C for 2 hr. The
atomic ratio of Sb/Fe was set to either
Sb/Fe = 1 (catalyst I) or Sb/Fe = 2 (cata-
lyst II). X-Ray powder diffraction showed
that catalyst I was FeSbQ, while catalyst II
comprised FeSbO, and Sb,0,. Although
the X-ray powder pattern of Fe,Sb,0; (11)
has been reported to be very similar to that
of FeSbO, (12), the former contains a dif-
fraction line at d = 4.23 A which is absent
in the latter. We excluded Fe,Sb,O, be-
cause this diffraction line was lacking in our
samples. The samples were ground and
screened to 40-60 mesh. Surface areas de-
termined by BET method were 1.9, 1.5,
7.3, and 5.2 m?/g for Fe,0,, Sb,0,, catalyst
I, and catalyst II, respectively.

Apparatus and Procedures

The catalytic oxidation of propene was
carried out in a fixed-bed flow reactor made
with a Pyrex glass tube (8-mm i.d.). A
stream of propene and oxygen was fed after
dilution with nitrogen. The effluents were

analyzed by gas chromatography. The re-
duction study of catalysts was carried out
in a similar flow reactor. In this case, only
propene was fed after dilution with helium
which had been dried and deoxygenated by
passing through molecular sieve 5A at lig-
uid-nitrogen temperature. The effluents
were analyzed at time intervals by gas
chromatography. Oxygen consumption
from the catalysts was estimated from the
amounts of the gaseous products formed.

The flow rate of gaseous mixture (F), 60
cm?/min, and the amount of catalyst sam-
ple (W), 0.2-2.0 g, were used in these
experiments. Other reaction conditions,
such as temperature (7), contact time
(W/F), and partial pressures of propene
(Ppr) and oxygen (P,,) are indicated in
respective Higures and tables.

RESULTS

Catalytic Oxidation of Propene over
Fezof-szO,, Catalysts

The ‘specific rates and selectivities of
propene oxidation at 400°C over Fe,O,—
Sb,0, except for Sb,0, (500°C) are depicted
as a function of Sb content in Fig. 1. The
component oxide Fe,0; is highly active but
catalyzes only deep oxidation, while Sb,O,
is selective though almost inactive to allylic
oxidation leading to acrolein and 1,5-hex-
adiene. Roughly speaking, the Fe,O,-
Sb,0, catalysts are endowed with the ad-
vantages of both components, i.e., the
activity of Fe,O; and the selectivity of
Sb,0,. It is noted that the catalytic proper-
ties change markedly when Sb content ex-
ceeds 50 at% (atomic ratio Sb/Fe = 1); the
deep oxidation decreases drastically while
the acrolein formation goes through a small
maximum. The resulting selectivity to acro-
lein reaches a high steady value in the Sb-
rich region where FeSbO, and Sb,O, co-
exist as detected by X-ray diffraction
analysis. Boreskov et al. have reported
similar activity and selectivity patterns for
the ammoxidation of propene (5) and the
oxidation of butene to butadiene (6).
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Fic. 1. Specific rate and selectivity of propene
oxidation over Fe,O;-Sb.O, catalysts. T = 400°C
except for Sb,0, (500°C), Py = 0.05 atm, Po, = 0.20
atm, W/F = 0.2 g - sec/cm® *0O, selectivity to
acrolein (23%) + 1,5-hexadiene (57%); @, formation
rate of acrolein + 1,5-hexadiene.

In order to seek the effects of increasing
Sb content beyond 50%, studies were made
for two catalysts of different compositions,
Sb/Fe = 1 (catalyst I) and Sb/Fe = 2
(catalyst II). Table 1 shows the depen-
dences of the rates of acrolein as well as
CO, formation on reactant pressures. The
CO, formation was also examined over
Fe,0;. The acrolein formation depends
more strongly on oxygen pressure than on
propene pressure over both catalysts I and

TABLE 1

Apparent Reaction Orders of Propene Oxidation:
Rate = kPpg™Po," (umol/m? - min)®

Catalyst Acrolein CO,
formation formation
m n m n
Catalyst I (Sb/Fe =1) 0.23 0.80 0.21 0.65
Catalyst I1
(Sb/Fe = 2) 0.12 0.89 — —
Fe,0, - — 0.04 0.74

¢ T = 400°C, Ppp = 0.02 ~ 0.10 atm, P, = 0.02 ~
0.20 atm, W/F = 0.2 g - sec/cm®,

II. The dependences on oxygen and pro-
pene for catalyst II are slightly larger and
smaller than those for catalyst I, respec-
tively. As for the CO, formation precise
reaction orders for catalyst II were not
obtained because of the high selectivity to
acrolein.

How can these kinetic data be analyzed?
For the acrolein formation, the analysis
was made as follows. Since molecular oxy-
gen adsorption is unlikely at such a high
temperature (400°C) (13), it is assumed that
oxygen is adsorbed dissociatively on the
catalyst surface. The observed kinetic or-
ders for oxygen over both catalysts I and II,
however, are far larger than 0.5 which is an
upper limit of order attainable in a surface
reaction which involves dissociatively ad-
sorbed oxygen in equilibrium with gaseous
oxygen. Thus we assume that the rate of
acrolein formation is determined by a
steady state of the following redox cycle:

C:Hs + 20, = C;H,0 + 20, + H,0 (1)
0, + 20, 5?20, ?)

where O, and O, denote a surface oxygen
atom and a vacant adsorption site, respec-
tively. With 0 representing the surface cov-
erage of O,, the rates of reduction (r,) and
oxygen uptake (r,) are expressed as

= krPPRoza
r, = koPo,(1 — 8),

(€))
C))

where k. and k, are the respective rate
constants. Under the assumption of a
steady state, the rate of acrolein formation
is given by
R=r=r,= krPPRkoPOz/

[(lr Por)' + (K, Po)' )2 (5)

or
1/R'Z = 1/(ks Per)'? + 1/koPoy)'. (6)

Equation (6) was proven to fit the experi-
mental data very well for both catalysts I
and II, as shown in Fig. 2. The rate con-
stants k, and k, listed in Table 2, show that
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FiG. 2. Examination of Eq. (6) under constant
pressure of propene (Ppg = 0.05 atm) or oxygen (P, =
0.15 atm). Catalyst I, (1) and (1'); catalyst I1, (2) and
2.

over both catalysts the oxygen uptake (2) is
much slower than the reduction step (1).
This is in agreement with the result of the
separate catalyst reduction-reoxidation
study: in a propene stream (Ppr = 0.05 atm)
the surface oxygen of the catalyst (which

will be discussed in a later section) was

completely consumed within 10 min at
300°C, while only ca. 40% of the oxygen
was recovered after the succeeding expo-
sure to an air stream for 10 min at the same
temperature. These results indicate that the
mechanism of acrolein formation is almost
the same for both catalysts. A main differ-
ence between them is whether the CO,
formation is also active or not.

For the CO, formation examined over

TABLE 2

Rate Constants for Acrolein Formation

Catalyst o
(umol/m? - min - atm)  (umol/m? - min - atm)
Catalyst I 1.5 x 10° 3.1x10
(Sb/Fe = 1)
Catalyst I1 7.8 x 108 1.9 x 10
(Sb/Fe = 2)
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F1G. 3. Reduction of Sb,O, with propene. T =
550°C, Ppg = 0.10 atm, W/F = 2.0 g - sec/cm?.

catalyst I and Fe,O,, it is noted that the
kinetic orders on propene pressure are con-
siderably different between the two cata-
lysts. This suggests that different types of
mechanisms are applicable for respective
catalysts, though this point should be
clarified in more detail in a future study.

Reduction of Fe,04~-8b,0, Catalysts

To obtain information concerning the ac-
tive oxygen being used in the catalysis, the
reduction of Fe,0;, Sb,0,, catalyst I, and
catalyst II with propene was carried out.
Fe, 0, was reduced to Fe;O, accompanied
by the almost exclusive conversion of pro-
pene into CO, as reported previously (9).
Results for Sb,0,, catalyst I, and catalyst II
at 550°C are shown in Figs. 3, 4, and 5,
respectively, in which the formation rate of
each oxidation product is plotted as a func-

=]
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FiG. 4. Reduction of catalyst I (Sb/Fe = 1) with

propene. T = 550°C, Ppg = 0.10 atm, W/F = 2.0 g -
sec/cm?®,



PROPENE OXIDATION OVER Fe,0;-Sb,0, 33

‘ Catalyst-X

)
)

Rate of Formation (}Jmollmz-min
wm

(=]

100
Oxygen Consumption (pmol 0/m?)

(o]

200

F1G. 5. Reduction of catalyst II (Sb/Fe = 2) with
propene. T = 550°C, Ppy = 0.10 atm, W/F = 2.0g -
sec/cm®.

tion of the amount of catalyst oxygen con-
sumed per unit surface area of the original
catalyst. In the case of Sb,O, (Fig. 3),
propene is converted selectively to 1,5-
hexadiene and acrolein at low but nearly
constant rates over the whole reduction
period examined. X-Ray diffraction anal-
ysis showed that in this case the reduction
of catalyst propagated into the bulk to form
Sb,0;.

In contrast, the reduction of catalyst I
(Fig. 4) and catalyst II (Fig. 5) is very active
at its onset but declines sharply before
reaching slow stationary rates, resulting in
the appearance of sharp breaking points in
the reduction curves. Considering that the
surface monolayer of most oxides including
the Fe,O;-Sb,0, catalysts contains approx-
imately 15 umol of oxygen atoms/m?, one
notes that the amounts of oxygen consump-
tion up to the breaking points are roughly
comparable to the surface monolayer in
both cases, though the values here are not
very precise because the reduction rates
were very large. As shown later, lowering
the reduction temperature to 300°C assured
that the oxygen consumption in the corre-
sponding part was less than the surface
monolayer. The stationary oxygen con-
sumption after the breaking points appar-

ently corresponds to the reduction into the
bulk of catalysts. X-Ray diffraction analysis
after reduction showed the formation of
Fe;0, and Sb,O, from FeSbO, in this per-
iod. Thus the breaking points are inter-
preted to separate the surface reduction
from the bulk reduction. One may draw
important conclusions from these results.
First, the surface oxygen is much more
active than the bulk oxygen. Second, the
selectivity of propene oxidation by surface
oxygen is largely different for catalysts I
and II, while that by bulk oxygen is almost
the same. It is noted that the trend of the
observed selectivity between the two cata-
lysts during the surface reduction agrees
with that observed under catalytic oxida-
tion condition (see for example Fig. 1), i.e.,
the formation of CO, is more favored over
catalyst I than catalyst II. These facts sug-
gest that it is the surface oxygen that actu-
ally takes part in the catalytic oxidation of
propene.

The reaction between the surface oxygen
and propene was studied in more detail at
300°C, at which the reduction proceeded
more slowly. The results obtained under
various propene pressures are shown in
Figs. 6 and 7. Apparently, only the surface
reduction occurs under these conditions.
The CO, formation was small or negligible
on catalyst I or II, respectively. The rate of
acrolein formation was found to depend on
propene pressures in first order; the rate
divided by propene pressure (R/Ppg) could
be reduced, for each catalyst, to a single
master curve as illustrated in Figs. 6 and 7.
These master curves are well reproduced
by empirical equations

RI/PPR = 1.8(1.8 - Y)z
umol/m? - min - atm (7)
and

R"/PPR = 7.9(2-1 - )’)2
pmol/m? - min - atm,

®

where R, and R;; denote the rates over
catalysts I and 11, respectively, and Y the
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F1G. 6. The formation rates of acrolein and CO; in
the reduction of catalyst I (Sb/Fe = 1) with propene as
a function of oxygen consumption. T = 300°C, W/F =
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amount of oxygen (umol/m?) which is con-
sumed during the reduction time consid-
ered. It was confirmed separately that a
linear relation held between (R/Ppg)'/? and
Y. In these equations, the terms in paren-
theses represent the amounts of surface
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Fi1G. 7. The rate of acrolein formation in the reduc-
tion of catalyst II (Sb/Fe = 2) with propene as a
function of oxygen consumption. T = 300°C, W/F =
1.0 g - sec/cm®.
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oxygen available after Y has been con-
sumed. Thus it is interpreted that in both
cases the rate of acrolein formation de-
pends not only on propene pressure in first
order but also on the amount of surface
oxygen in second order. This is consistent
with Eq. (3) which was applied to analyze
the rate data of catalytic oxidation.

DISCUSSION

Acrolein Formation over Fe,0,—-Sb,0,
Catalysts » :

The present study has shown that the
acrolein formation from propene is almost
similar over catalyst I (Sb/Fe = 1) and
catalyst II (Sb/Fe = 2), though the CO,
formation is also significant over the former
catalyst. In this section, we focus attention
on acrolein formation.

The rate of acrolein formation under cat-
alytic conditions was shown to be well
explained by assuming a steady state in the
redox mechanism (Eqs. (1) and (2)). Fur-
ther the reduction step (Egs. (1) and (3)) was
supported by the reduction study which
proved that the acrolein formation there
followed the same types of equation (Eq.
(7) or (8)). It is noteworthy that, unlike a
system such as Bi,O;—MoO; (7, 2), the
present system belongs to a type where
only the outermost oxygen of the.catalyst is
important for the catalysis. There the
steady working state of the catalyst surface
is determined by the respective rates of
redox steps.

Of the rate constants for the redox steps,
k, was significantly smaller than &, for both
catalysts I and II. This suggests that the
surface oxygen is depleted more or less in a
steady working state. The extent of the
depletion, (1 — #), derived by equating Eqs.
(3) and (4) depends on P,,/P,; as well as
k./k. as follows:

om1/((BE) 4 0). o

Figure 8, which depicts (1 — ) as a function
of Pg,/ Py using the observed values for &,
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and k,, clearly shows that acrolein forma-
tion takes place on an extensively reduced
surface even under the oxidation condi-
tions. It is likely that the occurrence of such
an extensively reduced state is deeply asso-
ciated with the difficulty in oxidizing Sb3*
to Sb**. Sala and Trifiro (/4) have reported
that Sb,O; could be reduced very immedi-
ately, while the resuiting Sb,O, could not
be reoxidized with gaseous oxygen. Unlike
Sb,0;, however, Fe,0,-Sb,0, catalysts
can attain a steady redox state, well owing
to the effect of Fe ions to stabilize the
oxidation state of Sb’* by forming a com-
pound FeSbO,. This line of consideration
prompts us to infer that the redox steps
mentioned above are associated with the
redox change of the surface Sb ions and
that the oxygen bonded to them is responsi-
ble for the acrolein formation.

The reduction study, furthermore, is
quite suggestive, noting the fact that the
acrolein formation rate depends on propene
pressure and the amount of surface oxygen
in first and second orders, respectively.
This indicates that the rate-determining
step involves two oxygen atoms and one
propene molecule. Since an allyl intermedi-
ate is generally accepted for acrolein forma-
tion from propene (/, 2), we interpret the

above reaction orders by assuming the
scheme of acrolein formation illustrated in
Fig. 9. On arrival of a propene molecule
from the gas phase, one surface oxygen
abstracts its allylic hydrogen (step I), fol-
lowed by a subsequent attack of another
surface oxygen (step II) to convert it into
acrolein (step III). If step II is assumed to
be slow compared with step I, this scheme
accounts for the observed rate orders. In
this scheme, the surface Sb®* ions are con-
sidered to provide adsorption sites for the
allyl intermediate.

The above scheme is somewhat different
from one reported on other selective oxida-
tion catalysts (/, 2) such as Bi,03—Mo0O,
(15) in which the slow step involves the
breaking of the allylic C-H bond (step I). It
is possible that, with catalysts on which
reactive oxygen is available abundantly to
the allylic intermediate as may be the case
in Bi,O;—Mo0O, catalysts, the rate of step 11
eventually becomes larger than the rate of
the allylic intermediate formation (step I),
thus resulting in an alternation of the slow-
est step from step II to step 1. This interpre-
tation, however, needs verification by fur-
ther investigations.

Effects of Sb,04 Added in Excess of
FeSbO, Composition

In the Fe,0,—Sb,0, catalyst system, in-
creasing Sb content beyond 50 atom% has a
drastic effect to increase the selectivity to
acrolein (Fig. 1). X-Ray diffraction analysis
of that region shows the presence of Sb,0,
phase in addition to FeSbQO,. This phenom-
enon has been interpreted in different ways
by several workers as mentioned in an
earlier section. From Fig. 1 one sees that
the high selectivity in the Sb-rich region
results mainly from suppressing the deep

CH2=CH"CHO
CH3—CH=CH2 C!-_l CH + H0
HCP ) CH, stow Hzcé CH, fast z
H V —>H A —
-0—Me— X 0 -O0—
aSarNei T o //9///'7*//// m RN m MO

FiG. 9. Mechanism of acrolein formation as proposed from Eqgs. (7) and (8).
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oxidation. Consistent with this, the rate
constants (k, and k,) for acrolein formation
are of the same orders of magnitude for
both catalysts I and II (Table 2). This
makes unlikely the proposal of Fattore et
al. (8) that the acrolein formation is im-
proved at the phase boundaries of FeSbO,

and Sb,O; as a result of a cooperative -

action between the two phases. Rather, the

effect has to do with the drastic depression -
of deep oxidation. In this respect, one"

should examine carefully the proposal of
Boreskov et al. (5, 6) that the addition of
excess Sb,0, is effective to diminish the

free iron oxide which is active for the deep-
oxidation. In order to check whether the

CO, formation over catalyst I is really
ascribed to the free iron oxide, comparison
was made for the CO, formation between
catalyst I and Fe,0;. As shown in Table 1,
the two catalysts have considerably differ-
ent kinetic orders with respect to propene
pressure. This fact as well as the small rate
maximum of acrolein formation observed in
the Sb-rich side (Fig. 1) cannot be well
accounted for by the proposal of Boreskov
et al.

It appears very important that the surface
oxygen of catalysts I and II exerts different
properties in the reduction reaction (Figs. 4
and 5). The surface oxygen of catalyst I

converts propene to acrolein and CO, in

comparable amounts, while that of catalyst
II is a selective acrolein former. Further-
more, Eqgs. (6) and (7) show that in the
reduction reaction the rate constant of
acrolein formation for catalyst II is larger

than that for catalyst I. The same trend was -
also seen under the catalytic oxidation con-
ditions: k. was larger for catalyst II than for :-
catalyst I. In view of these facts, it appears -
reasonable to seek the origin of such differ--

ences in the surface microstructure of the

two catalysts.

We assume that in the above reactions
acrolein and CO, are formed by different
kinds of surface oxygen (or at different
sites). Then our proposal is that, while the
pure FeSbO, phase contains both types of
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surface oxygen, the addition of excess
Sb,0, brings about a particular surface
structure on top of the FeSbO, phase,
changing the properties of surface oxygen
+in favor of the selective oxidation. In this
respect we consider it very important that a
‘compound FeSb;0O¢ has been reported to
form under certain conditions (/6, 17), and
‘in fact Sala and Trifiro (7) have assumed
the formation of such phases. Although the
formation of such phases could not be
.detected by X-ray diffraction analysis in
our catalysts, this does not exclude the
possibility of the formation of surface com-
pounds which, like FeSb,Og, contain more
“8b than'the bulk. This is especially so if one
considers that FeSbQO, (rutile structure)
(17) and FeSb,0; (trirutile structure) (/6)
have very similar crystal structures.

- As stated above, we propose the forma-
tion of a particular surface structure to
explain the drastic improvement of the
acrolein selectivity in the Sb-rich region
{Sb/Fe > 1). However, the proposal is
hypothetical in nature at present. In order
to obtain experimental evidence for this
proposal, we are carrying out studies on the
catalyst surface by using the techniques of
temperature-programmed desorption and
photoelectron spectroscopy.
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