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The reduction behavior of 14 metal oxides with propylene was investigated to characterize
their catalytic properties in the olefin oxidation. Metal oxides were classified depending on
whether the reduction was limited within a few surface layers (group (I) oxides: TiOs, CriO;,
Zn0, In,0;, Sn0,, and WO;) or it proceeded into the bulk (group (II) oxides: V.0; MnOQ,,
Fe,0;, Co304, NiO, BiyO;, CuO, and MoO;). The distinction was shown to result from the
thermodynamic stability of metal oxides. It was found that the rate and selectivity at the
initial stage of reduction were well correlated with those attained in the catalytic oxidation.
The fact indicates not only that lattice oxygen participates in the catalytic oxidation but also
that the reduction steps of catalysts virtually determine the catalytic rates. With the progress
of reduction, the activity and selectivity changed in complex manners which were widely
different for group (I) and group (II) oxides. Discussion was made on such reduction behavior
from various viewpoints. An interesting case was provided by Zn0O in which the reduction rate
as well as the rate of 1,5-hexadiene formation went through maxima. Analyses showed that, in
this case, active sites (exposed metal ions) for the propylene dimerization reaction were created
by the removal of surface oxygen, and that the increase of such sites coupled by the decrease

of surface active oxygen gave rise to the observed rate maxima.

INTRODUCTION

A number of selective oxidation reactions
of olefins over metal oxide catalysts have
been recognized to proceed by a redox
mechanism, for which lattice oxygen rather
than adsorbed oxygen is more important.
To support this mechanism, the reduction
of metal oxides with olefins has been in-
vestigated successfully (7). Batist et al. (2)
have found that the initial rate of butadiene
formation in the reduction of Bi,Oz- MoO;,
with 1-butene coincides with the rate of
butadiene formation in the catalytic oxida-
tion. Our study (3) on propylene oxidation
over Bi;0;-MoO; has shown that the
activation energy and the selectivity for

acrolein formation in the initial stage of
reduction reaction agree well with those of
the catalytic reaction, respectively, indi-
cating the participation of lattice oxygen
in the catalytic oxidation. However, it has
also been found that the activity and the
selectivity for acrolein formation pass
through maxima in the course of the reduc-
tion reaction (3). Such reduction behavior
seems to be related not only to changes in
availability of lattice oxygen but also to
changes in adsorption and/or reactivity of
olefins on the catalyst surface. A few reports
from this standpoint were recently pub-
lished on some metal oxides (4~6), but the
subject has hardly been fully explored. In
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the present paper, the reduction of metal
oxides with propylene was studied system-
atically for the further understanding of
their catalytic properties. Taking ZnO as
an example, it was also attempted to
analyze the reduction behavior in terms of
the changes of surface concentrations of
available lattice oxygen and olefin adsorp-
tion sites.

EXPERIMENTAL
Preparation of Oxides

Of the 14 metal oxides used, TiO;, In,Os;,
Sn0z, WO3, MnOs, and Fe,O; were chemical
reagents of extra-pure grade. Cr,0; ZnO,
Co0304, BiyO;, and CuO were prepared by
thermal decomposition of metal hydroxides
precipitated from aqueous solutions of
metal nitrates with ammonia. V,0; and
NiO were obtained by thermal decomposi-
tion of ammonium methavanadate and
nickel carbonate, respectively, the latter of
which was precipitated from an aqueous
solution of nickel nitrate with ammonium
carbonate. MoO; was prepared by acidify-
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ing an aqueous solution of ammonium
paramolybdate with nitric acid followed by
thermal decomposition of the obtained
precipitate.

All metal oxides were calcined at 600°C
for 5 hr and subjected to structural identi-
fication by X-ray diffraction. Granules of
40 to 60 mesh were used. Surface area was
measured by BET method.

Apparatus and Procedures

The reduction reaction was carried out
in a conventional fixed catalyst bed made
with an 8mm id. Pyrex glass tube.
Propylene (Ppg, 0.08 to 0.35 atm) was fed
to the reactor after dilution with helium
which had been dried and deoxygenated
by passing through Molecular Sieve 5A at
liquid nitrogen temperature. The contact
time (W/F) was chosen at 0.5 to 2.0 g-s/
cm3. The effluents were analyzed at in-
tervals of 5 to 10 min by gas chroma-
tography. The rate and amount of oxidic
oxygen consumption were estimated from
the formation rates of gaseous products by
assuming stoichiometric reactions.

TABLE 1
Reduction of Metal Oxides with Propylene

Oxide Temp.* Maximum degree of Oxidation products  Partial oxidation products at

(surface area (°C) reduction of oxide during reduction® the initial stage of reduction
in m?/g) (selectivity %)

TiO. (8.8) 525 within 1 layer CO,, HD, ACE, BEN HD(20), ACE (14), BEN(11)
Cr,0; (3.5) 550 5 ~ 6 layers CO,, BEN, HD (CO: =~ 100)
ZnO (1.1) 500 2 ~ 3layers CO,, BEN, ACE, HD BEN (32), ACE(16)
Sn0; (28.6) 500 within 1 layer CO,, BEN, HD, CHD BEN(19), HD4), CHD (2)
In,0; (6.2) 500 within 1 layer BEN, CHD, HD BEN (49), CHD (26), HD (22)
WO: (4.2) 500 within 1 layer CO,, CO, ACE, HD ACE(9), HD (2)
V05 (2.8) 400 V:0; CO,, ACE, BEN, HD (CO. >~ 100)
MnO; (12.0) 453 v-Mn,O; —» Mn;0, — MnO CO,, CO, BEN (CO; + CO ~100)
Fe0s (2.9) 400 Fe;0, CO,, ACE, BEN ACE@3), BEN(1)
Cos04 (5.2) 400 CoO— Co CO,, HD, BEN (CO; =~ 100)
NiO (23.5) 500 Ni CO, (CO; ~ 100)
Bi;:Os (0.4) 525 Bi HD, CHD, BEN, CO. HD(95), CHD(2), BEN (2)
CuO (1.8) 450 CuyO—Cu CO,, ACR ACR(5)
M003 (03) 550 M015052 - M04011 - 1\’I002 ACR, CO, 002 ACR (90)

2 Reaction conditions: Ppgr, 0.08 ~ 0.35 atm; W/F, 0.5 to 2.0 g-s/cm?
® HD, 1,5-hexadiene; CHD, 1,3-cyclohexadiene; BEN, benzene; ACE, acetone; ACR, acrolein.
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Frc. 1. Reduction of ZnO with propylene. Dotted
line: see text. 7', 500°C; Ppr, 0.15 atm; W/F,
0.5 g-s/cm?.

RESULTS

The reduction of metal oxides with
propylene gave various gaseous products,
ie., 1,5-hexadiene (HD), 1,3-cyclohexa-
diene (CHD), benzene (BEN), acrolein
(ACR), acetone (ACE), CO, and COa,.
Generally speaking, these products are
essentially the same as those obtained
under catalytic conditions. Table 1 sum-
marizes the reducibility of each metal
oxide (the maximum degree of reduction)
and the gaseous products during as well as
at the initial stage of reduction. Clearly
metal oxides are classified into two groups
according to whether the reduction is
limited to a few surface layers (group (I))
or it extends into the bulk to give lower
oxides (group (1I)).

Group (I): TiOz Cr:0; ZnO, In.Os,
Sn0,, WOs.

Group (II): V205 MnO,, Fe.0; Cos0,,
NiO, BiyO;, MoQj;, CuO.

It is convenient to describe experimental
results according to this classification.

Reduction of Group (I) Oxides

A typical example of this group was the
reduction of ZnO. The formation rates of
oxidation products are depicted as a funec-
tion of the amount of oxidic oxygen con-
sumption (Y) in Fig. 1. While the formation
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of COy decreased monotonically with an
increase in Y, the partial oxidation products
exhibited various behavior. Especially in-
teresting was the behavior of 1,5-hexadiene
formation, i.e., the rate went through a
maximum. The total oxygen consumed
(Y,) in this case was 28 umol O per gram
of ZnO. On assuming (1010) plane for ZnO
surface, this value corresponds to the
oxygen amount contained in about two
surface monolayers.

The reduction of SnO; was limited within
a surface monolayer, as shown in Iig. 2.
The formation rate of benzene was largest
at the onset of reduction, while those of
1,3-cyclohexadiene  and  1,5-hexadiene
passed through iaxima. Such complex
reduction behavior was also observed in the
reduction of the other group (I) oxides.

As illustrated above, there was a common
feature in the reduction of group (I) oxides
that the formation of CO, decreased mono-
tonically with the progress of reduction,
while those of partial oxidation products
usually attained larger or maximum rates
at later reduction stages. Among partial
oxidation produects, moreover, there was a
formation sequence, i.e., benzene, acetone,
1,3-cyclohexadiene, and 1,5-hexadiene were
formed in turn in this order with the elapse
of reduction time. This formation sequence
coincides with the order of decreasing
number of oxygen atoms being required
to produce them.
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Fi¢. 2. Reduction of SnO, with propylene. T,
500°C; Ppg, 0.09 atm; W/F, 2.0 g-s/cm?.
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Reduction of Group (1) Oxides

The rates and selectivity in the reactions
between propylene and group (II) oxides
were greatly different depending on metal
oxide. A few examples are illustrated
below.

In the reduction of Bi,0s;, 1,5-hexadiene
was produced very selectively together with
small amounts of 1,3-cyclohexadiene, ben-
zene, and CO,. The rate of oxidic oxygen
consumption decreased gradually. X-ray
diffraction indicated that the reduced
sample contained Bi metal and Bi,O;, and
agromerated Bi particles were visually
seen. These results agree well with those
reported by Mossoth and Scarpiello (7) and
Fattore el al. (5), except that the selectivity
to the oxidative dehydrodimerization prod-
ucts was much higher in the present study.
In contrast, the reduction of Co;04 (Fig. 3),
NiQ, and Fe:0; produced CO:; almost
exclusively. In the case of Co;0,, the rate
first decreased rapidly to a minimum at
259 reduction (CoO composition) and
there went through a maximum. NiO and
Fes0; were reduced rather monotonically
to Ni and FesOs, respectively.

Reduction curves became more complex
for MnO,, V:0; MoQO; and CuO. In the
reduction of MnO, (Iig. 4), X-ray diffrac-
tion analyses indicated stepwise changes
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Fia. 3. Reduction of Co;0, with propylene. 7,
400°C; Ppr, 0.06 atm; W/F, 0.8 g-3/cm?.

maximum degree of reduction (ca. 429%),
however, was less than 509} because the
final phase, MnO, can contain large amount
of nonstoichiometric oxygen: The upper
limit, MnOj. 13, corresponds to 43.59%, re-
duction of MnO, In contrast to the
monotonous decrease of CO,; 4+ CO forma-
tion, benzene formation showed a maximum
at 339% reduction (Mn;O, composition),
suggesting that Mn;O, is an active phase
for the benzene formation. V.0; was re-
duced to V;0; though it was difficult to
identify intermediate phase in between by
X-ray diffraction analysis. MoO; was re-
duced to MoO; via Mo130;: and Mo,Oq; as
analyzed by X-ray diffraction, converting
propylene to acrolein very selectively.

MnO; — v-Mn:0; — MnsOs — MnO. The Interestingly, all the gaseous products
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F1a. 4. Reduction of MnQO, with propylene. 7', 453°C; Ppg, 0.08 atm; W/F, 2.0 g-s/cm?,
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showed two formation maxima at 2 and
209, reduction. In the case of CuQO, the
first reduction step CuO — Cu,0 produced
CO; and acrolein, while the second reduc-
tion step Cus0) — Cu produced only COs.
The acrolein formation rate in the first step
went through a maximum.

DISCUSSION
Correlation belween Reduction and Calalysis

Catalytic oxidation in many cases pro-
ceeds via redox cycle, i.e., by repeating
reduction and reoxidation of metal oxides
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with reactants and gas-phase oxygen, re-
spectively. From this point of view, reduc-
tion behavior of oxides, as one part of the
redox cycle, should reflect their catalytic
properties especially at earlier stages of
reduction.

The specific rates of oxygen consumption
at the initial stage of reduction are plotted
against the heat of oxide formation per
mol O (—AH;°) in Fig. 5. The correlations
obtained indicate that the stronger the
metal-oxygen bond is, the slower the rate
of reduction becomes. Similar correlations
have been observed in the catalytic oxida-
tion of olefins (8-9). A similarity between
the reduction reaction and the catalytic
oxidation also exists in the selectivity to
propylene oxidation products. Ior the
catalytic propylene oxidation, we have
classified oxide catalysts into acrolein-,
dimer-, and COs-formers as shown In
Table 2. The classification based on the
reduction reaction is also shown in the
same table. It is seen that the two classifi-
cations correspond fairly well except that
many acrolein formers in the catalytic
oxidation become CO, formers under the
reductive conditions. This shift is probably
caused by the difference of reaction tem-
perature: Usually higher temperatures are
necessary in the reduction reaction.

Such coincidence between the reduction
reaction and the catalytic oxidation not

TABLE 2
Classification of Metal Oxide According to Selectivity of Propylene Oxidation

Reaction Acrolein formers

Benzene or
1,5-hexadiene formers

CO; formers

Reduction of
metal oxide®

1\11003

Bizo;;, In203, ZnO,
TiOg, Sn02

00304, NiO, 1\11102,
V20s;, Cry0s, Fe,0s,
Cu0, WO,

highly active

Catalytic oxidation
over metal oxide

@

1\1003, Sb204, V205,
TiOz, FBQO:;, SiO?y
WO,, ALO;

ZIIO, Bian, IIIan,
Sn02, G3203, CdO

CuO, 00304, NlO,

1\’11102, Cr203, G802
slightly active

Ca0, MgO, CeO,

¢ Selectivity at the initial stage of reduction.
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only confirms the participation of oxidic
oxygen in the catalytic oxidation, but also
indicates that the cleavage of metal-oxygen
bonds of catalysts is virtually rate-
determining in the catalytic oxidation.

Reducibility of Metal Oxides

We have so far focused attention only at
the initial stage of reduction to seek corre-
lations with catalytic properties. In the
later stage, the reduction behavior depends
very much on metal oxide. We have
classified metal oxides into groups (I) and
(IT) based on whether only the oxide
surface or the bulk was reduced by
propylene. This distinction is deeply con-
nected to the thermodynamic stability of
metal oxides.

Thermodynamically a reduction reaction

ASO EV7 AL

can be divided into two steps, i.e., oxygen
dissociation from a metal oxide (1) and
oxygen uptake by propylene (2) as follows:

MO, — MO, ; +10, AG:® (1)
mC;He + 10, —
oxidation products AG,° (2)
MO, + mC;Hs —
MO.,_; + oxidation products AG;°® (3)

The corresponding standard free energy
changes, AG:°, AG,° and AG;® are related
by AG;° = AG,® + AG:°. AG,° for various
metal oxides (10) and AG.° for typical
propylene oxidation reactions (f1) are
depicted vs temperature in Fig. 6.

In the reduction of group (I) oxides,
AG,° is usually much larger than can be
compensated by AG.°, as seen in Fig. 6.
This means that reaction (3) is thermo-
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Fig. 6. Standard free energy changes of oxygen dissociation from oxide (AG:°) and of propylene
oxidation (AG:°). AG,°: step (1) for the oxide indicated in the figure. AG,°: step (2) for acrolein
formation (a), 1,5-hexadiene formation (b), and CO; formation ().
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FiG. 7. Variation of the rate of oxygen consump-
tion and the rate of propylene conversion with the
amount of oxygen consumption in the reduction of
Zn0. Reaction conditions: see Fig. 1.

dynamically difficult. The oxidic oxygen
actually eliminated in these cases should
be other than normal lattice oxygen:
Weakly held surface oxygen such as ad-
sorbed oxygen, or lattice oxygen associated
with nonstoichiometry, or some sort of
lattice defects should be responsible.

On the other hand, the reduction of
group (II) oxides is thermodynamically
favorable. Lattice oxygen is eliminated up
to the bulk to form lower oxides. For
instance, the free energy changes for
manganese oxides at 726 K are as follows:

2Mn0O,; — MnoO; 4+ 20, AG;° = 1 keal

3Mn.03 — 2Mn;0, + 30, = 10
Mn;Oy — 3MnO 4+ 10, = 34
MnO — Mn + 10, =179
AGy° up to the third step can be com-

pensated by AG.° for the formation of CO,
(—51 keal), 1,5-hexadiene (— 38 keal), and
acrolein (—35 keal), suggesting the reduc-
tion of MnOs up to MnO as observed.

Reduction Behavior of Group (I) Oxides

In the reduction of group (I) oxides,
propylene reacts with only limited amounts
of oxygen at the oxide surface. It is ex-
pected that the concentration of such
reactive surface oxygen decreases rapidly
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as the reduction proceeds. This explains
why the deep oxidation of propylene is
favored at an early stage of reduction while
at later stages the partial oxidation prod-
ucts tend to be formed in the order of
decreasing number of oxygen atoms being
required.

However, the reactive oxygen concen-
tration is not the sole important factor that
determines the reduction behavior at least
in the cases of ZnO and Cr,O; In these
cases, 1,5-hexadiene or benzene formation
rates passed through very large maxima,
and, in the reduction of ZnO, not only the
rate of propylene conversion but also the
rate of total oxygen consumption show
maxima shown in Fig. 7. This fact indicates
that there are certain factors which in-
crease the reaction rate by compensating
the opposite effect of the decrease in re-
active oxygen concentration. The situation
seems similar for the benzene formation on
Cry0;, though the total oxygen consump-
tion rate showed no apparent maximum.

As stated above, the reduction behavior
of ZnO appears to reflect two opposite
effects. One effect, a rate-decreasing effect,
apparently comes from a decrease in re-
active oxygen concentration. The other, a
rate-increasing effect, is proposed to arise
as a result that active sites for propylene
oxidation or adsorption are created. Sup-
posedly such active sites are ascribed to
the surface zine atoms which have become
exposed or coordinatively unsaturated.
IFrom these considerations, we attempted
to analyze the reduction behavior of ZnO
as follows.

It is assumed that propylene oxidation
to a products OX takes place via surface
reaction between adsorbed propylene PRy
and reactive surface oxygen O,:

m'PR.g + n'0, —» OX 4+ pH,O, 4)

where m', n’, and p denote the stoichio-
metric coefficients of the reaction. If the
surface reaction is rate-determining, the
formation rate of OX at reduction time ¢; is
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expressed as
R = F'[PR.a]™[0:]7, (3)

where k' is a rate constant, and m and »n are
reaction orders. The concentration of re-
active oxygen actually available at the
surface, [O,], was approximated by

[0.] = 4{1 - (Y/Y.)}, (6)

where Y and Y, are the amounts of oxygen
consumed up to ¢, = i, and {, = o, respec-
tively. The proportionality constant A
represents the initial surface concentration
of reactive oxygen.

As for [PR,d], two cases are discerned
depending on whether propylene adsorbs
on exposed metal ions or on surface O,. If
it is assumed that the surface metal ions
are all covered with oxygen at ¢, = 0 and
become uncovered by reduction, their
concentration is given by

[M] =4 - [O] (7)

In case propylene adsorbs on these exposed
metal ions in a Langmuir-type manner,
Eq. (5) can be expressed as follows:

Ry = k' (A/Y 5)mtn
X [KPPR/(I + KPPR)]mYm(Yeo - Y)n’
(8)

where Ppg and K are the partial pressure
and equilibrium adsorption constant of
propylene, respectively. When Ppg is kept
constant, Eq. (8) is rewritten as

R, = kIYm(Yuo - Y)n; (9)

with k; being constant. Similarly, in case
propylene adsorbs on O, the formation
rate is given by

Ry = ks(Y, — Y)mtn, (10)

It was found that Eq. (9) was well fit to
the rate of 1,5-hexadiene formation in the
reduction of ZnO as shown in Fig. 1. The
dotted line in the figure is an analytical
curve drawn according to

Rup = 1.8 X 107%Y2%(Y,, — Y)*!

wmol/g-min, (11)
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where Y = 28 yumol O/g. This equation
indicates that the rate-determining reaction
requires two exposed metal ions (m = 2)
and two reactive oxygen atoms (n = 2).
This picture is consistent with the previous
proposal (12) that the coupling of two
allylic intermediates leads to the 1,5-
hexadiene formation. The reaction order m
can also be determined from the effect of
Ppr on Rup by using Eq. (8). This gave
m = 2.1 in good agreement with the above
value m = 2.0.

The applicability of Eq. (10) is less clear.
However, the fact that the CO, formation
decreases monotonically with an increase
in reduction degree for any group (I)
oxides is compatible with Eq. (12). This
suggests that the propylene molecules
adsorbed on the reactive oxygen are
converted to COs,.

Reduction Behavior of Group (II) Oxides

The reduction behavior of group (II)
oxides is discussed rather qualitatively
because the phenomena are not so simple.
I'irst we are concerned with the change of
reduction rate during reduction. As have
been observed, there are two types in the
changes of reduction rate; i.e., the rate of
oxygen consumption decreases monotoni-
cally or goes through maxima with the
progress of reduction.

The former type includes the reduction
of Bi;0;, Fes03 MnO, (Fig. 4), V.0;, and
Co;0, (up to CoO) (Fig. 3). Such rate
decreases in the gas—solid reaction are
usually caused either (i) by a decrease in
area of gas—solid interface (‘“‘contracting
sphere model’”) or (i1) by a decrease in mass
transport through the product layer (““dif-
fusion model”). For spherical and uniform
particles, the corresponding reduction
rate (r) is expressed by (12) or (13),
respectively :

r =kl — &)} (12)

or

r = kii<1 —_ a)%/[l - (1 - a)%], (13)
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where « is the degree of reduction, and k;
and k. are rate constants (13). Applica-
bility of these expressions to the present
reduction curves was, however, not very
satisfactory, probably because the particles
were neither spherical nor uniform. Never-
theless, it is important that the reduction
curves for Eqgs. (12) and (13) are convex
and concave upward, respectively. The
convex reduction curve of Bi,O; suggests
that the rate is controlled by the chemical
reaction at the gas—solid interface. The con-
cave reduction eurves of Coz0, to CoO and
of FesOj to Ie;0,, on the other hand, sug-
gest that the rates are controlled by mass
transport. It has been reported that, in the
reduction of Coz;0, with hydrogen, the
produced CoO has a topotactic relation
with Co30; (14). It is inferred that the
surface Co ions of Coz0, (spinel) migrate
inward to form CoQO (NaCl structure),
allowing surface oxide ions to react with
propylene: The rate decrease in this case
should correlate with an increase in diffu-
sion distance of Co ions. The reduction of
Feq05 to Ie;04, however, requires a rather
drastic structural rearrangement, and the
observed rate decrease is likely to result
from the increasing difficulty of gas diffu-
sion. MnQ; and V:0; also show reduction
curves of the concave type, but the
consecutive nature of the reduction makes
the analyses more difficult.

The case in which the reduction rate goes
through maxima during reduction was
typically observed in the reduction of CoO
(I'ig. 3) and Mo0O;. Such reduction behavior
has been reported in the reduction of CoO
with hydrogen (15), and it is possible that
the rate acceleration at the earlier stage of
reduction of CoQ is associated with the
generation of growth nuclei of metallic
phase as usually considered. However, the
reduction behavior of MoO; and CuO is
far more complex and its analyses are
difficult at present.

Finally, a comment is added to the re-
action selectivity during the reduction of
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group (II} oxides. It has been observed
that the selectivity of propylene oxidation
does not change so much as the reduction
rate, at least in the early stage of reduction.
This suggests that, while the number of
the active sites for propylene oxidation
increases or decreases, the nature of them
remains unchanged. In the later stage
where the lower oxide phases appear, how-
ever, the selectivity can vary remarkably
as observed on MnO,; and CuO. Over such
oxide ecatalysts, it may be possible to
control the selectivity of the ecatalytic
oxidation if the reduction state of catalysts
is kept suitable.
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