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Kinetic Features and Lattice-oxygen Participation in Propene
Oxidation over Bi—Mo Oxide and some Mo Oxide Catalysts

Takehiko Ono,* Takahiko NakajoT and Tatsuo Hironakat
Department of Applied Chemistry, University of Osaka Prefecture, 804 Mozu-umemachi 4-cho, Sakali,

Osaka 591, Japan

The rates of propene conversion in the absence of oxygen have been compared with those in the presence of
oxygen at the same propene pressures. Over Bi-Mo oxides which are mainly composed of the §- or y-phase, the
rates for propenal formation were 3.5-4.5 times bigger in the presence of oxygen than in the absence of oxygen.
In contrast, some Mo-containing oxide catalysts such as MoO,, Co—-Mo (1/1), Co-Te-Mo (1/1/1) and other Bi-Mo
oxides exhibit little or no difference in the rates of propenal formation in the presence or absence of oxygen. In
the case of but-1-ene and (E)-but-2-ene oxidation, both rates were nearly the same even on - and y-phase
Bi—-Mo oxides. Such a sensitive effect of oxygen on propenal formation over - and y-phase oxides seems to
originate from an appreciable increase of active sites owing to a reoxidation step. Using "80 tracer studies in
propene oxidation, the extents of lattice-oxygen participation were determined over various Mo oxide catalysts.
The number of active sites for propene oxidation was found to be closely related to the extent of lattice-oxygen
participation. A modified redox mechanism was proposed on the basis of a different active site model for the

reduction and reoxidation steps. The kinetic features were discussed using this model.

Bi-Mo oxide catalysts have been investigated by a great
number of workers because of the important role of oxida-
tion processes in the petrochemical industry and because of
their interesting properties, for example, the kinetics, struc-
tures and synergy features in the oxidation and ammoxida-
tion of olefins."* First-order kinetics in propene have been
observed above 400°C over these catalysts.® It is therefore
expected that the initial rates of reduction of the oxides with
olefins should be essentially the same as the rate of the corre-
sponding catalytic oxidation. A number of workers have
studied the oxidation of propene and butene over Bi-Mo
oxide catalysts in the absence of oxygen.®~!! According to
the work of Batist et al.,'° no difference is observed, at least
in the initial stages, between the rates of oxidation over
Bi-Mo oxide in the presence and absence of gaseous oxygen,
although Peacock et al,!'! have reported that the rate of
reduction of Bi-Mo oxide with propene is lower than that of
the corresponding catalytic oxidation. Brazdil et al.'? have
reported that a rapid decrease of rates was observed in the
absence of oxygen for ammoxidation of propene over
Bi,Mo0,04(f) and Bi,MoOg(y) but that no decrease was
observed over multicomponent oxide catalysts.

In order to understand the participation of lattice oxygen,
propene oxidation has been studied by many workers using
180 tracer techniques.'®>~2° Keulks and co-workers'#* have
confirmed that the oxygen for propene oxidation comes from
lattice oxygen in the bulk over Bi-Mo oxide catalysts. They
also proposed an exponential dilution for estimation of the
extent of lattice-oxygen participation in propene oxidation.

In this work, the reduction of Bi-Mo and Mo-containing
oxide catalysts, over which the oxidation is first order in
propene and zero order in oxygen, was investigated in detail.
Then the rates in the presence and absence of oxygen were
compared. An unexpectedly large difference over some Bi-Mo
oxides for propene and 2-methylpropene oxidation has been
discussed on the basis of a redox mechanism. In order to
understand the character of the lattice oxygen of Bi-Mo and
other Mo-containing oxide catalysts, propene oxidation using
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180, was studied at various temperatures. On the basis of a
modified redox mechanism, the catalytic activity and the
lattice-oxygen participation have been discussed.

Experimental
Catalysts

Bi-Mo [(Bi/Mo) = (2.5/1), (1/1) and (1/2.18)] oxides were pre-
pared as follows: The solution containing desired quantities
of ammonium heptamolybdate and bismuth nitrate was
evaporated with constant stirring, dried and calcined in air at
450°C. Bi-Mo (2/1) oxide was prepared from molybdic and
bismuth nitrate as reported by Batist et al.2! Bi-Mo (2/1.2)
was obtained by calcination of Bi-Mo (2/1) and MoO,
powders at 600°C. MoO, was prepared by heating ammon-
ium heptamolybdate at 450°C for 14 h. Co-Mo (1/1) oxide
was prepared from ammonium heptamolybdate and cobalt
nitrate. Te-Mo (1/4) oxide was prepared from TeO, and
ammonium heptamolybdate. Fe-Mo (2/3) oxide was pre-
pared from ammonium heptamolybdate and ferric nitrate.
The procedure of preparation of these three catalysts was
the same as that for Bi-Mo (1/1). Co-Te-Mo (1/1/1) oxide
catalyst was prepared by heating mixtures of equal amounts
of CoMoO, and TeO, at 500°C for 10 h. The structure of
the catalysts determined by XRD and IR spectroscopy, as
well as the surface area determined by the B.E.T. method, are
shown in Table 1. The IR spectra were obtained by the KBr
method at ca. 1 wt.%.

Apparatus and Procedure

A conventional closed-circulation system (310 cm3) was used
for the reduction and catalytic oxidation reactions. 1-2 g of
oxide catalyst were used in each case for both reactions. After
a desired reaction time, ranging from 0.5 to several minutes,
the reactor was cooled quickly to stop the reaction. The oxi-
dation products such as propenal, CO, and CO were
analysed by gas chromatography. In order to obtain the
initial rate, the conversion was kept below 5%. The percent-
age of '®0 in the reaction products was determined using a
Hitachi mass spectrometer at an ionization voltage of 80 V
for CO and CO, and 15 V for propenal. The 80, (98.6%)
was obtained from MSD Canada Co. Limited.
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Table 1 Catalyst properties
catalyst surface
(atomic area
ratio) /m? g~! phase® IR spectra/cm ~!
MoO, 1.1 MoO, 995 (vs), 880 (vs), 820
Te-Mo (1/4) 20 MoO, 998 (vs), 950 (w), 862 (vs)
Co-Mo (1/1) 79 a- and b-CoMoO,
Co-Te-Mo (1/1/1) 0.94 unknown (26 = 26.5, 955 (vs), 905 (s), 780 (s)
30, 31.8, 48.5, 55°) 670 (vs)
Fe-Mo (2/3) 0.72 Fe,(MoO,), 995 (w), 965 (). 850 (vs)
Bi-Mo (1/2.18) 1.9 «-Bi,Mo,0,, (90%) 990 (w), 952 (s), 936 (s), 906 (s)
+ MoO, 862, 848, 830, 720, 665
Bi-Mo (1/1) 0.94 f-Bi,Mo,0, (major) 952 (w), 925 (vs), 896 (vs), 835
+ Bi,Mo0,0,, 795, 760, 715
Bi-Mo (2/1.2) 2.8 y-Bi,M0Oy 910 (vw), 857 (s), 815 (s), 750 (vs)
Bi-Mo (2/1) 2.8 Bi,MoOg (80%) 932 (w), 905 (w), 855 (s)
+ Bi,Mo,0,, 810 (s), 750 (vs)
Bi-Mo (2.5/1) 2.9 Bi,MoO, + Bi,0, 855 (s), 810 (s), 750 (vs)

¢ Determined by XRD or IR spectroscopy. * See ref. 22. © See ref. 15, 21 and 23. vs, very strong; s, strong; w, weak ; vw, very weak.

Results and Discussion

Comparison of the Rates of Propene Oxidation in the Presence
and Absence of Oxygen over various Catalysts

The rate of propene oxidation was examined in the pressure
range 0.8-8 kPa of propene and O, over the catalysts. The
oxidation was first order with respect to C;H¢ and zero order
with respect to O, on all of the catalysts except for Fe-Mo
(2/3). With Fe-Mo (2/3), the rate showed an O, pressure
dependence between 0 and 2.7 kPa, and then no dependence
around 3-7.8 kPa. Using the rate equation R =k, Pc,y,
where R is the amount of propene reacted in pmol m™?
min !, the rate constant k_,, at 400°C is calculated for some
Mo-containing catalysts as shown in the Table 2.

Fig. 1A shows the amount of propene reacted as a function
of reaction time in the absence of gaseous oxygen, i.e. in the
reduction over Mo-containing catalysts. With the Bi-Mo
(1/1) oxide catalyst, the amount of propene reacted increases
linearly with time between 1 and 3 min. With some catalysts,
there is no linearity, but the initial slope gives the rate of
reduction. Using the equation r = k 4 Pc.y,, the rate con-
stants in the reduction have been determined and are given in
Table 2. With MoO,, CoMoO,, Te-Mo (1/4) and Co-Te-
Mo (1/1/1) catalysts, these rate constants in the presence and
absence of oxygen are nearly equal. In contrast, with Bi-Mo
(1/1) oxide, a large difference is observed unexpectedly. With
Fe-Mo (2/3), there is a small difference between them. In the
case of Bi-Mo (1/1), the zero-order dependence in O, was
confirmed between 0.4 and 7.8 kPa. Thus, the rate enhance-
ment in the presence of oxygen takes place at oxygen pres-

sures between 0 and 0.4 kPa. The Fe-Mo (2/3) catalyst
resembles Bi-Mo oxide catalysts as far as rate enhancement
is concerned.

Comparison of the Rates of Reduction and Catalytic
Oxidation over various Bi-Mo Oxide Catalysts

It is well known that Bi-Mo oxide has three different phases,
a, § and y. In order to understand the role of gaseous oxygen
on the rates, the same experiments were carried out on
various Bi-Mo oxides which are mainly composed of these
phases. The rates of reduction of various Bi-Mo oxides with
C;Hg¢ were obtained from the initial slopes of the plots of the
amount of propene reacted vs. the reaction time (Fig. 1B).
The rates (C;H,4 reacted) and selectivities to propenal in the
absence of oxygen are shown in Table 3 and the order of
activity is as follows: Bi-Mo (1/1) > Bi-Mo (2/1) = Bi-Mo
(2/1.2) > Bi-Mo (1/2.18) > Bi—-Mo (2.5/1). From the results in
Table 3, k .4 was determined. In catalytic oxidation, propene
oxidation was first order in propene and zero order in O,
over these Bi-Mo oxide catalysts. So the rate constants can
be determined using the equation r =k, Pc,y, as for the
various Mo oxide catalysts described above. Table 2 also
shows a comparison of the rate constants for propene oxida-
tion in the presence (k) and absence (k,.,) of gaseous
oxygen. The Bi-Mo (1/1, 2/1, 2/1.2) catalysts have high
K a/k..q values at around 3-S. In contrast, for Bi-Mo (2.5/1)
and (1/2.18) k_,/k..q4 = 2 or below. Thus, the rates of propene
conversion are enhanced by the presence of oxygen over
Bi-Mo oxides which contain the §- or y-phases. On the other

Table 2 Rate constants of propene oxidation in the absence (k,.4) and presence (k_,,) of oxygen over Bi-Mo and Mo-containing oxide catalysts

at P.,, = 04-8kPa, P,, = 0.4-8 kPa and at 400°C

catalyst selectivity to

(atomic ratio) k..o ke keakrea CH,=CH—CHO (%)
MoO, 0.11 0.11-0.19 1.0-1.7 50
Co-Mo (1/1) 0.15 0.16 1.1 80-90
Te-Mo (1/4) 0.36 0.37 1.0 95
Co-Te-Mo (1/1/1) 22 1.9-2.2 0.9-1.0 90
Fe-Mo (2/3) 1.1 2.5 2.2 30-50
Bi—Mo (1/2.18) 0.60 1.2 20
Bi-Mo (1/1) 1.2 4.2-59 3.54.6
Bi-Mo (2/1.2) 0.93 29 31 b
Bi-Mo (2/1) 0.93 29 3.1
Bi-Mo (2.5/1) 0.21 0.31 1.5

4 Units: pmol m~2 min~! kPa™!. * See Table 3.
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Fig. 1 Amount of propene converted in the absence of oxygen as a
function of time over various catalysts; P¢,y, = 3.3 kPa, 400°C. The
selectivity to propenal is given in Tables 2 and 3. (A) (a) MoO;, (b)
Co-Mo (1/1), (c) Te-Mo (1/4), (d) Fe~Mo (2/3), (¢) Bi-Mo (1/1) and
(f) Co-Te-Mo (1/1/1). (B) (g) Bi-Mo (2.5/1), (h) Bi-Mo (1/2.18), (i)
Bi-Mo (2/1) and (j) Bi-Mo (2/1.2)

Table 3 Rate of propene conversion in the absence of oxygen over
Bi—-Mo oxide catalysts at P, = 3.3 kPa and at 400°C

catalyst rate

(atomic ratio) /umol m~2 min~!

selectivity to
CH,=CH—CHO (%)

Bi-Mo (1/2.18) 20 90
Bi-Mo (1/1) 4.1 95
Bi-Mo (2/1.2) 3.1 90
Bi-Mo (2/1) 3.1 90
Bi-Mo (2.5/1) 0.71 15

hand, the rate of propene conversion over Bi-Mo (1/2.18),
which consists mainly of a-phase, seems to be enhanced only
very slightly. Anyway, the rate increase in the presence of
oxygen is larger for Bi-Mo oxide catalysts than for other
Mo-containing oxide catalysts.

The Bi-Mo (2.5/1) catalyst has a very low activity and
selectivity to propenal despite the presence of y-phase.
According to Matsuura et al.,>* pure y-phase (Bi,MoOy)
exhibited very low activity for butene oxidation. They also
reported that the addition of 2-3 at.% of MoQ, brings about
very high activity and high selectivity, while the addition of
1-2 at% of Bi,O, brings about no promotion. They
explained that surface composition (Bi/Mo =~ 1) is closely
related to high activity and selectivity. The low activity of
Bi-Mo (2.5/1) in this work seems to arise from the difference
in surface composition as described above. The Bi-Mo (2/1)
in this work exhibited high activity and selectivity.

Comparison of the Rates of Oxidation of various Alkenes in
the Absence and Presence of Oxygen over Bi-Mo (1/1) Oxide
Catalyst

Table 4 shows the results of various alkene oxidations in the
presence and absence of gaseous oxygen. In the case of diene
formation, such as oxidation of but-1-ene, (E)-but-2-ene and
pent-1-ene, there appears to be only a small difference
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Table 4 Rate constants of oxidation of various alkenes in the
absence (k.4 and presence (k) of oxygen over the Bi-Mo (1/1)
oxide catalyst

alkene temperature/°C keed” [ kear/keeq
propene 450 3.76 17.2 45
370 0.65 3.1 4.8
2-methylpropene® 400 38 18.0 4.8
370 2.15 10.5 43
(E)-but-2-ene* 450 43 6.2 14
400 1.6 32 20
but-1-ene* 400 17.5 33.6 1.9
pent-1-ene? 400 39.0 75.3 1.9
370 21.5 36.3 1.6

¢ Units: pmol m 2 min~' kPa™?;

b product: CH,=C(CH,;)—CHO, 90%;

¢ CH,=CH—CH=CH,, 99%;

4 CH,=CH—CH=CH—CH,, 99% (cis/trans = 1).

between the rates of reduction and catalytic oxidation, in
spite of a lot of lattice oxygen consumption in the absence of
oxygen. For 2-methylpropene, a large difference appears, as
was found for propene oxidation, in spite of the small con-
sumption of lattice oxygen occurring in the reduction. These
features are confirmed at 450 and 370 °C. These results indi-
cate that the rate enhancement by the presence of gaseous
oxygen is closely related to the aldehyde formation, i.e. inser-
tion of lattice oxygen after n-allyl formation.

180 Tracer Study over Mo-containing Oxide Catalysts

Propene oxidation was performed using an 80, tracer (98.6
at.%) in order to obtain information concerning the extent of
lattice-oxygen participation. As shown in Fig. 2, in spite of
using 98% 80, as a reactant, the products are diluted with
lattice oxygen (°O). The dilution is larger for the high-
activity catalysts than for the low-activity ones. Following
Keulks et al,'*'% the extent of lattice-oxygen participation
has been determined as shown in Table 5. The extents of
lattice-oxygen participation range from ca. 5 layers for MoO,
to ca. 140 for Bi-Mo (1/1). The higher the oxidation rates, the
more lattice oxygen participates. With Bi-Mo (1/1), the per-
centages of '®0 consumed at different temperatures are

(a)

average percentages of 20 in products

0 20 40 60
80, consumed/pmol m-?2

Fig. 2 Plots of the average percentages of 80 in the products vs.
the amount of !0, consumed in propene oxidation; 400°C,
Pcy, = 3.3 kPa, Py, = 1.0 kPa. The average percentage of '*0 was
obtained from those of propenal, CO,, CO and H,O. (a) Bi-Mo
(1/1), (b) Co-Te-Mo (1/1/1), (c) Fe~Mo (2/3), (d) Te~-Mo (1/4) and (e)
MoO,
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Table 5 The extent of lattice-oxygen participation and the activa-
tion energy for propene oxidation on some Mo-containing catalysts o
catalyst lattice-oxygen activation LI) 15 /
(atomic participation energy 5
ratio) at 400 °C (layers)” /kJ mol ! I
N
MoO, 5-8 54? 5 10+
Co-Mo (1/1) — 54 £
Te-Mo (1/4) 10 54 o
Co-Te-Mo (1/1/1) 40-50 63 <
Fe-Mo (2/3) 40-60 63 S gL
Bi-Mo (1/1) 140 84 § 2
“ Calculated from the equation, (percentage of 20 in products)/ § %
(percentage of 80 in O,) = 1 — exp(— Ft/V), where F is the flow of @ 0 i | |
oxygen into and out of the catalyst (umol min~?), ¢ is the reaction e 0 5 10 15

time (min) and V is the amount of catalyst oxygen (umol) partici-
pating.'*'® The number of layers were calculated assuming ca. 15
pmol of O for one layer. * From ref. 25.

shown in Fig. 3. The percentage values of 80 for the initial
stages of the reaction do not lie on the same line. However,
such a difference becomes smaller as the reaction proceeds
and the plots tend to lie on the same line. The extent of
lattice-oxygen participation is 50-60 layers during the initial
stages of reaction and 140-150 layers after sufficient reaction
time. This indicates that the rapid diffusion of lattice oxygen
is affected by the concentration of anion vacancies. Fig. 4
shows the results on the Te-Mo (1/4) catalyst. In this case,
the percentage of 'O in the propenal formed depends on the
temperature as well. The ratio of the number of layers in
which lattice oxygen participates in the reaction at 370, 400
and 430°C is calculated to be 7:10:18. The catalytic-
activity ratio was obtained as 0.3:1.0: 1.8, which is nearly
the same as the layer ratio. In the case of the Te-Mo (1/4)
catalyst, lattice-oxygen participation seems to be accompa-
nied by reduction and reoxidation at the surface sites. The

percentage of 80 in CH,=—CHCHO

L ]
0 50 100 150
80, consumed/pmol m-2
Fig. 3 Plots of the percentages of '®0 in the propenal formed vs.
the amount of '80, consumed at various temperatures over the
Bi-Mo (1/1) oxide catalyst: (@) 370°C, (A) 400°C and (O) 430°C;
Pcy, = 32kPaand P55, = 1.0kPa

80, consumed/pmol m-2

Fig. 4 Plots of the percentages of ‘80 in the propenal formed vs.
the amount of 80, consumed at various temperatures over the
Te-Mo (1/4) oxide catalyst: (@) 370°C, (A) 400°C, (Q) 430°C;
Pey, =32kPaand Py, = 1.0kPa

temperature dependence of the rate over this catalyst can be
explained from the increase in the rate of the first hydrogen
abstraction, since the rate-determining step will not have
changed. On the other hand, in the case of Bi-Mo (1/1), the
extent of lattice-oxygen participation is remarkably large,
indicating that the oxygen which reacts with propene comes
from the bulk, even from more than 100 layers deep. This
indicates that the sites of reduction are different from those of
reoxidation and that the lattice oxygens are transferred
rapidly along the molybdenum shear planes.’~#-12 It has been
accepted that the rate-determining step is the first hydrogen
(allyl hydrogen) abstraction even in such a case.! ™

Nature of the Active Sites in the Oxidation of Propene over p-
and y-phase Bi-Mo Oxide Catalysts

As shown in Tables 2 and 4, the differences in reaction rates
in the absence and presence of oxygen are particularly
evident for aldehyde formation rather than diene formation
over Bi-Mo (1/1) and Bi-Mo (2/1.2-2/1) catalysts. From the
results described above, ca. 2-1 molecules of propene reacted
per 100 A2 of catalyst surface per min in the absence of
oxygen at 400 °C (Fig. 1), but during the catalytic oxidation
9-5 molecules per 100 A? reacted on these catalysts in the
same time interval. The activation energies of propene oxida-
tion are listed in Table 6, taken from previous work and this
work over Bi-Mo oxide catalysts. There seems to be a very
small difference in activation energy between the reactions in
the presence and absence of gaseous oxygen. These facts indi-
cate that the active sites for the first hydrogen abstraction
step are more plentiful in the presence than in the absence of
oxygen. Several mechanisms have been proposed for propene
oxidation over Bi-Mo oxides.!™* Recently, it has been
accepted that the allylic hydrogen is abstracted by the oxygen
of Bi oxide and that the second hydrogen abstraction and

Table 6 Activation energies in the absence (E,.q) and presence (E,,) of oxygen for the partial oxidation of propene over Bi—-Mo oxides (from

previous work)

catalyst E,.4/kJ mol ™t E_/kJ mol~! temperature/°C ref.
Bi,MoO, 75 84 400-500 6
Bi,MoO, 59 59 420-450; 350-420 7
Bi,MoO, 67 71-59 8
Bi,Mo,0, 67 75-63 8
Bi,Mo0,0,, 67 71 8
Bi—Mo (1/1) 84 84 370430 this work

(Bi,Mo,0y)
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oxygen insertion takes place on Mo ions, the former being
rate-determining.! Two possibilities have been proposed for
the reoxidation step, i.e. via Bi oxide vacancies or Mo oxide
vacancies. Although details are still unclear at present, the
rate increase caused by reoxidation on the Mo moiety seems
to induce the appearance of the more active sites near the
reoxidation sites. In other words, a smaller number of active
sites in the absence of oxygen may cause the reduction of
Mo®* to, for example, Mo®* or Mo**.! Rapid oxygen trans-
fer from the Mo moiety to the Bi moiety under stationary-
state conditions may be disturbed. In the case of oxidative
dehydrogenation, ie. diene formation from butenes, very
small differences were observed between the rates of reaction
in the presence and absence of oxygen. Such a small rate dif-
ference indicates the reduction of Mo®* to, for example,
Mo3*, with little or no disturbance caused by the rapid
transfer of lattice oxygen. Ueda et al.'® also reported that the
lattice-oxygen species associated with oxygen insertion for
propenal formation are different from those associated with
hydrogen abstraction over Bi-Mo oxide catalyst using 2O
tracer studies.

With Fe-Mo (2/3) oxide catalyst, ca. 50 layers of lattice
oxygen participate during the reaction at 400°C. Further-
more, there is a small enhancement in the rate, caused by the
presence of gaseous oxygen. As far as these facts are con-
cerned, an explanation similar to that employed for Bi-Mo
oxide as described above, may be applied to the Fe-Mo
oxide catalyst.

A Modified Redox Mechanism

As described above, the reduction of the oxides with propene
and the oxidation of the latter by gaseous oxygen occur in
different regions on the surface of the catalysts. The surface
anion vacancies formed in region A are refilled by diffusion of
the oxide ions from the bulk, which results in the formation
of surface anion vacancies in region B. These B vacancies
bring about oxygen uptake. In such a situation, the following
equation holds for stationary-state conditions>*

kA NAPC3H,—, aA = kn Ny P(l)/zz(l - 08) (1)

where 0 and 1 — 0 refer to the surface oxide ions and anion
vacancies in regions A and B, respectively. N, and Ny are the
surface lattice-oxygen concentrations which participate in the
oxidation. k, and ky are the rate constants for the reduction
step in region A and for the reoxidation step in region B,
respectively. If the diffusion of oxide ions from B to A is rapid
compared with the surface reaction, there will be no marked
difference between 8, and 6, (& 6). Then, the rate is given by:

R=k,NpPc,y 0
= kANAkBNBPC:gHﬁP(l)/zz/(kANAPC;;HG + kBNBP(l)/zz) (2)
If kg > k,, eqn. 2 becomes:
R =k Ny Pcyu, 3)

The first-order kinetics over Bi-Mo oxide catalysts can be
explained by this equation. The physical significance of the
rate constant, k, in the reduction step is somewhat different
from that given by a simple redox mechanism, ie. k, N,
denotes the rate constant k_,, or k.4 in region A. R, /R .4 =

k.. /k .4 at the same propene pressure and temperature. With
Bi-Mo (1/1) in this work, k_/k..q = (ko Np)ear/(ka Na)rea =

N4 ca/Na rea ® 4, since the same activation energies for
propene oxidation both in the presence and absence of
oxygen are observed as described above. The difference in the
number of active sites for propene oxidation in the presence
and absence of oxygen can be expressed by this equation.
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A Correlation between the Catalytic Activity and the Extent of
Lattice-oxygen Participation

The order of oxidation activities (k,,, Table 2) is as follows:
MoO, < Co-Mo (1/1) < Te-Mo (1/4) < Co-Te-Mo (1/1/1)
< Fe-Mo (2/3) < Bi-Mo (1/1). The order of activation ener-
gies for propene oxidation on these catalysts is as follows
(Table 5); MoO, = Co-Mo (1/1) = Te-Mo (1/4) < Co-Te-
Mo (1/1/1) < Fe-Mo (2/3) < Bi-Mo (1/1). The catalysts
which exhibit high activities have high activation energies.
On the other hand, the order of the extent of lattice-oxygen
participation runs parallel with the catalytic activity (Table
5). k., is given by k, N, according to the eqn. 3. Thus, the
high activities of Co-Te—Mo (1/1/1), Fe-Mo (2/3) and Bi-Mo
(1/1) oxide catalysts come from the greater number of active
sites (N,) for the first hydrogen abstraction rather than from
the lowering of the activation energy in k, . In this sense, the
extent of lattice-oxygen participation is closely related to the
number of active sites. As described above, high values of the
extent of lattice-oxygen participation are explained by the
separation of active sites between the reduction and reoxida-
tion steps and by the rapid transfer of lattice oxygen. These
characteristics seem to maintain the number of active sites in
spite of the rising activation energy.
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