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The rate of oxidation of C;H, has been investigated over V-Mo oxides using 180,(99%,) tracer.

The extent

of participation of lattice oxygen in the oxidation increases with increasing MoQ, content, showing a maximum at

V-Mo (33 mol%, of MoQO;) oxide.

The rate of oxidation of CgH, varies parallel to the extent of participation of

lattice oxygen. A marked dependence of the rate of oxidation upon oxygen pressure observed with V-Mo(33) oxide
is attributed to its high reducibility. Similar experiments have been carried out with V-8n (94 mol%, of SnQ,)

oxide.

catalytic oxidation of C;H,, suggesting the participation of adsorbed oxygen in the oxidation.
tracer experiments show participation of lattice oxygen in the oxidation.

conflicting results has been proposed.

We have recently investigated the rate of oxidation
over V-Sn oxides of various compositions.) The rate
shows two maxima at V-Sn (50 mol%, of SnO,) and
V-Sn (94 mol%,). It has been concluded that the rate
maximum with V-Sn(50) arises from the formation of
amorphous material from which lattice oxygen is
easily released, participating in the oxidation. However,
with V-Sn(94) oxide it is still unclear what oxygen
species is responsible for the C3Hg oxidation.

There have been a number of work made on the
oxidation reaction over V-Mo oxide catalysts.?-® It
is well known that the rate of oxidation passes through a
maximum at 10-—30 mol%, of MoO; and that such
maximum activities are often observed under the
conditions of high oxygen concentration.?-® On the
other hand, several workers have observed no maximum
activity at these compositions.”~® Whether or not the
rate maximum is observed appears to be associated with
the concentration of oxygen in the reaction mixture.
Furthermore, Takita et al.9 have attributed the rate
maximum to formation of adsorbed oxygen species
which is facilitated by the presence of V*+ ions. These
appear to remain problems unsolved.

180 Tracer studies appear to be appropriate for the
purpose of solving both problems. In the present work,
therefore, these studies together with comparison of the
rate of oxidation of C;Hg in the presence and absence of
oxygen have been carried out.

Experimental

Materials. V—Mo-450 Catalyst: The solution contain-
ing desired quantities of hexaammonium heptamolybdate

TABLE 1.

The rate of reduction of the oxide with C,Hg is about ten times smaller than that of the corresponding

The results of 120
A mechanism which explains such

and ammonium metavanadate was evaporated with constant
stirring, and the dried product was calcined in air at 450 °C.

V-Mo-680 Catalyst: A mechanical mixture of V,0; and
MoO, powders in a desired ratio was melted at 680 °C for
0.5h, and the melt was ground to powder after cooling.
The method of preparation of V-Sn (94) was described
previously.) 180, (99.19%) was obtained from B.O.C.
Limited (U. K.).

Apparatus and Procedure. The catalytic oxidation and
the reduction of the oxides were carried out in a closed circula-
tion system (290 cm3). The reaction products such as
acryladehyde, CO,, and CO were analyzed by gas chromatog-
raphy.

X-Ray diffraction patterns of the catalysts were obtained
on a Rigaku Denki D-3F X-ray diffractometer using Cu Ko
radiation with a Ni filter. IR spectra of the catalysts were
recorded on a Hitachi G2 spectrometer. The samples were
prepared by the KBr pellet technique. The *09%, in the
reaction products were determined with a Hitachi RMU-6E
mass spectrometer using the following ionization voltage;
80V for CO and CO,, 16.5V for H,0, and 15V for CH,=
CHCHO. The BET surface area, the IR spectra, and the
results of X-ray diffraction analysis are shown in Table 1.

Results and Discussion

C3H, Oxidation over V-Mo Oxides and Their Reduction
with CyHs. The rates of reduction of V-Mo
oxides with C;Hg were determined at 320 °Cin the range
where the plot of the amount reacted us. time is linear
(0.5—3 min). The amount of oxygen removed under
these conditions corresponded to one or two oxide layers,
the distribution of the reaction products being 509,
for CO, 35—309, for CO,, 15—20%, for CH,=CHCHO,

STRUCTURE OF CATALYSTS

MoO; (mol%,) Area/m2g™!

IR spectra (v/cm-?) X-Ray diffraction

V-Mo-450 (0) 2.1
(33) 3.5
(50) 4.2

V-Mo-680 (0) 1.8
(33) 1.6
(50) 1.0

V-Sn(94, SnO, mol?%,) 43

1020, 818 V,0;

1012, 830, 960 V,05, MogV,0,,>’
1018, 830, 995, 965 V,0;, MogV, 0,
1028, 800 V,0,»

1015, 810 V,0;%, MogV, 0,40
—,990—965, 880,810  MogV,0,0

620 SnO,

a) See Ref. 10.
was contracted from 4.38 A to 4.30 A.

b) Strongly oriented in the direction perpendicular to c axis.

c) The distance between the (001) plane
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Fig. . Reduction of V-Mo oxides with C;H,.
(a) Rate. O: V-Mo-450, @: V-Mo-680. (b) Selec-
tivity. A, A: CGO,[7J, W: CO,, O, @: CH,=CHCHO.
Closed symbols refer to V-Mo-680. Temp 320 °C,
Pyy=23 Torr (1 Torr=133.3 N m~%).

below 2—39, for CH;CHO and CH,COCH,. Figure |
shows the rate of reduction thus obtained as a function
of MoO;. With V-Mo0-450 as well as V-Mo-680, the
rate of reduction passes through a maximum at V-Mo-
(33) as reported by several workers.2-® The product
distribution is the same throughout all the catalysts,
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Fig. 2. C;H, oxidation over V-Mo oxides at various
oxygen pressures.
Temp 320 °C, @: V,0;, Q: V-Mo (33), A: V-Mo
(50). (a) V-Mo-450, Pg,u,=6 Torr. (b) V-Mo-680,
Pgne=23 Torr.

suggesting that the reduction of vanadium ions is the
main reaction. It should be noted that the preparation
temperature affects the reducibility of the oxides
markedly, ie., V,0;-450 is almost 10 times more
reactive than V,04-680, although the V-Mo oxides
exhibit no such a marked difference in their reducibility
according to their preparation temperature.

TABLE 2. 180 CONTENTS IN THE PRODUCTS OF C,;Hg OXIDATION OVER V-Mo OXIDES
Pogng=23 Torr , Pisg,=8 Torr, and temp 320 °C.
: Yield® of each product . Lattice oxygen®>
Catalyst®? Ri?xixttzon and its 120 contelx:;t (%)° Total yield® Average® participated
atalyst i , . umol-oxygen 180/9, pmol m-?
min CO, CO H,O CH, = GHCHO atoms ( 1 aycr)
V,0;-680 3 1.6 1.6 2.4 0.3 6 8—11 35
(#.6) (19 (=) (24) (~2)
15 13 6.4 12.5 1.2 33 28
(25 @) (=) (35)
V-Mo(33)-680 1 5.7 7.5 10.6 0.8 25 5 600
(4.6) (9 (—) (11) (=~30)
3 22 26 37 1.3 90 7
(6) Yl 3) (8)
V-Mo(50)-680 3 11 10 16 0.7 38 8 230
(6.5) (6) (8) (13) (=~11)
V,04-450 1 14 15 22 0.9 53 13 180
(12) (13) (11) (25) (=~9)
3 29 32 47 1.5 110 25
(25) (25) (20) (31)
V-Mo(33)-450 1 19 20 29 0.7 70 9 370
9) (8) (10) (15) (=~19)
V-Mo(50)-450 1 14 11 18 1.1 45 8 270
(8) (8) (6) (14) (~13)

a) 2 m? of catalyst was used. b) Expressed as umol of oxygen atoms in each product.

c) Values in parentheses. d)

Calculated from hydrogen balance. e) This value was nearly the same as that obtained from the amount of 18Q, consumed
in the oxidation. f) (Total amount of 180O/total amount of oxygen) X 100. g) See Ref. 13.
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Figure 2 shows the dependence of the rate of the
catalytic oxidation of C;Hg over V-Mo oxides upon
oxygen pressure. In the oxidation at high pressure of
oxygen (<40 Torr), the rate of oxidation is higher for
V-Mo(33)-450 than for other V-Mo-450 oxides,
although the situation is not clear in the low pressure
region (>>6 Torr). Such a behavior reflects the high
dependence of the rate of oxidation for V-Mo(33)-450
upon oxygen pressure, i.e., the order of the reaction in
oxygen is about 0.4 for V-Mo(33)-450, while 0.3 for
other V-Mo oxides. A similar situation is observed with
V-Mo-680; The order of the reaction is 0.2 for V-Mo-
(33)-680, but zero for other V-Mo-680 oxides. As is
shown in Table 2, the product distribution for catalytic
oxidation of CzHj is essentially the same as that for the
reduction of oxides with C4Hjg, i.¢., the oxidation of CgHg
in the absence of gaseous oxygen.
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Fig. 3. Average 109%™ in the products vs. amounts of
oxygen consumed® in the oxidation.
O: V,0;-680, : V,0,450, A: V-Mo(33)-680,
A : V-Mo(33)-450, [J: V-Mo(50)-680, @: V-Sn(94).
Experimental conditions are the same as in Table 2.
a), b) see Table 2.

C,Hy Oxidation over V-Mo Oxides Using 80, Tracer.
Table 2 and Fig. 3 show the results of the oxidation
experiments using 180, tracer. The product selectivities
towards CO,, CO, and CH,=CHCHO are nearly the
same as those of the reduction experiments (Fig. 1).
No change in the 2O content of the oxygen occurred
during the reaction, i.e., no formation of %0O*O took
place. This suggests that the heterophase exchangel®
of oxygen with the catalyst did not take place. According
to the work of Blanchared et al.,'® the exchange of
oxygen through CO, appears to be negligible under the
present experimental conditions.

The 8O content in the products ranges from 5 to
109, at the initial stage of the reaction (Table 2 and
Fig. 3), in spite of the use of 999, of 0, as the reactant.
This suggests that lattice oxygen participates in the
oxidation. Since the anion vacancies formed by the
reduction with C;Hg are refilled by gaseous oxygen,
the 80 content in the lattice oxygen increases with
progress of the oxidation. If only the surface layer of
the oxides participates in the oxidation, the increase of
the 180 content in the products with progress of the
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oxidation will be very rapid. On the other hand, if
many sublayers participate in the oxidation, the reverse
situation will result owing to the dilution of the incor-
porated !0 with lattice oxygen. Accordingly, the
feature of the increase of 209, in the products provides
information to what extent the lattice oxygen partici-
pates in the reaction. Furthermore, if only the surface
layer of the oxide participatesin the oxidation, the surface
anion vacancies formed by the reduction are refilled
directly by gaseous oxygen without diffusion of the oxide
ions in the lattice. On the other hand, when the extent
of participation of lattice oxygen is high, most of the
surface anion vacancies are refilled by diffusion of oxide
ions. This suggests that whether or not the diffusion
of the oxide ions is easy appears to be important for
determining the extent of participation of lattice oxygen
in the oxidation. As has been done by Keulks et al.,13
assuming uniform distribution of the incorporated 80
among the sublayers of the oxides and the number of
oxygen atoms in unit area of the surface, the extent of
participation of lattice oxygen in the reaction has been
calculated (Table 2).

As regards V-Mo-680, the extent of participation of
lattice oxygen increases with increasing MoQ, content,
showing a maximum at V-Mo(33), and then it decreases.
As shown in Table 1, V-Mo(33) and V-Mo(50) consist
of V,0O; as well as MogV,Oy, and MogV,0,, alone,
respectively. It is well known that addition of MoQ,
to V,0j leads to formation of V4+,2 which increases the
concentration of anion vacancy in V,0j, i.e., makes the
diffusion of the oxide ions in the lattice easy. Thus, a
marked increase in the participation of lattice oxygen
observed with V-Mo(33)-680 is explicable, since the
extent of participation of lattice oxygen is associated
with the rate of diffusion of the oxide ions as described
above. The decrease in the participation of lattice
oxygen observed with V-Mo(50) seems to be attributed
to formation of MogV,Oy, where the diffusion of oxide
ions will be more difficult than with V,0O,.

A similar situation is observed with V-Mo-450. The
extent of participation of lattice oxygen is higher for
V-Mo(33)-450 than for V-Mo(50)-450. Furthermore, a
marked difference between the extent of lattice oxygen
participation for V,0;-680 and -450 appears to be
attributed to a higher concentration of V4 for V,O,-
450.

It is seen from Table 2 that for both V-Mo-680 and
-450 oxides the extent of participation of lattice oxygen
runs parallel with the rate of catalytic oxidation of
C,Hg, i.c., for both series of V-Mo oxides the order
V,0; <V-Mo(50)<V-Mo(33) holds. Such feature is
in agreement with that observed with Bi-Mo oxides by
Keulks et al.}®

As will be shown later, the participation of lattice
oxygen in the oxidation does not always exclude the
possibility that adsorbed oxygen participates in the
oxidation. Comparison of the rates of CgHy oxidation
in the presence and absence of gaseous oxygen is ex-
pected to provide information on such possibility
(Fig. 2). Since the rates of catalytic oxidation of C3H,
over V-Mo oxides vary with the pressure of oxygen, it
is difficult to compare both rates of oxidation quantita-
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tively. However, as is seen in Fig. 2, there appears to
be no marked difference between both rates of oxidation,
suggesting that no adsorbed oxygen plays a significant
role in the oxidation over V-Mo oxides.

As has been proposed by a number of workers!®
with Bi-Mo oxides, the reduction of the oxides with
C;H, and its oxidation by gaseous oxygen occur in
different regions on the surface, A and B, respectively.
The surface anion vacancies formed in the region A are
refilled by diffusion of the oxide ions in the bulk, which
results in formation of the surface anion vacancies in
the region B. These vacancies bring about the oxygen
uptake. Under such situation, the following equation
holds:

kANAP(JaBQ Or= annP(l)/;(l — 0s),

where 6 and 1-0 refer to the surface oxide ions and anion
vacancies, respectively.

Similar situation will be expected for V-Mo oxides.
Since the rate of oxidation for V-Mo oxides is not
independent of oxygen pressure (Fig. 2), the values of
0. and 0p are less than unity, in contrast with the case
of Bi-Mo oxides where 6,=60s=1 holds. There appears
to be no marked difference between the values of 6,
and 65, since the diffusion of the oxide ions will be rapid
as compared to the surface reduction. Accordingly,
the above equation is transformed as follows:

kiPoymy 0 = ksPYA (L — 0),

where £, is rate constant for reduction step and £, for
reoxidation step. The following rate equation results:

r = kikyP CaHGP 11)/2’/ (kP CgHg T kyP 6/2’ .

This equation has been found to be applicable to the
results shown in Fig. 2 with the values of &, and £, in

TasLE 3. VALUES OF &, AND £, AT 320 °C

V-Mo-450 V-Mo-680
MoO; (mol%) (0) (33) (50) (0) (33) (50)
k® 0.01 0.03 0.01 0.0002 0.003 0.001
k> 0.04 0.025 0.03 0.04 0.10 0.10

a) cm® Torr~! min-* m-%.  b) cm® Torr-*/2 min-! m-2.

Table 3. It is seen that with V-Mo-680 as well as
V-Mo-450 k, is higher for V-Mo(33) than for V-Mo(50)
and V,0;, while no marked difference in the value of &,
is observed for all catalysts. Such a high value of &, for
V-Mo(33) is expected from the order of increasing
reducibility of V-Mo oxides, V,0,<<V-Mo(50) <V-
Mo(33) (Fig. 1). Furthermore, it is to be noted that a
marked dependence of the rate of oxidation upon
oxygen pressure observed with V-Mo(33) is explicable
in terms of the concept that the value of k,/k, for V-Mo-
(33) is smaller than the corresponding value for other
catalysts.

The above considerations suggest that the rate
maximum for V-Mo(33) oxide results from the weaken-
ing of V=0 bond? and is not attributable to the fact
that formation of adsorbed oxygen is facilitated by the
presence of V4t ions. In fact, the shifts of the V=0
absorption band occur for V-Mo(33)-680 (1028—1015
cm™) and V-Mo(33)-450(1020—1012 cm—1).  The
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change in the lattice constant of V,Of (dy,: 4.38—4.30
A) has been observed with V-Mo(33)-680 alone. No
change in the lattice constant with V-Mo(33)-450 may
be attributed to the fact that dissolution of Mo ions into
V,0; is confined to the surface region alone.
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Fig. 4. C;H, oxidation over V-Sn(94) oxide at various
oXygen pressures.
(a) Rate. (b) Selectivity. @: CH,=CHCHO A:
CO, B: CO;. Temp 320 °C, Pg,y,=23 Torr.

C3Hy Oxidation over V-Sn Oxides. Figure 4 shows
the rate of C,;H, oxidation over V-Sn(94) oxide as a
function of oxygen pressure. The rate of oxidation
increases slightly with increasing oxygen pressure, the
order of the reaction being about 0.1 in oxygen. The
rate of reduction of V-Sn(94) oxide with C,Hj, i.c.,
the rate of oxidation of C;Hg in the absence of oxygen
shown in Fig. 4 is 10—12 times smaller than the corre-
sponding catalytic oxidation at 860 Torr of oxygen, in
contrast with the results for V-Mo oxides where a slight
difference is observed between both rates of oxidation.
Such a marked difference in the rate of oxidation of
C;H, in the presence and absence of oxygen suggests
that some active oxygen species may be formed in the
presence of gaseous oxygen over V-Sn(94) oxide. Such
an active oxygen species may be referred to adsorbed
oxygen. ‘As regards adsorbed oxygen, the following
case should be mentioned. Some fraction of surface
lattice oxygen is more reactive than the remainder;
the redox cycle taking place in the presence of oxygen
will be limited to such a small fraction. In the absence
of oxygen the reaction will occur on the whole surface,
including inactive regions. In this case, the enhance-
ment of the rate of oxidation by the presence of oxygen
similar to that observed for adsorbed oxygen is expected.
Here, such a special type of lattice oxygen is included
in the adsorbed oxygen, since it is very difficult to
distinguish between both types of oxygen species. The
rate of oxidation of Cz;H,; over V-Sn(94) oxide was
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TABLE 4.

Takehiko ONo and Yutaka KuBokawa

[Vol. 55, No. 6

180 CONTENTS IN THE PRODUCTS OF C;Hg OXIDATION OVER V-Sn(94) oXIDE

Experimental conditions are the same as Table 2.

Reaction Yie!d") of each pl‘OduCl; Total Yiclde) o
Catalyst® time , and its ¥O content (9% )® m A;C(l)?%/:
min Cco, co H,0 CH,=CHCHO atoms
0.5 12 6.2 14.2 1.8 35 40
(38) (40) =) (40)
V-Sn(94) 1.0 27.6 9.8 27.6 4.0 69 57
(57) (50) (=) (57)
2.0 33 20 37 2.6 92 61
(59) (62) (=) (61)

a)—f) See Table 2.

found to be independent of C;H, in the range 8—60
Torr. Accordingly, the following rate expression holds
r=kpluePS;'. Such a low order of the reaction in
oxygen as well as in C;Hg is different from the feature
of the reaction order observed with V,05 and V-Mo
oxides.

CyHg Oxidation over V-Sn(94) Oxide Using 80, Tracer.
Table 4 and Fig. 3 show the results of C;Hg oxidation
using 180, tracer for V-Sn(94) oxide. The 180 content
in the reaction products ranges from 40 to 609,, being
much higher than those for V-Mo oxides. There is
little or no difference in the 80 content among CO,
CO,, and CH,=CHCHO. The increase in the 180
content with progress of the reaction is similar to that
with V-Mo oxides.

If only adsorbed oxygen participated in the reaction,
no incorporation of lattice oxygen in the oxidation
would take place, i.e., the 180 content in the products
would reach 100%,. Such feature has been found by
Morooka et al.1® who investigated the oxidation of C;H,
over Cu,O. The observed 20O content in the products for
V-Sn(94) oxide (Table 4) suggests that in addition to
adsorbed oxygen, lattice oxygen participates in the
oxidation. From the data at the reaction time of one
minute it is concluded that the rate of incorporation
of lattice oxygen (*%O) into the oxidation products is
about 15 pmol/min m?, being much larger than the
corresponding rate of the oxidation in the absence of
oxygen, i.e., the reduction of the oxide with C;H,; which
is only 2—3 ymol/min m? (Fig. 4). Such a marked
enhancement of the rate of incorporation of lattice
oxygen by the presence of gaseous oxygen suggests that
the oxidation by lattice oxygen and by adsorbed
oxygen do not proceed independently, i.e., both oxida-
tions are combined with each other in some way. If
adsorbed oxygen attacks propene to form a reaction
intermediate, which is easily oxidized by lattice oxygen,
it would be possible to explain such an enhancement of
the rate of incorporation of lattice oxygen by the
presence of oxygen. At present, the nature of the reac-
tion intermediate is unclear. A possible adsorbed
oxygen appears to be oxygen anion radicals. Kazanskii
et al.'® have proposed that the O~ anion radicals can
initiate an effective catalytic oxidation of CO over

V,O; supported onssilica gel. Further study is necessary
to clarify the true nature of adsorbed oxygen as well
as the reaction intermediate.

The authors wish to thank Messrs. Hazime Nakazawa
and Tadashi Terasaki for carrying out part of the
experiments.

References

1) T. Ono, Y. Nakagawa, and Y. Kubokawa, Bull. Chem.
Soc. Jpn., 54, 343 (1981).

2) K. Tarama, S. Teranishi, S. Yoshida, and N. Tamura,
Proc. 3rd Int. Congr.Catal., Amsterdam, 1964, Vol. 1, p. 282; S.
Yoshida, Shokubai 10, 90 (1968).

3) L L Ioffe, Z. 1. Fzhkova, and A. G. Lyubarskii, Kinet.
Catal., 3, 165 (1962).

4) M. Aiand S. Suzuki, Nippon Kagaku Kaishi, 1973, 260.

5) N. L IPchenko, G. I. Golodets, and Yu. I. Pyatuitskii,
Kinet. Catal. 14, 312 (1971).

6) Y. Takita, K. Iwanaga, N. Yamazoe, and T. Seiyama,
Oxidation Commun., 1, 137 (1979); K. Nitta, Y. Takita,
N. Yamazoe, and T. Seiyama, Catal. Sympo. Catal. Soc.
Japan, Prepr., No. 3H12 (1976).

7) K. Wakabayashi and Y. Kamiya, Bull. Chem. Soc. Jpn.,
40, 401 (1967).

8) D.]J. Cole, C. F. Culles, and D. J. Hucknall, J. Chem.
Soc., Faraday Trans. 1, 1976, 2744.

9) L. N. Kutsena and L. Ya. Margolis, J. Gen. Chem., 32,
100 (1962).

10) R.H.Munchand E. D. Pierron, J. Catal., 3, 406 (1964).

11) E.R.S. Winter, J. Chem. Soc., A, 1968, 2889,

12) M. Blanchard and G. Louguet, Kinet. Catal., 14, 20
(1973).

13) G.W. Keulks and L. D. Krenzke, Proc. 6th Int. Congr.
Catal., London, 1976, Vol. 2, p. 806; L. D. Krenzke and G. W.
Keulks, J. Catal., 61, 316 (1980).

14) Y. Morooka, W. Ueda, S. Tanaka, and T. Ikawa,
Proc. 7th Int. Congr. Catal., Tokyo, 1980, Vol. 2, p. 1086.

15) E. g., J. Haber and B. Grzybowska, J. Catal., 28, 489
(1973); I. Matsuura and G. C. A. Schuit, ibid., 25, 314 (1972);
T. Otsubo, H. Miura, Y. Morikawa, and T. Shirasaki, ibid.,
36, 240 (1975).

16) V. B. Kazanskii, Kinet. Cotal., 14, 72 (1973); V. A.
Shvets, V. M. Vorotyntsev, and V. B. Kazanskii, ibid., 10,
287 (1969).






