Catalysis Letters 68 (2000) 215221

215

Oxidation of isobutane over Mo—V—Sb mixed oxide catalyst
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The catalytic performances of Mo-V-Sb mixed oxide catalysts have been studied in the selective oxidation of isobutane into
methacrolein.  V—Sb mixed oxide showed the activity for oxidative dehydrogenation of isobutane to isobutene. The selectivity to
methacrolein increased by the addition of molybdenum species to the V-Sh mixed oxide catalyst. In a series of Mo—V—Sb oxide catalysts,
Mo;V1Sh100,: exhibited the highest selectivity to methacrolein at 440 °C. The structure analyses by XRD, laser Raman spectroscopy
and XPS showed the coexistence of highly dispersed molybdenum suboxide, VSbO, and a-Sh,O4 phases in the Mo;V1Sh100,.. The
high catalytic activity of Mo;V1Sh10O, can be explained by the bifunctional mechanism of highly dispersed molybdenum suboxide and
VShO, phases. It is likely that the oxidative dehydrogenation of isobutane proceeds on the VSbO, phase followed by the oxidation of

isobutene into methacrolein on the molybdenum suboxide phase.
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1. Introduction

Selective conversion of alkanes to the oxygenated prod-
ucts by gaseous oxygen is an important process in the
chemical industry [1-4]. However, the selective oxidation
of light alkanes is usually accompanied by many difficul-
ties as a result of the high reactivity of the oxygenated
products compared to the low reactivity of alkanes under
the reaction conditions. Because of the inertness of alka-
nes, reaction conditions are normally more severe than in
the case of akene oxidation, so that the subsequent ox-
idation of the partially oxidized products is unavoidable,
resulting in low selectivity to the desired products. Since
liquefied petroleum gas (LPG) is abundant and contains
mainly propane and butanes, the selective conversions of
these alkanes received attention. Among butanes, n-butane
can be selectively oxidized to maleic anhydride by using
crystalline V-P-O catalysts [5].

Recently, many patents have been disclosed for the par-
tial oxidation of propane, among which the ammoxidation
to acrylonitrile is the most prominent [6,7]. Severa cat-
alytic systems based on mixed oxide have been tested [6—
10], but only a few showed good catalytic performances.
The V-Sb mixed oxide based catalysts seem to be selec-
tive for producing acrylonitrile [9,11-15]. It is likely that
vanadium-based compounds have an important role in the
alkane activation not only in ammoxidation but also in par-
tial oxidation by gaseous oxygen. In fact, many kinds of
vanadium-based mixed oxide catalysts have been investi-
gated [1-15]. Also, it is well known that molybdenum-
based mixed oxides are one of the key components for
alkene oxidation to oxygenated compounds [16].
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In the present study, we report the promotion effect of
molybdenum species on V-Sb mixed oxide cataysts for
the oxidation of isobutane. We prepared the Mo-V-Sh
mixed oxide catalysts and investigated the catalytic be-
havior for oxidation of isobutane by gaseous oxygen as
well asthe structure analyses by XRD, Raman spectroscopy
and XPS. The catalytic activity was discussed in relation to
the structure and the surface acidic property characterized
by NH3-TPD.

2. Experimental
2.1. Catalyst preparation

Mo-V-Sb mixed oxide catalysts were prepared by
the following slurry method. Sh,O3; (Wako Pure Chemi-
cal Industries) was dispersed in oxalic acid agueous so-
lution, in which a hot aqueous solution of NH4VO3
and (NH4)3sM07024-4H,0O (Wako Pure Chemical Indus-
tries) was added. The atomic ratios of V/Sb and Mo/Sh
were changed between 0.1-2.0 and 0.01-1.0, respectively.
The mixture was heated under reflux conditions at 90°C
for 24 h. The precipitate was separated from the solution
by evaporating at 80 °C. The resulting mixture was dried at
100°C for 15 h, followed by grinding into a fine powder,
calcination at 350°C for 4 h and finally at 600°C for 6 h
inair. A similar procedure was also applied in the prepa-
ration of V-Sb or Mo—Sb mixed oxide catalysts. Sb,Os,
MoO3; and V,0s were purchased (Wako Pure Chemical In-
dustries) and used without further purification. a-Sh,O4
was prepared by calcination of Sb,O3 at 600°C for 6 h in
air.
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2.2. Characterization of catalysts

Metal compositions of the catalysts were calculated
based on the amount of starting compounds in the prepara-
tion. Surface areas of the catalysts were measured from the
adsorption isotherms of N, at 77 K using the BET method
(BEL Japan BELSORP18SP). X-ray diffraction measure-
ments were performed on a Rigaku RINT2500VHF using
Cu Ka radiation. Laser Raman spectra were taken with
the 514.5 nm line of the argon laser (JASCO NRS-2100) at
room temperature. The incident laser power at the samples
was 20 mW, and spectra were recorded with a resolution
of 4 cm™. XPS measurements were recorded on a VG
ESCALAB220I-XL system with monochromatic Al Ko
(1486.6 eV) as the X-ray source. The C 1s as a refer-
ence signal was adjusted to 284.6 eV. TPD (temperature-
programmed desorption) of adsorbed NH3; was performed
on a BEL Japan TPD-1-AT in order to evaluate the cata-
lyst surface acidity. The structures of both V1Sh;00, and
Mo1V1Sh1p0, after the reaction were also studied by XRD,
Raman, and XPS.

2.3. Catalytic reactions

The oxidation of isobutane with gaseous oxygen was car-
ried out using a conventional flow system equipped with a
U-shaped Pyrex tube reactor at the temperature of 440—
560°C under atmospheric pressure. The catalyst (2.0 g)
was diluted with 1.0 g of quartz grains. The feed gas
consisted of 50 vol% of isobutane, 16.7 vol% O, and
N, balance. Tota flow rate was 40 cm®*min—! (GHSV
= 900 mhtg-cat='). The ammoxidation of propane
was also carried out using the catalyst (1.5 g) diluted
with 1.0 g of quartz grains. The feed gas consisted of
15 vol% of propane, 30 vol% of O, 15 vol% of NH3 and
N, balance. Total flow rate was 40 cm®min—! (GHSV =
1600 ml h—* g-cat—1). Prior to the reaction, the catalyst was
treated at 500°C in 25 vol% of O, in N, stream (GHSV
= 450 mlh~tg-cat—%) for 2 h, and then cooled down to
the reaction temperature under the same atmosphere. The
feedstock and products were analyzed by on-line FID and
TCD gas chromatographs.

3. Results and discussion

3.1. Characterization of the V—Sb and Mo—V-Sb mixed
oxide catalysts

3.1.1. XRD measurements

Figure 1 shows XRD patterns of V-Sb mixed oxide cat-
alysts with the various V/Sh atomic ratios. Surface areas
of the catalysts and phases identified by XRD are summa-
rized in table 1. In the XRD patterns of both V,Sb;0,
and Vlsblow, three phases (VSbO4, Oé-szO4 and VzOs)
were observed. The diffraction peaks of the V,0s5 phase
could not be observed in the V-Sb mixed oxide catalysts
containing vanadium below the atomic ratio of V/Sb = 1.0,
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Figure 1. X-ray diffraction patterns of the V-Sb mixed oxide catalysts.

Table 1
BET surface areas of the catalysts.

Catalyst?® Surface ared? Phase observed
(m*g~1)
V90,0, 13.7 V SbOy, -S04, V205
V1S010, 17.8 VShOy, a-SbpOy, V205
V15,0, 6.0 VSbOy, a-ShyOy
V1Sb50, 75 VShOy, a-Shy Oy
V1Sb100; 10.7 VSbOy, a-ShyO4
Mog.1V1Sh100. 10.2 VShO4, a-Shy0O4
M00A5V;|_Sblooz 10.0 VSbO4, CM-QJ204
Mo;V1Sh100, 8.2 VSbOy4, a-Shy0O4
MOsVlsblooz 8.7 MOOg, VSbO4, CM-QJ204
M09V 1Sb100. 16.6 Mo0O3, VShO4, a-ShpO4
MOlsblooz 54 CM-QJ204
V505 5.1 V05
MoOj3 34 MoO;3
a-Shy,O4 32 a-Shy,O4

aAtomic ratio calculated from the amount of reagents.
bBET surface area, N, at 77 K.

indicating that crystalline V,Os is absent in these catalysts.
The intensities of the VSbO, rutile phase increased, while
the intensities of the a-Sh,O, phase decreased, with in-
creasing the V/Sb ratio. The V—Sb mixed oxide catalysts
consist of both VSbO,4 and «-Sh,O4 phases up to the ratio
of V/Sh = 1.0, while the V,0s5 phase appeared when the
V/Sh ratio exceeded 1.0.

Figure 2 shows XRD patterns of Mo-V-Sb mixed ox-
ide catalysts with the various Mo/Sh atomic ratios. The
V/Sb ratio was fixed at 0.1. In the Mo—V-Sb mixed oxide
catalysts, VSbO, and a-Sh,0O4 were again observed. When
the Mo/Sb ratio was increased, the MoO3 phase appeared
and increased its intensity, suggesting that MoOs is isolated
even at low content of Mo and its crystalline size increases
with the content. In the case of M01pV1Sh10O,. catalyst,



T. Shishido et al. / Isobutane oxidation over Mo-V-Sb oxide

60 - [e) OG-Sb204
® VSbO,

50 V¥ MoO;
§ 40 - MO]Sbl()OX ?
:>. o]
g 30
2
=
™20

104 |M010V15b100x ¢ o

v 9, o o) ° v
I | S e M N
0 I J 1 U
20 30 40 50

26

Figure 2. X-ray diffraction patterns of the Mo3V1S0b100z, M01V;

Sblooz and MOJ_SbloOI catalysts.

three intense diffraction peaks of MoO3z; were observed at
20 = 23.3°, 27.2° and 38.9°. In the XRD pattern of the
Mo-V-Sb mixed oxide catalyst with molybdenum below
the ratio of Mo/Sh = 0.2, no peak due to MoO3 was ob-
served. The XRD pattern of Mo,V 1Sb100,, showed no sub-
stantial change even after the catalytic reaction at 520°C
except that the intensities of the V SbO, rutile phase slightly
decreased. In the case of M0;SbypO, (without vana-
dium ions), intense diffraction peaks due to the a-Sb,O4
phase were observed together with weak peaks due to the
MoOj3; phase. In spite of the presence of both molybde-
num and antimony species, the diffraction peaks of Mo—Sbh
mixed oxides (for example, Sb,M0Og (JCPDS 33-1491),
Sho,M 019031 (JCPDS 33—0105) and SbsMo01003; (JCPDS
33-0104)) could not be observed in all the Mo—V-Sh mixed
oxide catalysts prepared.

3.1.2. Laser Raman spectra

Raman spectraof V150100, M01V1Sb100, and MooV 1
ShyoO, catalysts and metal oxides (V,0s, MoOz and
a-Shp0,4) were recorded at room temperature, and are
shown in figures 3 and 4, respectively. In the spectrum
of V1Sb100., four bands at 460, 401, 263 and 198 cm—1
were observed and can be assigned to a-Sh,O4, suggesting
that the surface of V1Sb100O,. is partly covered by a-Sh,O,.
Crystdline V,05 exhibits bands at 996, 702, 529, 482,
407, 305 and 285 cm~! [17-19], which, however, could
not be observed, indicating that crystalline V,0s is ab-
sent on this catalyst. This result is consistent with that
obtained by XRD. Monomeric species such as (V=0)O3
on silica [18,19] and tetrahedrally coordinated vanadium
species on silica [20] show a band at 1020-1040 cm™2. In
the spectrum of V1Sby0O,, the band at 1020-1040 cm~*
could not be detected even at the ratio of V/Sbh = 0.1, sug-
gesting that vanadium speciesin V1Sb,0O,. are not isolated
as the monomeric one.

In the spectrum of M01gV1Sb100,., neither the bands of
a-Shp04 nor the bands of crystalline V,0s phases could
be observed, but four strong bands appeared at 996, 820,
666 and 380 cm~L. These bands can be assigned to crys-
talline MoO3 [21,22]. Indeed, in the spectrum of crys
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Figure 3. Raman spectra of the ViSbioO,, MoiViSbipO, and
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Figure 4. Raman spectra of V05, MoO3 and a-Sh,Oy4.

talline MoOs in figure 4, bands at 996, 819, 667, 378,
366 and 284 cm~! were observed. These results indicate
that the most part of molybdenum ions form crystalline
MoOs on the surface of M01gV1Sb100,.. In contrast, in the
spectrum of Mo,V 1Sb100,., heither MoOgz nor V,05 phase
was observed, but seven bands appeared at 860(s), 810(sh),
492(m), 454(m), 399(m), 266(w) and 198(m) cm~. The
four bands at 454(m), 399(m), 266(w) and 198(m) cm~1
can be assigned to a-Sh,0O, (figure 4), indicating that the
surface of M0,V 1Sb100,. is partly covered by an a-Sh,04
phase. Gaigneaux et a. [23] and Spevack et a. [24] re-
ported that MoO, shows seven weak bands at 741, 568,
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495, 466, 362, 227 and 202 cm~!. The bands found in
the spectrum of Mo;V1Sh;00, are not identical to those
of the MoO,. Mo-Sb mixed oxide can be formed in
the present Mo-V-Sb mixed oxide catalyst. However,
this possibility was clearly discarded, since none of three
types of Mo—Sb mixed oxides (Sh,MoOg, Sh,M010031
and SbyM 010031) was detected in both MOlvlsbloOw and
Mo01Sb100, by XRD. The bands actually found in the Ra-
man spectrum of Mo;V1Sb;0O, are not consistent with
any of Sh,MoOg and Sh,M01903; reported by Gaigneaux
et a. [23]. Pamentier et a. [25-27] reported that the
Sb,M00Og phase was found by calcination around 500°C
under low pressure of argon atmosphere, while Sb,M 010031
or ShyMo0,0031 was formed by calcination around 500°C
under nitrogen atmosphere with a small amount of hydro-
gen and high concentration of water vapor. However, these
Mo-Sb mixed oxides decompose to a mixture of MoO3
and «-ShpO4 in air between 350 and 400°C. Gaigneaux
et a. [23] aso reported that the decomposition started be-
tween 300 and 400°C for both Sb,M0Og and SbyM 010031
and between 400 and 500 °C for SbyM0,903; in air. Inthe
present work, both Mo;V1Sb100, and M0o;Sh;pO, were
calcined at 600°C, which is clearly higher than the de-
composition temperature, in air. This might be the most
plausible reason of the absence of the Mo—Sh mixed oxide
phase.

In vibration modes due to the Mo—O-Mo bond in many
molybdenum samples, the symmetric stretching, asymmet-
ric stretching and deformation vibrations are observed at
450-650, 700-900 and 170-230 cm™?, respectively [21].
Therefore, it is most likely that the bands at 860(s), 810(sh)
and 495(sh) cm~? are assignable to the Mo—O-Mo bond
and, while the band at 198(m) cm™?! is to a-Sb,Oy, in
the spectrum of Mo;V1Sb100,. The bands at 860(s),
810(sh) and 495(sh) are different from those of crystalline
MoOj3; having octahedral coordination around molybdenum
ions, suggesting that the molybdenum species has dis-
torted octahedral coordination around molybdenum in the
MOlvlsbloOw catalyst

After the catalytic reaction at 520 °C, the Raman spec-
trum of Mo;V1Sh;0, dlightly changed. The relative in-
tensities of the bands at 452, 398, 264 and 198 cm™*, which
can be assigned to a-Sh,0y, increased and a new intense
band at 818 cm~! appeared, while the bands at 860(s),
810(sh) and 495(sh) cm~! were still observed, indicating
that the molybdenum species of distorted octahedral co-
ordination still remained. The band at 818 cm~?! corre-
sponds to that of the Mo—O-Mo bond in crystalline MoOs,
suggesting that a part of Mo species aggregated on the
Mo1V1Sh1900,. In the XRD pattern of Mo;V1Shyo after
the reaction, no XRD peaks due to MoO3 were observed,
indicating that the size of M0Oj3 is quite small even after
the reaction.

3.1.3. XPS measurement
The peak of the V 2p3/, in V1Sb100,, is assigned to the
V4t state and shifted to low binding energy by the addition
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Figure 5. Mo 3d XPS spectra of the M0,V 10100, and M0o3gV1Sb1900
catalysts.

of Mo ions to V1Sb190,, indicating that the electron den-
sities on vanadium in the Mo—V—Sb mixed oxide increases
compared to that in V1Sh;p0,. Even after 6 h of the re-
action at 520°C, the V 2ps, peaks in both V1Sb100,. and
Mo01V1Sh1oO, are dtill assigned to V4* state. In both the
V150100, and M0o1V1Sh1p0,, catalysts, the surface atomic
ratios V/Sb determined by XPS were much smaller than the
values estimated from the starting composition. It is likely
that a large excess of antimony was present on the surface
of both V-Sb and Mo—-V-Sh mixed oxide catalysts.

The Mo 3d spectraof M0o;1V1Sh100, and MoV 1Sh100,
areshownin figure 5. Theintensities of the Mo 3d peaks of
Mo1pV1Sb100,. are stronger than those of Mo;V1Sb100,,
suggesting that the surface concentration of Mo species is
higher on the former than the latter. The binding energies
of the Mo 3d peaks of MooV 1Sb100, correspond to Mo+,
Taking into account the XRD and Raman spectroscopy re-
sults, the most part of molybdenum species form MoOs in
Mo1gV1Sh100,. On the other hand, the valence state of
molybdenum in Mo;V1Sb100,. is a mixture of Mo>t and
Mo+ judging from the binding energies and peak widths of
the Mo 3d peaks. Itislikely that molybdenum oxide species
in Mo1V1Sh1p0, were partly reduced to “suboxides’, i.e.,
Mo0gOs3, M0gOps Or M0130s,. However, any kind of these
reduced species could not be detected by XRD. On the basis
of these results, we propose a surface structure of the cata-
lyst where the small suboxide particles (<40 A) are highly
dispersed on the surface of M01V1Sh;00,.. Even after the
catalytic reaction at 520 °C, the valence state of molybde-
num in Mo;V1Shy00,. can still be assigned to the mixture
of Mo®+ and Mo®*. This result suggests that small subox-
ide particles were present on the surface of Mo;V1Sb100,.
during the reaction.

3.1.4. TPD of adsorbed NHz measurements

To examine the acidic property of the V1Sb;00,., MoV,
Sbloow and MOlovlsbloOw catalysxs, NHs3-TPD was car-
ried out and the profiles are shown in figure 6. On
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Figure 6. NH3-TPD plots of the V31SbjpO., Mo;V1SbioO, and

Mo019V1Sh100,. catalysts.

V1Sh100,,, a small amount of NH3z was desorbed with a
peak temperature of 180°C. On Mo;V1Sh100,., the amount
of desorbed NH3 is about 2.5 times larger than that of
V1Sb100, and the peak temperature increased to 200°C.
Thus, the acidity on the catalysts increased by the addition
of molybdenum species to the V—Sb mixed oxide. As the
amount of molybdenum increased, the amount of desorbed
NH3 increased and the desorption temperature shifted to
higher temperatures. The surface of bulk molybdenum
oxide (M0Os3) is acidic in nature [28] and increasing the
amount of dispersed MoO3; on a metal oxide support leads
to a higher local acid concentration on the surface [29]. It
islikely that the crystalline MoOjz; phase confirmed by XRD
measurement causes the strong acidity on MooV 1Sb100,.

3.2. Catalytic activity for the isobutane oxidation and
propane ammoxidation

Table 2 shows the results of the isobutane oxidation at
440°C over V-Sb mixed oxides and Mo-V-Sh mixed ox-
ides, along with those over V,0s5, M0O3; and a-Sh,0,4 as
references. Although isobutane conversion of 1.5% was
observed without catalyst at 440 °C, thisis considered neg-
ligible. The activity of a-Sb,O4, which is a main com-
ponent of the V;Sh;00O, catalyst, was quite low. Over
V,0s5, CO, and isobutene were formed, while no oxy-
genated compound was produced. The V-Sb mixed ox-
ides showed activity in ammoxidation of propane [9,11—
15], where the catalytic activity strongly depended on the
composition and the selectivity to acrylonitrile increased
with decreasing V/Sb ratio compared to the stoichiometric
one of VSbO, [11-15]. In the oxidation of isobutane over
the V=Sb mixed oxide, similar phenomena were obtained,
i.e., the conversion of isobutane decreased, while the se-
lectivity of methacrolein (MAL) increased with decreasing
V/Sb ratio. The main product was isobutene except CO,
on V1Shyo0, at the conversion of 7.6%. The selectivity to
MAL remarkably increased by the addition of molybdenum
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species to V1Sh100,. Mo;V1Sh100, showed the highest
MAL selectivity (27.6%) at the conversion of 8.1%. On
the Mo-V-Sb mixed oxide with the Mo/Sb ratio >1.0, the
selectivity to MAL decreased with increasing the amount of
molybdenum species. On MoOs, ethylene, isobutene and
MAL were mainly formed at the conversion of 2.4%. When
the volume of the reactor was minimized to prevent gas-
phase radical reactions, the selectivity to MAL increased
from 27.6 to 36.1% on the Mo;V1Sb100,..

On the M0;Sbh1pO, (without vanadium), the con-
version of isobutane was dightly lower than that on
V1Sb00, and Mo;V1Sb1g0O,. The order of selectiv-
ity to MAL was Mo;V1Sh100,. (27.1) > Mo,V1Shi00,
(211) > MosV1Sb100,, (210) = MO01gV1Sb100,. (210) >
Mg 5V 1Sh100, (152) > Mo0,;Sb00, (136) > Mo0g1V1
Sb]_oox (109) > V;LSbl()C)z (93)

Figure 7 shows the catalytic performance of MoV,
Sb100,, in the oxidation of isobutane as a function of the re-
action temperature. The conversion of isobutane increased
with increasing reaction temperature. The selectivity to
MAL dlightly increased with increasing reaction tempera-
ture up to 520°C. When the reaction was carried out at
560°C, the selectivity to MAL drastically decreased, and
propylene and methane were remarkably formed. The se-
lectivity to CO,, decreased with increasing reaction temper-
ature, followed by the increasing formation of other prod-
ucts such as isobutene and propylene. When the reaction
was carried out at 520°C in the absence of catalyst, the
isobutane conversion was 39.8%, and the selectivities to
propylene and to isobutene were 30.3 and 39.2%, respec-
tively. This result indicates that the effect of gas-phase
radical reaction is quite large, when the reaction is carried
out above 520°C.

The results of the propane ammoxidation at 440 °C over
Vlsbloow, MOlvlsbloOw and MOlovlsbloOw catalysts are
summarized in table 3. On V1Sbh;00,, large amount of
propylene was formed, indicating that mainly oxidative de-
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Table 2
Conversion and selectivity for oxidation of isobutane at 440°C. 2

Catalyst? Conversion (%) Selectivity® (%)
i-Cy (o)) MAL i-Cy C3Hg Others  CO,
V1Sb1004 7.6 100 9.3 25.9 0.0 0.9 63.9
(1345) (374.7) (3699)
Mog.1V1Sh100. 7.9 100 10.9 28.7 0.0 0.0 60.4
(163.9) (4316) (3634)
M0o.5V 15100 77 100 152 172 00 13 663
(2228) (252.1) (3889)
Mo01V1Sb100, 8.1 99.1 27.6 125 0.0 0.9 59.0
(4256) (192.7) (3639)
MosV1Sb100, 8.7 100 21.0 10.8 0.0 0.8 67.4
(347.9) (178.9) (4466)
Mo010V1Sb100. 7.8 100 20.1 12.4 0.0 1.6 65.9
(2985) (184.1) (3914)
Mo01Sh190- 57 73.5 13.6 12.8 0.0 0.0 73.6
(1475 (138.9) (3195)
V205 8.6 100 0.0 153 0.0 0.0 84.7
(250.5) (5547)
MoO3 24 37.7 9.1 10.8 0.0 19.7 60.4
(416)  (49.3) (1104)
a-ShyOy 0.8 12.0 0.0 69.0 0.0 0.0 31.0
(105.1) (1888)
Empty 15 7.3 6.6 693 86 109 46
(188)  (197.9) (52.6)
Moy V1Shy00, 4 4.6 53.2 36.1 13.9 0.0 0.0 50.0
(316.1) (121.7) (1751)

84-C4/02/Ny = 15/5/10 ml min—1, 900 ml h—1 g-cat—1.

b Atomic ratio calculated from the amount of reagents.
¢Numbers in parentheses are the rates of formation (umol h—1 g-cat—1).
dThe volume of the reactor was minimized to prevent gas-phase reactions.

Table 3
Conversion and selectivity for propane ammoxidiation at 440°C.2

Catalyst® Conversion Selectivity (%)

(%) CiHs AN _ACN  CO,
V1Sb1004 5.2 40.4 35.6 11.8 12.2
M01V1Sb100s 46 183 564 108 145
Mo01pV1Sh1002 4.6 19.2 44.2 20.1 16.5

aC3/0n/NHa/He = 6/12/6/16 ml min—1, 1600 ml h—1 g-cat—1 AN — acry-
lonitrile, ACN — acetonitrile.
b Atomic ratio calculated from the amount of reagents.

hydrogenation proceeded. The conversion of propane was
not substantially affected, while the selectivity to acryloni-
trile was enhanced by the addition of molybdenum species
to V1Sb100,. On MoV 1Sh10,, the Selectivity to ace-
tonitrile was higher than on Mo;V1Sb100,., while the se-
lectivity to acrylonitrile was lower than on M0o;V1Sb100,,.
This result indicates that C—C bond cleavage occurred on
strong acid sites of crystalline MoO3; over MooV 1Sb100,..

The oxidative dehydrogenation of isobutane to isobutene
mainly proceeded over V;Sh;O, containing VShO, and
a-Sp04 phases.  Under the ammoxidation conditions,
this catalyst also catalyzed oxidative dehydrogenation of
propane to propylene. The activity of the isobutane oxida-
tion was quite low when vanadium species is absent, sug-
gesting that the VSbO, phase is active for the activation
of isobutane and propane. The remarkable increase in the
selectivity to MAL was attained by the addition of molybde-
num species to V-Sb mixed oxide. The catalytic activities

of the Mo—V-Sb mixed oxide in the isobutane oxidation
strongly depended on the Mo/Sb ratio. The Mo;V1Sb300,,
exhibited the highest catalytic activity. In this catalyst,
we proposed the formation of highly dispersed molybde-
num suboxide together with VSbO, and «-Sh,O4. Based
on this proposed structure, the synergetic effects between
molybdenum suboxide with VSbO,4 and/or a-Shb,O4 can be
considered. In the oxidation of isobutene to MAL over the
mechanical mixture of MoO3; and «-Sh,0y, the synergetic
effects between MoOs (and/or dlightly reduced MoOs_ )
and «-Sh,O, was reported by Delmon and co-workers
[23,30-34]. This synergetic effect on the mechanical mix-
ture cannot be explained by the formation of Mo—Sh mixed
oxide. They observed the creation of a new selective (100)
face of the molybdenum oxide by a partial reconstruction
of the non-selective (010) face by SEM and AFM [32].
They concluded that this partial reconstruction of the non-
selective (010) face to a selective (100) face caused the
synergetic effect during the catalytic reaction on mechan-
ical mixtures of MoO3; with «-Sh,0, [23,32-34]. Volta
et a. also reported that the (010) face of molybdenum ox-
ide mostly brings about total oxidation reactions, while the
(100) face selectively performs partial oxidation of propy-
lene to acrolein [35]. In the present case of Mo;V1Sb100,,,
it is considered that highly dispersed molybdenum subox-
ide formed by the interaction between excess amount of
a-Sh,04 with molybdenum species. The highly dispersed
molybdenum suboxide would be oriented selective (100)
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face by the partia reconstruction of the non-selective (010)
face, and behaves as the effective catalyst for the oxidation
of isobutene to MAL. As described aready, the oxidative
dehydrogenation of isobutane to isobutene seems to occur
on the VSbO, phase. Therefore, the improvement of the se-
lectivity to MAL by the addition of molybdenum species to
V SbO, and/or «-Sh,O4 can be explained by the following
bifunctional mechanism. The oxidative dehydrogenation of
isobutane to isobutene proceeds on the VSbO, phase, and
then most part of the formed isobuteneis converted to MAL
on the highly dispersed molybdenum suboxide particle.

When the M0,V 1Sb;100,. was used for ammoxidation of
propane, the selectivity to acetonitrile was higher than that
on both M0;V1Sh;00, and V1Sby100O,., indicating that the
strong acidity of crystalline MoOs is effective for C—C bond
cleavage even in the ammoxidation of propane. When large
crystalline MoO3 exists, cracking reaction (propylene, eth-
ylene and methane formation) occurred along with non-
selective total oxidation. Since it is well known that acid
sites catalyzed cracking, such as C—C bond cleavage, this
result can be attributed to the strong acidity of crystalline
MoOj3 in M01gV1Sh19O, as observed by NH3-TPD. The
promotion effects by the addition of molybdenum ions to
V—Sb mixed oxide could be aso observed in the ammox-
idation of propane. The bifunctional mechanism of highly
dispersed molybdenum suboxides and VSbO, phase can
also explain the promation effect of molybdenum in the
selectivity to acrylonitrile.
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