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The catalytic performance and structures of multicomponent
“MoVNbTe” oxides have been studied to find the correlation among
the performance, active phases, and preparation conditions. The
catalyst with the composition MoV 4Nbg 1 Teg 204 showed high ac-
tivity and selectivity for propane ammoxidation reaction (ca. 50%
selectivity to acrylonitrile at ca. 90% conversion) when it was pre-
treated at 830-900 K for 2 h under Oy-free or less than 100 ppm
0O,-contaminated N or He flow conditions. Active phases were char-
acterized by XRD, which gave 20 =14.1°, 24.9°, 26.9°, 29.1°, 32.4°,
33.2°, and 35.4° in addition to the peaks at 22.1°, 28.2°, 36.2°, 44.7°,
and 50.0° reported previously. XPS revealed the presence of Mo®*
in addition to Mo®*. In the presence of more than 1000 ppm O,
contamination during the pretreatment, «-MoO3 was formed at the
surface region, resulting in reduction of the activity for propane
ammoxidation. The activation energy for propane conversion was
32.0 kcal/mol, which was a little smaller than the 36.1 kcal/mol
for propene ammoxidation. The reaction rate (v) for propane am-
moxidation on the MoVNbTe oxide catalyst at 693 K is given by
v =k [propane]®® [0,]°* [NH3]%*. The active phases and reaction
mechanism are discussed on the basis of the characterization by
XRD and XPS and the kinetic data.  © 2000 Academic Press

Key Words: ammoxidation; acrylonitrile; propane; XPS; XRD;
kinetics; MoVNbTe oxide catalyst.

INTRODUCTION

Acrylonitrile is an industrially important basic chemi-
cal for the production of polymers and rubbers, and it
is efficiently produced by propene ammoxidation using
multiphase-multicomponent catalysts (1-3). Due to in-
creasing economic demand, however, catalysts which pro-
duce acrylonitrile directly from propane have been stud-
ied extensively (1, 3, 4). The achievement of propane
ammoxidation requires severe reaction conditions because
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of the lower reactivity of propane compared to propene,
e.g., the higher temperatures at which the complete oxida-
tion to CO, may proceed. Recently, several reviews have
been presented on effective catalysts for the selective ox-
idation of propane to acrylonitrile (1, 3-9). Kim et al. re-
ported that AgBiVMoOx gave 64.9% of acrylonitrile se-
lectivity at 15.8% propane conversion (10). In this catalytic
system, however, propane is dehydrogenated to propene in
the gas phase and the propene is ammoxidized to acryloni-
trile on the catalyst. A VSbWP/AI,O3 catalyst among the
VSb-based oxides reported showed 85% conversion with
37% acrylonitrile selectivity (11-13). V is active for propane
oxidative dehydrogenation, while Sb is active for propene
ammoxidation (14, 15). We found Pt/SbOy catalysts which
were active for the synthesis of acrylonitrile from propane
or methacrolein from isobutane, where Sb suboxide species
cover a part of the Pt particle surface to suppress the un-
desired C-C bond breaking and complete combustion of
the hydrocarbons (16-19). Irrespective of many efforts to-
ward the development of selective ammoxidation catalysts,
improvement of the performance is still an important chal-
lenge that is of interest from both fundamental research
and industrial points of view. Recently, Ushikubo and co-
workers discovered a new catalytic system of MoVNbTe
oxides (20-22). This catalyst shows a high selectivity toward
acrylonitrile (>=50%) at a propane conversion of more than
90%. It can be operated at relatively lower temperatures
(683-723 K) compared to the other propane ammoxida-
tion catalysts (23). However, there are few available studies
about this catalyst, and the origin of such excellent catalysis
remains still unknown (24, 25).

In this paper we report on the kinetic study of propane
ammoxidation on the MoV NbTe oxide catalyst and the cor-
relation between the surface composition and structure and
the catalytic performance.

EXPERIMENTAL

An MoV 4Nbg 1 Teg 20 catalyst was prepared in a man-
ner similar to that described in the patent (20). Four grams
of ammonium niobium oxalate dissolved in 18 ml hot
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water was added to another 117 ml hot aqueous solution
of 4.2 g ammonium metavanadate, 15.9 g ammonium para-
polymolybdate, and 4.1 g orthotelluric acid. The resultant
orange slurry was dried at 423-523 K to form dark green-
brown powder. The sample was then treated at 873 K for
2 h under a flow of He or N (11 ml/min). The catalyst was
obtained as black powder.

The surface area of the sample was measured by the
BET method (BELSORP 28SA). X-ray powder diffrac-
tion (XRD) was recorded on a Rigaku X-ray diffractome-
ter (CN4026A1; 35 kV, 15 mA), where Cu Ka radiation was
used with a Ni filter. X-ray fluorescence (XRF) measure-
ment was carried out on a Seiko SEA2010 XRF spectrom-
eter with an Rh target operated at 50 kV with 1 mA . X-ray
photoelectron spectra (XPS) were taken on Rigaku XPS-
7000 (Mg Ke; 15 kV, 10 mA). The sample was pressed to a
thin disk and attached to a Cu sample holder with double-
sided conducting tape. Spectra were recorded for V 2pzy,,
Mo 3ds, Nb 3dsp,, Te 3ds2, and O 1s regions. The binding
energies were referred to 285 eV for C 1s.

The kinetic measurements were carried out in a fixed-bed
flow reactor. The diameter of the reactor was 6 mme. The
catalytic reactions were performed at atmospheric pres-
sure with composition of C3Hg/NH3/O,/He =6/7/17/70 (to-
tal flow rate was 6 ml/min) in the temperature range 693—
773 K. The typical amount of charged catalyst was 0.5 g
(catalyst volume was about 1.5+0.4 cm®). The products
were analyzed by gas chromatography using a Porapak Q
column for CO,, NHs, H,0, hydrocarbons, and nitriles and
with a Molecular Sieve 5A column for O,, Ny, and CO.

Conversion, selectivity, and yield are defined as follows:

Propane conversion (%) = (1 — Ccang/Clag) x 100.
NH; conversion (%) = (1 — Cypa/CQps) x 100.
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O, conversion (%) = (1 — Co,/C3,) x 100.

Selectivity (%) for product P (carbon base) =vpCp/
(C(Ongg_CC3H8) x 100.

Yield of product P (%) = Selectivity (%) x Conversion
(%0)/100.

Cx: mole of the component X in the effluent gas.

C%: mole of the component X in the feed gas.

v*: coefficient for the chemical reaction.

RESULTS

Catalyst Preparation and Catalytic Performance

In order to reproduce the high catalytic performance of
the MoVNDbTe oxide described in the patents (20-22), we
examined the optimum preparation conditions for the ac-
tive catalyst, changing the drying process, calcination tem-
perature, and O, content during the calcination process.
Good performance was obtained when an MoV 4Nbg 1 Teg 2
oxide was pretreated in the temperature range 870-900 K
for 2 h under 10 ml/min He or N flow. The optimal
MoV NbTe oxide catalyst showed a conversion of 87% with
an acrylonitrile selectivity of 55% at 693 K and a conver-
sion of 90% with an acrylonitrile selectivity of 46% at 723 K
under flow conditions of CzHg/NH3/O,/He =6/7/17/70%
and 6ml/min (W/F =0.083 g-cat-min-ml™') as shown in
Table 1. These results reproduce the performance reported
in the patents (20-22). The higher or lower calcination
temperatures provided less active catalysts as compared
to those prepared under the above conditions. Another
key issue in obtaining high-performance catalysts was the
O, contamination in a N flow during the calcination pro-
cess. Figure 1 shows the dependence of the performance
of propane ammoxidation on the O, concentration. When

TABLE 1

Performance of the MoVNbTe Oxide Catalysts and Other Multicomponent Oxide Catalysts
for Propane Ammoxidation

Propane O, Propene ACN? COx
Catalyst conv. (%) conv. (%) selec. (%) selec. (%0) selec. (%) Ref.
MoV 4Nbo 1 Tep20,° this work
693 K 87 98 7.9 55 33
723K 90 99 1.7 46 48
MoVo.32Nbo.13Teo 20n° 927 57.5 (20)
VShOx¢ 75 2 20 75 (8, 48)
20 8 44
AgBiVMoO*¢ 15.8 50.2 7.8 64.9 153 (49)
VSbWP/AILO; 85 37 (50)

2 ACN: acrylonitrile.

b C3Hg:NH3: O,:He=6:7:17:70 (%), W/F = 0.083 g-cat - min - ml~* (=720 ml g-cat - h™%).
¢CsHg: NH3: Air=1:1.2:15 (volume ratio), GHSV = 1000 h~%, 693 K.

4C3Hg: NH3: 0, =1.2:15.3:15.2 (%), balanced with He, 6480 ml g-cat™-h~%, 773 K.

€ C3Hg: NH3: 0y =44:15:41 (%) 3000 ml g-cat™*-h~%, 788 K.

fCsHg: NH3: O,:H,0 =1:2:3:6 balanced with He, 773 K.
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FIG. 1. Dependence of propane conversion (@), selectivity to acry-

lonitrile (ACN) (A), and ACN yield (¥) on the O, contamination in an
N, flow for the catalyst pretreatment. Pretreatment temperature: 900 K.
The propane ammoxidation reactions were carried out under the same
conditions as in Table 1.

the O, concentration exceeded 1000 ppm, the propane con-
version dramatically decreased. The conversion became as
low as 6% when the O, contamination in the N, flow was
8000 ppm.

Reaction Kinetics

Figure 2a shows the effect of space velocity on the conver-
sions of propane and oxygen, and the yields of the various
reaction products. The yields of propene and acrylonitrile
passed through a maximum with increasing contact time
(W/F), while the COy formation constantly increased with
W/F. Figure 2b shows the relation between the propane
conversion and the selectivities to the products. Note that
the selectivities to acrylonitrile and propene did not change
significantly as the conversion increased up to 90%, while
at 95% conversion the selectivity of acrylonitrile dropped.
This dependence of the selectivities to acrylonitrile and
propene on the propane conversion is unique compared to
the corresponding dependence reported for VSbOy (14).

The MoVNDbTe oxide catalyst can convert propene to
acrylonitrile with a high selectivity. Figures 3a and 3b show
the effect of space velocity on the yield and conversion in
the propene ammoxidation at 693 K, respectively. Since the
activity (conversion) was much higher, we collected the data
at higher flow rates. The gas composition was similar to
that in the propane ammoxidation, i.e., propene: NH3: O;:
He=6:7:17:70 (%). Acrylonitrile was a major product in
the wide range of W/F, typically 75% selectivity at 70%
conversion.

The activation energies for the propane ammoxidation
on the optimal MoVNDbTe oxide catalyst between 663
and 723 K were calculated under low conversion con-
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FIG.2. (a) Conversions of propane ((0) and O, (<) and yields of

ACN (4), C3Hs (O) and COx (M) as a function of W/F in the propane
ammoxidation at 693 K and propane: NH3:O,:He=6:7:17:70 (%) on
the MoVNDbTe oxide catalyst. (b) Selectivities to ACN (A), C3Hg (O), and
COy (W) as a function of the C3Hg conversion.

ditions (around 10% propane conversion) by increasing
flow rates (100 ml/min, W/F = 0.005 g-cat - min - ml~1), and
they are tabulated in Table 2, together with those for the
propene ammoxidation. The activation energies for the
propane conversion and the formation of acrylonitrile and
propene were almost the same, 32 kcal/mol, 34 kcal/mol,

TABLE 2

Apparent Activation Energies (kcal mol~t) for the Ammoxidation
of Propane and Propene on MoV 4Nbg 1Teg 20x

Cs NH; O, Cco CO; CsHs ACN

conv. conv. conv. prod. prod. prod. prod.

CsHg 32+1 17+1 194+2 55+1 15+1 33+1 34+1
CsHg 36+1 31+1 29+1 58+1 25+1 39+1

Note. ACN: acrylonitrile. Temperature range: 663-723 K. Flow rate:
100 ml/min. Weight of catalyst: 0.5 g. Gas composition: CzHg: NH3: O;:
He=6:7:17:70 (%).
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FIG.3. (a) Conversions of propene (1) and O, (<) and yields of

ACN (A) and COx (W) as a function of W/F in propene ammoxidation
at 693 K for propene: NH;:O;,:He of 6:7:1:70 (%) on the MoVNbTe
oxide catalyst. (b) Selectivities to ACN (A) and COy (B) as a function of
the C3Hs conversion.

and 33 kcal/mol, respectively. The CO, formation showed a
much lower activation energy of 15 kcal/mol. Inthe propene
ammoxidation the activation energies for the propene con-
version and the formation of acrylonitrile were 36 and
39 kcal/mol, respectively, a little larger than those for
propane ammoxidation though the catalytic activity for
propene ammoxidation was larger than that for propane
ammoxidation.

Figure 4 shows the reaction rates as a function of the
reactant concentration. The reaction rates were evaluated
under differential conditions. A standard gas composition
of propane: NH3: O, was 6% : 7% : 17% balanced with He
(70%). Concentration of this gas was varied, while those of
the other gases were kept constant. The total flow rate was
fixed at 100 ml/min by being balanced with He. The rates of
propane conversion and acrylonitrile formation increased
with increasing propane and O, concentrations. We could
not find saturation values in the reaction rate under the re-
action conditions. On the other hand, increasing NH3 con-

ASAKURA ET AL.

centration suppressed CsHg conversion and acrylonitrile
formation. The reaction orders are listed in Table 3. The
reaction orders with respect to propane, NHs, and O, for
acrylonitrile formation were 0.8, —0.5, and 0.4, respectively,
and those for the total conversion were 0.8, —0.4, and 0.4,
respectively.
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FIG. 4. Rates for propane conversion (l) and acrylonitrile ((0), CsHs
(O), and COy (®) formation at 693 K on the MoVNbTe oxide cata-
lyst as a function of the concentrations of propane (a), NH; (b), and O,
(c); W/F =0.0005 g-cat min ml~. C3Hg: NH3:0,: He=6:7:17:70.
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TABLE 3

Apparent Reaction Orders for Propane Ammoxidation on MoV 4Nbg 1 Teg 20x

Czconv. NH; conv. O, conv. CO prod. CO; prod. C3He prod. ACN prod.
yl 0.8+0.2 0.0+0.1 0.1+0.1 0.9+0.2 05+0.2 1.34+0.2 0.8+0.2
y2 —-044+0.1 05+0.2 04+0.1 —-1.0+0.1 0.0+0.1 —-0.7+0.3 —-0.54+0.2
y3 04+£0.2 02+0.1 02+0.1 054+0.2 06+0.1 1.440.3 0.44+0.2

Note. V = [C3Hg]”*[NH3]"?[O,]". Temperature: 693 K. Flow rate: 100 ml/min. Weight of catalyst: 0.5 g.
Standard feed gas composition: CsHg: NH3: O,: He=6:7:17:70 (%).

BET, XRD, and XPS Analyses

The optimal MoV 4Nbg1Teg, oxide catalyst showed a
BET surface area of 2.5 + 0.5 m?/g. Calcination under the
more O,-contaminated He flow reduced the surface area.
When the sample was calcined under an He flow with
1000 ppm or 8000 ppm O, contamination, the surface areas
of these samples were 1.8 and 0.5 m?/g, respectively. Ac-
cordingly, the activity of propane ammoxidation reaction
decreased on these catalysts.

Figure 5 depicts XRD patterns for the samples calcined
with He flow of different O, concentrations. The sample
with the highest activity gave XRD peaks at 26 =22.1°,
28.2°, 36.2°, 44.7°, and 50.0°, which corresponded to the
peaks reported in the patents as active species (20, 22). In
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FIG.5. XRD patterns for the MoVNbTe oxide catalysts calcined in
an He flow with different O, contamination; (a) 20, (b) 1000, (c) 8000 ppm.

addition, there were many other peaks. Especially in the ac-
tive catalysts; the remarkable peaks appeared at 7.7°, 9.0°,
14.1°,24.9°, 26.5°, 26.9°, 29.1°, 31.1°, 32.4°, 33.2°, and 35.4°.
Asthe O, contamination inthe He flow increased, the inten-
sity of the peaks reported in the patent decreased and new
peaks corresponding to «-MoO3; appeared at 12.6°, 23.3°,
25.6°, 27.2°, and 38.9°. The peaks at 7.7° and 9.0° also in-
creased, but the peaks at 14.1°, 22.1°, 24.9°, 28.2°, 32.4°, and
33.2° decreased. Variation of other remarkable peaks ap-
pearing in the active catalyst was unclear due to overlapping
of XRD peaks in the range 22°-40°. No peaks correspond-
ing to V,05 or Nb,Os were observed in the XRD patterns
even under the highly O,-contaminated conditions.

Figure 6 shows the XPS at V 2p3;;, Mo 3ds;, Nb 3ds,,
and Te 3ds;, regions for the catalyst pretreated under
different O,-concentration He flows at 873 K. The binding
energies and the peak widths are given in Table 4. As the
O, content in the He gas increased, the peak width of
Mo 3ds;, gradually decreased, while the binding energy
remained unchanged, corresponding well to that of Mo®*.
This may be partly due to a decrease in the amount of
Mo®* species which may be formed during the O,-free or
lower-O,-content calcination processes. The Mo 3ds, and
3d3, peaks of the sample treated with the low-O,-content
(20 ppm) He flow are deconvoluted in Fig. 7a, which shows
peaks at 232.7 and 232.0 eV for Mo 3ds, with a peak ratio
of 2:1. The former peak is straightforwardly assigned
to Mo®* because the binding energy of MoOs is about
232.5 eV. Swartz and Hercules reported the correlation
between XPS binding energy (Eping) and Mo valence (Z) for

TABLE 4

Binding Energies (Peak Widths) of Mo,V, Nb, and Te XPS for the
MoVNbTeOy Catalysts Prepared under Different O, Concentration
in the He Flow

O, content Mo 3d5/2 \4 2p3/2 Nb 3d5/2 Te 3d5/2
(ppm) (eV) (eV) (eV) (eV)
20 2325(1.9)  516.7(16)  206.3(L5)  576.2(2.0)
100 232.6(1.8)  516.6(1.6) 206.6(1.6)  576.3(1.9)
1000 2326(1.7)  5165(16)  206.6(L6)  576.3(2.1)
8000 232.8(16)  516.5(1.6) 206.3(1.6)  576.2(2.0)

Note. The energy was referred to 285 eV of C 1s.
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XPS spectra in the Mo 3d, V 2p, Nb 3d, and Te 3d binding energy region for the MoV NbTeOx catalysts calcined under an He flow with O,

content of (A) 20 (B) 1000, and (C) 9000 ppm. The arrow in the V 2p spectra indicates an O Mg Ka3 4 satellite peak.
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FIG.7. Deconvolution of the Mo 3ds, and 3ds, peaks for the
MoV NbTeOx oxide catalysts calcined under the 20 ppm O, contaminated
He flow (a) and the 9000 ppm O, contaminated He flow (b). Solid line:
observed data. Broken lines: deconvoluted peaks. Dotted line: residual.

Mo oxides; Eping=0.972Z + 226.5 (2b). Thus the peak ob-
served at 232.0 eV can be ascribed to Mo®>*. We did not
observe any peak at lower binding energies. It is also
indicated that the Mo species after pretreatment under
the lower-O,-concentration flow conditions is composed of
Mo®* and Mo®* species. On the other hand, Fig. 7b depicts
the deconvolution of the Mo 3ds;; and 3ds, peaks for the
catalyst prepared under 9000 ppm O,-contaminated condi-
tions, where the peaks were fitted with a single component
of Mo®™.

The binding energies of V 2ps, and Nb 3ds, were 516.7
and 206.7 eV, respectively. The V 2py/, peak was completely
hindered by a peak appearing at 522 eV which is due to Mg
Kas 4 satellites of O 1s. Hence the width of the V 2p, peak
might be less reliable owing to the presence of the satel-
lite peak. However, we could estimate the peak position
of V 2psj, because the energy separation of V 2p3; and the
satellite peak was as large as 5 eV. The V 2p3;; binding ener-
gies of reference compounds, V.05 and VO, are 517.0 and
516.0 eV, respectively. Therefore the V valence state in the
catalyst may be 5+ or a little reduced. The Nb 3ds, binding
energies for Nb,Os and NbO, were 207.0 and 205.5 eV, re-
spectively. Thus Nb is also in a 5+, or a little less, oxidation
state. The Te 3d peak appeared at 576.2 eV, correspond-
ing to Te**. The Te ions in the catalyst were reduced from
Te®* to Te** during the calcination process. We never found
Te? on the catalyst surface. The binding energies of V 2pa,
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FIG. 8. XPS intensity ratios of V 2ps;, (O) and Nb 3ds;, ((J) to Mo
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Nb 3ds/,, and Te 3ds, for the 8000 ppm O, calcined sample
were 516.5, 206.7, and 576.2 eV, respectively. The shifts of
the binding energies from those for the 20 ppm O, calcined
sample were less than 0.3 eV, which indicates that the va-
lence states of these elements are almost the same in both
catalysts. However, the peak intensities of V and Nb greatly
diminished after the 8000 ppm O; calcination.

Figure 8 shows the XPS intensity ratio of V 2psp, and
Nb 3ds, to Mo 3ds,. The intensity of the V peak in the
MoVNbTe oxide catalyst treated in the 8000 ppm O-
contaminated gas was as small as 1/5 of that in the catalyst
obtained in the 20 ppm O,-contaminated gas. The intensity
of the Nb peak also decreased with the O, content in the
calcination gas. The atomic ratio in the bulk determined
by XRF analysis was Mo:V:Nb=1:0.37:0.09 after the
treatment with an O, content of 20 ppm. The value did not
significantly change after the treatment under the 8000 ppm
O, content He flow. Thus the decrease in the XPS peak in-
tensity is not due to the change in the bulk concentration
but is due to the decrease in the surface concentration of
V and Nb. Comparing the XPS data with the activity data
in Fig. 1, the decrease in the activity can be correlated with
the decrease in the concentration of V and Nb at the cata-
lyst surface. The structural origin for the decrease in the
activity of the MoVNbTe oxide catalyst under the O,-rich
conditions is relevant to the following four factors: (1) de-
crease in the surface area, (2) decrease in the active phase
and formation of «-MoQ3, (3) decrease in the Mo®* species,
and (4) decrease in the surface V and Nb content.

DISCUSSION

XRD and Active Phase

Ushikubo et al. first reported active species for propane
ammoxidation which gave XRD peaks at 20 =22.1°, 28.2°,
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36.2°,44.7°, and 50.0° (20, 22). Recently they reported ano-
ther new phase possessing XRD peaks at 20 =9.0°, 22.1°,
27.3°, 29.2°, and 35.4° (24). They called the latter phase
active phase M1 and the former M2. It has been proposed
that phase M1 is relevant to activation of propane to
form propene as intermediate and phase M2 converts the
propene selectively to acrylonitrile through allyl interme-
diate transfer (24). In the present paper we found distinct
peaks at 20 =7.7°, 9.0°, 14.1°, 22.1°, 24.9°, 26.5°, 26.9°,
28.2°,29.1°,31.1°,32.4°, 33.2°, 35.4°, 36.2°, 44.7°, and 50.0°
for the active MoV NDbTe catalyst. The peaks at 7.7°, 14.1°,
24.9°, 26.5°, 31.1°, 32.4°, and 33.2° are newly observed
ones in this work. The peak at 26.9° may correspond to
the one at 27.3° reported in the literature (24). Compared
with the peaks in the less active catalyst prepared in the
more O,-contaminated calcination gas, the XRD peaks
at 14.1° (new), 22.1° (M2), 24.9° (new), 28.2° (M2), 29.1°
(M1), 32.4° (new), 33.2° (new), 35.4° (M1), 36.2° (M2),
44.7° (M2), and 50.0° (M2) seem to be relevant to the
high conversion of propane to acrylonitrile. We tentatively
denote this phase “active phase X.” The peaks at 7.7° and
9° retained or increased their intensity even in the low
activity catalysts. The peaks at 7.7° and 9° can be attributed
to (Nbo,gsM0ge1)O2g (a=22.87 A, c=4.02 A, tetragonal)
and (V007M003)O25 (2 =22.84 A, c=3.99 A, tetragonal),
which can give other peaks at 22.3°, 25.0°, 31.6°, and
33.2°. The 22.3°, 25.0°, and 33.2° peaks may overlap the
peaks for “active phase X or other unidentified phases.
Ushikubo et al. attributed the 9° peak to the one for the
active phase M1. These phases ((NbgosMO0gg1)O25 and
(M0.07M0093)O28) seem to not be directly related to the
high performance because the 8000 ppm O, treated sample
(less active catalyst) gave stronger 7.7° and 9° peaks than
the other more active catalysts.

The high performance of the MoVNbTe oxide catalyst
might arise from a combination of MoV Nb oxide and MoTe
oxide. MoyxVyNb,O, shows a high activity for oxidative
dehydrogenation of ethane to ethene when x=0.7-0.8,
y=0.1-0.2, and z=0.04-0.1 (27-31). Many XRD peaks
were observed in the range 20 = 22°-30°. These peaks are
attributed to a multiphase of MoO3, M0gV¢O4g, M04VO s,
and Mo3Nb;011. M0ogVgOy4 and Mo4sVOos should give a
strong peak at 6 =21.6° (d=4.06 A), which we could not
find in the active MoV NDbTe oxide catalyst. Thorsteinson
et al. correlated the activity of the MoVNb oxide cata-
lyst with the intensity of an XRD peak at 260 =22.2° (d =
4.0 A) (27). Burch et al. attributed the peak at 26 = 22.2°
to Mo3Nb,O;; (28). The MosNb,O1; gave a strong peak
at 27.6°, which we could not find in the MoVNDbTe ox-
ide catalyst either. Thus the crystal structure found in
MoVNDbTe oxide was different from those found in the
MoVNDb oxide catalyst. Ruth et al. claimed that the active
phase of the MoV Nb oxide catalyst was not due to the crys-
talline phase but to the amorphous phase with a compo-
sition of Moy g4V0.13Nbg.020Ox and that Nb played a role in
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stabilizing this amorphous phase (30). They also stated that
low-temperature calcination (673 K) was essential to pre-
serve the active amorphous phase. In the MoVNbTe ox-
ide catalyst, the activity appears after the high-temperature
treatment at 773 K and good crystalline phases are always
found. Thus the active phases should be present in a crys-
talline state. Moreover the crystalline state should include
Te atoms because in the MoVNb oxide system Mo®" was
easily reduced to form Mo** under the reductive calcina-
tion conditions adopted in the present work (31), whereas
the Mo in the MoV NDbTe oxide system was found to be in
5+ and 6+.

Te has been used as an additive to increase the selectiv-
ity of acrylic acid synthesis from propene (7, 32-35). The
addition of TeO; to V,05-P,05 enhances the propene oxi-
dation activity for the formation of acrylic acid and acrolein
(35). Selective oxidation of propene to acrylic acid proceeds
on an NiMoTeO catalyst in the presence of water (32-34).
It was suggested that the oxidation of propene to acrolein
took place on Te-rich sites and that the further oxidation
of acrolein to acrylic acid proceeded on the Te-poor sites.
Thus Te seems to be a key component for selective oxida-
tion reactions. MoTe oxides are also active for the selective
oxidation and ammoxidation of propene (36). The active
phase was suggested to be MoTe, Oy, in which the propene
activation occurred at the Te site and oxygen incorpora-
tion occurred at the Mo site. In the MoV NDbTe oxide cata-
lyst, the MoTe,O; phase was not observed, which should
have had strong peaks at 20 =23.5° and 26.7°. MoTesOgs,
which shows 26 =21.8° and 26.6°, has been reported to be
produced under reductive conditions. It was not observed
either. Thus the “active phase X” in the MoVNDbTe oxide
catalystis notasimple combination of the reported MoVNb
and MoTe oxides. It may be composed of new phases con-
taining all four metal elements in a crystalline state. In this
work we could not get direct information about the number
of active phases. Indexing of the diffraction peaks has been
unsuccessful as yet, but the complicated separations of the
lattice plane (d-values) indicate that “active phase X is
composed of two or more phases. Further study is neces-
sary to characterize the multioxide phases and to find the
correlation between the ammoxidation activity and each
crystalline oxide phase.

Oxidation States in Active Phases

The Mo 3ds,, peak became a little sharper (Table 4) and
the intensities of the V 2p3; and Nb 3ds/, peaks decreased
with the increase of O, concentration (Fig. 8). The peak de-
convolution analysis for Mo 3ds, in the active MoVNbTe
oxide catalyst prepared under the 20 ppm O, contaminated
flow condition revealed the presence of Mo®* (Fig. 7). After
the treatment of the catalyst in the 8000 ppm O, containing
He flow, -MoO3; phase was mainly formed at the surface
layers with little Mo®*. This surface change was responsi-
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ble for the degradation of the activity (Fig. 1). We think
that Mo°* is involved in active phase X, as discussed above.
Thornsteinson etal. also stated that the MoNbV oxide catal-
ysis for the ethane dehydrogenation was relevant to the
presence of Mo®* (27). The V 2pa, peak in the MoVNbTe
oxide catalyst was observed at 516.7 eV, which is lower by
0.3 eV than that for V,Os. There may exist V** ions in ad-
dition to the majority of V°* jons. A similar amount of shift
to a lower binding energy was also reported for the V 2pz,
binding energy of a VSbOx catalyst (37, 38). V is a key
component in many oxidation reactions of alkanes (7), but
V5*oxides are also active for the total oxidation of alkanes
and the undesired decomposition of NH3 to N3 (2, 37). The
partially reduced V** states stabilized in the multicompo-
nent oxide may contribute partly to the high performance
for propane ammoxidaiton.

Nb,Os is not active but is selective for the dehydrogena-
tion reaction of propane to propene (39, 40). Despondsetal.
reported that the addition of Nb to an MoV oxide catalyst
increased the selectivity to ethene in the oxidative dehy-
drogenation of ethane (29). Smits et al. demonstrated that
the addition of V or Cr to Nb oxide increased the propane
dehydrogenation activity (41, 42). Matsuuraet al. suggested
that the combination of V and Nb increased the acidity of
the sample (43). Thus Nb may also play an important role
in “active phase X,” enhancing the acidity and selectivity.

The features of the multicomponent MoVNbTe oxide
catalyst are characterized by: (i) isolation of active V and
Mo sites, (ii) stabilization of low valence states (Mo, V),
(iii) prevention of overreduction (Mo), (iv) enhancement
of acidity (Nb), and (v) formation of active ensembles
(MoVNDTeOy).

Reaction Kinetics and Mechanism

Here we summarize the kinetic parameters and activa-
tion energies and discuss a possible reaction mechanism.
The activation energies for propane and propene ammoxi-
dation on the MoV NbTe oxide catalyst were 32 and 36 kcal/
mol, respectively. It is to be noted that the activation en-
ergy for propene ammoxidation is a little larger than that
for propane ammoxidation. The rate equations (reaction
orders for C3Hg, NH3, and O, pressures) for both ammox-
idations are also different, as shown in Table 3. These re-
sults suggest that the rate-determining step in propane am-
moxidation may not be the dehydrogenation of propane to
propene but a succeeding step during acrylonitrile synthe-
sis or that propane is directly converted to an intermediate
without passing through propene. Further, the difference
in activation energy may be due to the different concentra-
tions of adsorbed species such as NHx under propane and
propene ammoxidation conditions. Anyhow, it can be said
that the MoV NDbTe oxide is an excellent catalyst because it
has high ability for C-H activation of saturated hydrocar-
bons like propane.
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In the low conversion limit, the acrylonitrile selectivity
increased to 80% and the CO, and CO selectivity decreased
to 15%, while the C3Hg selectivity decreased to nearly zero.
Centi et al. suggested the presence of two routes for the se-
lective oxidation of propane on an SbVVOy catalyst. One
route involves propene as intermediate (major) and the
other route proceeds via propionate intermediate (minor)
(4, 15, 44-48). They also claimed that in the presence of
ammonia the latter route was inhibited because of the NH3
adsorption on Lewis acid sites. Catani etal. reported that the
acrylonitrile formation on a Sb\VVOy catalyst passed through
a maximum as the propane conversion decreased, while
the propene formation increased with decreasing propane
conversion (15). However, in the MoV NbTe oxide catalyst,
the propene formation passed through a maximum and the
acrylonitrile formation increased with the decrease in the
propane conversion, as shown in Fig. 2b. Thus the reac-
tion features seem to be different from those for SbVO,.
More detailed spectroscopic study is necessary to discuss
the reaction mechanism for propane ammoxidation on the
MoVNbTe oxide catalyst.
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