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The evolution of the VOPO, phases and of (VO),P,0, and the
activated VPO catalyst has been studied by XRD, 3'P MAS-NMR,
laser Raman spectroscopy, and electron spin resonance after the
oxidation of butane, butadiene, and furan. With the exception of
8 VOPOQ,, which partly changes to a; VOPQ,, almost no evolution
of the bulk structure has been observed. It is concluded that the
mechanism of butane oxidation on the VPO catalyst implies princi-
pally the participation of a limited number of superficial layers of
the structure. Catalytic properties depend on the redox properties
of a limited number of V** ensembles on the (VO),P,0, matrix.
A proposal for the mechanism of n-butane oxidation which implies
an alkoxide route is presented. © 1994 Academic Press, Inc.

INTRODUCTION

In a previous publication (1), we studied the oxidation
of n-butane, butadiene, furan, and maleic anhydride (MA)
on different phases of the VPO phase diagram, namely,
ay, B, ¥, and 8 VOPO, phases (V**), on (VO),P,0,(V*"),
and on the VPO catalyst (mainly (VO),P,0,(V**)) ob-
tained from the VOHPO, - 0.5H,0 precursor by activation
in the butane/air atmosphere. A direct route to maleic
anhydride which implies alkoxides intermediates without
desorption in the gas phase of the intermediates butene,
butadiene, and furan was proposed for the oxidation of
butane on these different catalysts as an alternative to the
olefinic route generally proposed for this reaction (2). The
activated VPO catalyst was observed to be more selective
to MA than was (VO),P,0, for butane oxidation, while
a;; VOPO, was observed to be rather dehydrogenating to
butadiene, 8 VOPO, to be responsible for total oxidation,
and y and 8 VOPO, to be fairly selective to MA. The
eventual evolution of the physicochemistry of the corre-
sponding materials in catalytic conditions was not taken
into consideration in this previous work. Such an evolu-

tion may be considered as probable insofar as the oxidore-
ducing state of oxides, used as catalysts in oxidation,
is dependent on temperature, on the composition of the
catalytic atmosphere, and particularly on the more or less
reducing power of the hydrocarbon (HC) used as reactant.
For the same O,/HC ratio, it is obvious that butadiene
does not play the same role as furan or butane which are
known to be chemically more inert. We have previously
reported the transformation of 8 VOPO, under butane/
air (2.4%) into ey VOPQO,, as evidenced by laser Raman
spectroscopy in an in situ cell (3).

In the present work, the modifications of the different
VPO catalysts under the oxidation of butane, butadiene,
and furan are studied by XRD, laser Raman spectroscopy,
ESR, and *'P MAS-NMR. A model of the active site for
n-butane oxidation to maleic anhydride on VPO catalysts
is then proposed.

EXPERIMENTAL

Preparation and characterization of the different VPO
catalysts including reference phases has been previously
described in Ref, (1).

Preparation of Reference Phases

Pure VPO phases were prepared from three precursors:
VOPO,-2H,0, NH,(VO0,),PO,, and VO(HPO,) - 0.5H,0.
VOPO, - 2H,0 was prepared as described in Refs. (4-6)
by heating V,0; with 85% H,PO, (P/V = 7) under reflux
for 16 h. NH,(VO,),PO, was obtained according to Refs.
(6, 7) by adding 85% H,PO, to a solution of NH,VO, 102
M heated at 60°C (P/V = 1). VO(HPO,) 0.5H,0 was
prepared according to Ref. (8) by refluxing a suspension
of V,0s in isobutanol in the presence of 85% H,;PO, (P/
V = 1.1). After preparation, all products were collected
and stored under dry argon to avoid rehydration.

267

0021-9517/94 $5.00
Copyright © 1994 by Academic Press, Inc.
All rights of reproduction in any form reserved.



268 ZHANG-LIN ET AL.

(VO),P,0, was obtained by dehydration of VO
(HPO,) - 0.5H,0 under nitrogen at 700°C for 6 h (heating
rate 75°C-h7"). «a; VOPO, was prepared from
VOPO, ' 2H,0 by dehydration in dry air at 750°C for
17 h (heating rate 240°C - h™'). 8 VOPQO, was obtained by
decomposition of NH(VO,),PO, in dry air at 600°C for
10 h (heating rate 75°C - h™!). y VOPO, was prepared by
oxydehydration of VO(HPO,) - 0.5H,0 at 680°C for 4 h
under dry oxygen (heating rate 110°C - h™'). § VOPO, was
obtained from VO(HPO,) - 0.5H,0 by oxydehydration in
dry oxygen at 450°C during 168 h (heating rate 60°C -h™').
These conditions led to well crystallized materials. The
conditions of preparation from the precursors were
chosen following the work by Bordes and Courtine (6).

Preparation of the Activated VPO Catalyst

The activated VPO catalyst was prepared from VO
(HPO,) - 0.5H,0 as described in Ref. (9). Activation was
performed at 440°C under the following catalytic condi-
tions: C,H,,/O,/He = 1.2/16.4/82.4; VSHV = 1200 h ! for
48 h. These conditions corresponded to an ‘‘equilibrated
catalyst,”” i.e., at stationary state, since catalytic and
physicochemical characteristics were observed not to
change with further time on stream (9).

Catalyst Characterization

Before and after the catalytic tests described, all sam-
ples were characterized by XRD, laser Raman spectros-
copy (LRS), ESR, and 3'P MAS-NMR. X-ray diffraction
patterns of the samples were recorded with a Siemens
diffractometer using Cu K, radiation. Raman spectra were

recorded with a Dilor Omars 89 spectrophotometer
equipped with an intensified photodiode array detector.
The emission at 514.5 nm from an Ar™ ion laser (Spectra
Physics, Model 164) was used for excitation. The power
of the incident beam on the sample was 36 mW. The time
of acquisition was adjusted according to the intensity of
the Raman scattering; 30 to 100 spectra were accumulated
in order to improve signal to noise ratio. The wavenumber
values obtained from the spectra were accurate to within
about 2 cm™!. The scattered light was collected in the
back-scattering geometry.

The ESR measurements were performed on a Varian
E9 spectrometer operating in the X-band mode. DPPH
was used as a standard for g-value determinations using
a dual cavity. Spectra were recorded at liquid and room
temperatures.

The 3'P spectra were recorded with a Bruker MSL-
300 spectrometer operating at 121.4 MHz. They were
obtained under MAS conditions by use of a double-bear-
ing probehead. A single pulse sequence was used in all
cases and the delays were chosen to allow the obtention
of quantitative spectra (typically the pulse width was 2
us (10°) and the delay was 10 to 100 s). The number of
scans was 10 to 100. The spectra were referred to external
H,PO, (85%). XRD, LRS, and *'P MAS—-NMR spectra of
the pure reference phases have been published else-
where (3).

RESULTS

Table 1 summarizes the evolution of the VOPO, phases
due to the catalytic reaction as evidenced by XRD, 3'P

TABLE 1

Influence of the Oxidation of n-Butane, Butadiene, and Furan on the Physicochemical Characteristics of
the VOPO, Catalysts, as Studied by XRD, 3P MAS-NMR, and Laser Raman Spectroscopy

Catalyst Reactant XRD 1P MAS-NMR? Raman

ay VOPO, (As prepared) y VOPO, (traces) 1 y VOPO, (traces)
Butane — 0.91 —
Butadiene y VOPO, (traces) 1.32 y VOPQ, (traces)
Furan — 1.22 —

B VOPO, (As prepared) — 1 —_—
Butane — 3.2 —
Butadiene Pyro + carbon 3.7 Loss of definition
Furan Carbon 3.1 Carbon

¥y VOPO, (As prepared) ay; VOPO, (traces) ay; VOPQ, (traces)
Butane — Crystallization increase —
Butadiene ay VOPO, (traces) ay; VOPO, (traces)
Furan — —

& VOPO, (As prepared) — —_ —_
Butane oy + 8 VOPO, ay; + 8 VOPO, ay + 8 VOPO,
Butadiene ay VOPO, + pyro ay; VOPO, ay VOPO,
Furan ay + 6 VOPO, ay + 8 VOPO, ay + 8 VOPO,

9 Values correspond to ratio of the intensity of the rotating bands as compared to the central band.
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FIG. 1. DTA curve for oxidation under air of VOPO, - 2H,0 (arrows

delimit the domains of stability of the different VOPO, phases).

MAS-NMR, laser Raman spectroscopy, and electron
spin resonance. No changes in many characteristics of
the a; and vy VOPO, phases were observed after catalytic
testing whatever the reactant molecules (butane, butadi-
ene, and furan). Note that the «, phase, as prepared,
contained some y phase as an impurity. This is due to
the difficulty to obtain pure «, VOPO, since the range of
preparation temperature is very narrow, 730°C for a,; and
more than 750°C for y (Fig. 1). In the P MAS-NMR
spectrum, a slight increase of the intensity of the rotating
bands with respect to the central peak was observed for
oy VOPO, after butadiene and furan oxidation (see Table
1). This intensity increase is indicative of an enhancement
of the V** concentration in this phase, however, at a low
level since no chemical shift was observed for the *'P
central peak.

For 8 VOPO,, the intensity of the XRD peaks decreased
by a factor of 2 upon butadiene oxidation reaction while
broad new peaks appeared at ca 26.8 and 28.0° 20 (Fig.
2) which were attributed to some (VO),P,0, and carbon
amorphous entities generated during reaction. On the *'P
MAS-NMR spectra (Fig. 3), also a higher increase of the
relative intensity of the rotation bands was observed as
referred to the central peak (see Table 1), indicative of a
higher reduction of this phase as compared to a; VOPO,
after butane, butadiene, and furan oxidation.

For 8 VOPO,, important transformations did occur
upon catalytic reaction, particularly after butadiene and
furan oxidation: the & phase was changed into «;; phase.
The XRD data (Fig. 4) were supported by the LRS and
3P MAS-NMR results (Table 1). Note that after both
butadiene and furan oxidation, the «; (200) peak was
enhanced, while the « (001) peak was decreased with
respect to the pure « phase (3), indicating an epitaxial
growth of the «;; phase on the § matrix.

No detectable changes in the XRD, Raman, and *'P
MAS-NMR spectra were observed after catalytic oxida-
tion of butane, butadiene, and furan on (VO),P,0; and
on the activated VPO catalyst. Only (VO),P,0, was de-
tected on both solids after reaction. As an example, XRD
spectra are given for the activated VPO catalyst (Fig. 5).
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Whatever the reactant molecule, the very high stability
of (VO),P,0; and the VPO catalyst is noteworthy. The
latter fact is not surprising since it is known that the active
VPO catalyst is composed mainly of (VO),P,0,. To the
contrary, it is surprising that all the different VOPO,
phases are either unmodified (o, and vy), partly reduced
and less crystalline (8), or result in another VOPO, phase
(8 is partly transformed into «;), but most of them, except
8 VOPO,, are unreduced even in the stationary state. As
reduction was expected, we postulated that it should oc-
cur only on the surface and thus should be undetected by
the previous techniques used.

The ESR technique, which is very sensitive to paramag-
netic species, i.e., to V4* cations, should then be of high
interest for studying the samples before and after reaction.
(VO),P,0; and the activated VPO catalyst exhibited an
intense almost symmetrical ESR line with no hyperfine
(h.f.) splitting structure. An h.f. structure is only expected
for diluted or dispersed V** or VO** cations (I = 7/2 gives
rise to eight hyperfine lines) (Fig. 6). The peak-to-peak
linewidths equal 0.9 and 1.3. 1072 Tesla, respectively, with
8iso = 1.961 for both samples. The absence of hyperfine
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FIG. 2. XRD of the 8 VOPO, catalyst after butane (b), butadiene

(c), and furan oxidation (d), referred to 8 VOPO, as prepared (a) (see
Ref. (3)).
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FIG. 3. Maodification of the *'P MAS—-NMR spectra of 8 VOPQ, as
prepared (a) and after butane oxidation (b), butadiene oxidation (c), and
furan oxidation (d). *indicates rotation bands.

structure is due to strong electron exchange interaction
related to high V** cation concentration in the corre-
sponding structures. A detailed analysis of the line shape
shows that the spectrum for (VO),P,0, (Fig. 6a) is in fact
composed of two underlying lorentzian lines of width 0.8
and 1.8. x 1072 Tesla respectively. The spectrum for the
activated VPO catalyst (Fig. 6a) corresponds to a unique
Lorentzian line. As the linewidth is related to the inverse
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of the spin lattice relaxation (AHpp « (1/T1e) + (1/T2e)),
i.e., to the V** cation environment, the ESR results show
that two types of VO** environment exist for (VO),P,0,
and a rather unique one for the activated VPO catalyst.
From the examination of the two spectra it clearly appears
that the magnetic properties of the two samples are differ-
ent. This may be related to magnetically detected defects,
as described in Ref. (10). No effect of butane or butadiene
oxidation was observed in the ESR spectrum of (VO),P,0,.
For the activated VPO catalyst, a very slight effect, if
any, was observed after butane oxidation, while a broad-
ening to 1.6-2.0 X 1072 Tesla occured after butadiene
oxidation. This indicates that the activated VPO catalyst
is less stable than (VO),P,0, and that its magnetic feature
may be more easily modified when oxidoreducing cata-
lytic conditions are changed (butadiene being a more re-
ducing reactant than n-butane).

The case of the different VOPO, phases appears to be
complex since the presence of V4* cations was expected
only after catalytic testing. In fact, relatively strong ESR
spectrum was obtained for all phases, even before cata-
lytic reaction. Such spectra are composed of a typical
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FIG. 4. XRD of the § VOPO, catalyst after butane (b), butadiene

(c), and furan oxidation (d), referred to 8 VOPO, as prepared (a) (see
Ref. (3)).
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FIG.5. XRD of the VPO catalyst after butane (b), butadiene (¢), and

furan oxidation (d), referred to the activated VPO catalyst as prepared (a)
(see Ref. (3)). The indexation corresponds to the characteristic lines
of (VO),P,0,.

VO?* spectrum with hyperfine structure (powder spectra
with eight components) (11) and a central line without
hyperfine structure. The corresponding values were ob-
tained:

antg, = 1970, g = 1.925(g,, = 1.955);
B: g, = 1.962, AHpp ~ 0.8 x 1072 Tesla;
v: g, = 1.979, g = 1.916 (g,, = 1.961);
8: g, = 1.961, AHpp ~ 0.6 x 107 Tesla.

Figure 7 shows the evolution of the EPR spectrum of
8 VOPO, registered at —196°C after treatment under vac-
uum at room temperature and before (Fig. 7a) and after
butane oxidation (Fig. 7b). It is noticeable that after bu-
tane oxidation, the spectrum exhibiting hyperfine struc-
ture has either disappeared or, at least, has strongly de-
creased while the other spectrum has an increased
intensity without hyperfine structure. The first spectrumis
attributed to dispersed VO** cation due to an incomplete
oxidation of the precursor. Note that the ESR technique
is particularly sensitive to trace impurities which can thus
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FIG. 6. ESR spectra recorded at —196°C of the activated VPO cata-
lyst (a) and of (VO),P,0, (b).
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FIG. 7. ESR spectra recorded at —196°C of § VOPQ, as prepared
(a) and after butane oxidation (b) and butadiene oxidation (c).
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be detected. The second spectrum is attributed to a given
V** phase (i.e., several V** cations at proximity as in
(VO),P,0,. As its intensity increased with reaction, this
indicates that upon butane oxidation conditions, some
V** phase ensembles (or even as a phase) are formed
even if they are not detected by the other techniques such
as XRD and LRS.

These evolutions of the ESR spectra observed after
butane oxidation were also observed after butadiene (Fig.
7¢) and furan oxidation. They can be related to the evolu-
tion of the P MAS-NMR spectra, since, as described
above, the rotating band intensity, related to the presence
of the V** domains, was observed to increase upon re-
action.

DISCUSSION

A very deep evolution of the structure of § VOPO,
as evidenced by XRD, LRS, and 'P MAS-NMR was
observed after butane, butadiene, and furan oxidation
reaction. This corresponds to a more or less important
transformation into «;; VOPO,. No such bulk evolution
was observed for ay; and ¥ VOPO,. The strong modifica-
tion of 8 VOPO, in comparison with the other VOPO,
phases can be explained by the relatively low temperature
of synthesis of this phase (450°C under oxygen) which
approaches the temperature of butane, butadiene, and
furan oxidation (1).

The case of 8 VOPO, seems to be different since crys-
tallinity is decreased while partial reduction is observed,
particularly under butadiene and furan oxidation (appear-
ance of (VO),P,0; by XRD). The use of EPR before and
after butane oxidation shows that the situation is, how-
ever, more complicated. For all the VOPO, phases, bu-
tane oxidation develops V** ensembles and appears to
favor the agglomeration of isolated V** ion still present
after the preparation. This can also be detected by changes
in the rotating band intensity by P MAS-NMR. V#*
ensembles, with variable size, correspond to alocal reduc-
tion of VOPQ,. These ensembles are sufficiently small so
that they cannot be detected as (VO),P,0, by XRD and
LRS. The ESR technique also shows that the reduced V
species are located at the surface of the samples, sug-
gesting that only surface oxygen should be involved in
oxidation of butane, in agreement with previous observa-
tions (12, 13).

We can now question which correlation can be estab-
lished between the catalytic results for butane, butadiene,
and furan oxidation (1) and the physicochemical informa-
tions which have been obtained on the reference VPO
phases and the VPO catalyst after reaction. It is noticeable
that the bulk evolution of the § VOPO, phase into «ay
does not appear to be followed by any peculiar catalytic
behavior and especially the catalytic properties of
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VOPO,. However, as seen above, an epitaxial growth
of a; VOPO, on 6 VOPO, was observed which should
completely change its catalytic properties.

We previously proposed a model for the oxidation of
butane to maleic anhydride on the VPO catalyst (14).
This model was established from the consideration of
the physicochemical evolution of a catalyst prepared by
activation of the VOHPO, - 0.5H,0O precursor under an
oxygen-free argon atmosphere of calcination to the bu-
tane/air atmosphere of catalysis. It was observed that
best catalytic results corresponded to a limited number
of V3* sites forming small domains with a strong interac-
tion with the (VO),P,0, matrix and assumed to be prefer-
entially located in the (100) crystal face. The formation
of maleic anhydride may probably occur on the basal (100)
(V0O),P,0, face with the participation of a suitable number
of V7 sites. In this previous study (14), we showed that
side faces of (VO),P,0, located in the [100] direction ap-
peared to be faces for nucleation and growth of ay; and &
VOPO, and to be less selective as compared to the (100)
face. During the activation of the VPO catalyst, the nucle-
ated VOPO, phases observed in the first hours with
(VO),P,0, are redistributed as V' sites on/in the
(VO),P,0, matrix, thus giving a peculiar V#*/V>* distribu-
tion on the (100) face. This was evidenced from an in
situ study using a Raman cell (15). On equilibrated VPO
catalysts, and at stationary state, the oxidation of butane
to maleic anhydride should thus depend on this superficial
local V4*/V3* distribution in this (100) face. In Fig. 8, a
scheme of reaction on the (100) (VO),P,0, face for the
oxidation of butane to maleic anhydride is shown. This
scheme involves an alkoxide route with at least one bond
between the catalyst and the reactant. The initial surface
distribution of V4* and V** sites indicated in Fig. 8 shows
a local situation of the VPO catalyst at stationary state.
All the electronic transfers between the n-butane molecule
and the surface imply the existence of both V** and V°*
sites in a sufficiently close vicinity. Two possible models
are postulated which imply a dynamic and static situation
of the n-C, molecule:

(i) The dynamic model. In this first case, the n-butane
molecule moves on the (100) (VO),P,0, face until it is in
contact with the favorable V4*/V>* steric situation which
will initiate the first abstraction of hydrogen on C,-C,,
as demonstrated by Pepera et al. (12),.

(ii) The static model. In this second case, the different
steps of the n-butane transformation into maleic anhy-
dride occur in the same area of the (100) (VO),P,0, face.
The local V#4*/V3* distribution changes very rapidly by
electron or O?" transfers. Each step occurs when the
favorable V4*/V5* distribution exists.

It clearly appears that the alkoxide route involves a
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FIG. 8. Proposal for a reaction scheme for the oxidation of n-butane to maleic anhydride which implies the alkoxide route.

static model and a local site of a small size with a specific  cations disappear, probably by oxidation. A different V4*/
number of V atoms and a precise V**/V3* distribution. V3* distribution should thus be reached as compared to
The EPR study shows that under reaction on VOPO, the (100) face of (VO),P,0,. The relatively comparable
phases, V** ensembles are created while isolated V** results observed in the reaction scheme (1) for the bu-

W H H H H H o H
S . (I ! —H H H H W
H E i—" ( (l— H 1t u C | | |‘ i
nooH D H H H—(‘-—if‘}— C= 0=
fa G i i L
vy 5+ v v Y \
- r 3 =
H H ill H IH i? lil 'H
| I |
1l ? o= --(I‘_._H H—C=(C —C=C(C—H T‘ ill ’Ii |H
H H H—C—C=C~(C—H
H H ’Ii T I |
I 0 0
¢ + ¢ ? | |
Vi v v v v
B
a b c

FIG. 9. Proposal for a reaction scheme for the oxidehydrogenation of n-butane to 2-butene (a) and 2-butene to butadiene (b), and the oxidation
of butadiene to maleic anhydride (c). The final intermediate in (¢) is presented in Fig. 8.
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tane—maleic anhydride transformation for y VOPO, (65.5;
Fig. 12 in Ref. (1)) and 8 VOPO, (60.7; Fig. 13 in Ref.
(1)) as compared to (VO),P,0, (62.6; Fig. 9 in Ref. (1))
indicate that a superficial V4*/V3* distribution should be
reached similarly in butane oxidation conditions and dif-
ferent from those on ¢ and 8 VOPO,.

In Figs. 9 and 10, proposals are given for reaction
schemes for the oxidehydrogenation of n-butane to 2-
butene and oxidation of butadiene and furane to maleic
anhydride. The mechanism of n-butane oxidation to ma-
leic anhydride has been largely debated in the literature.
The proposal given in Part I of this work (1) involves a
direct route without desorption of the intermediates. In
such a case, the active sites should be large enough to
accommodate the butane molecule and to permit an eight
hydrogen atom abstractions, three oxygen atom incorpo-
rations, and a l4-electron transfer. Taking into account
the fact that good results for butane oxidation to maleic
anhydride were obtained for y and 8 VOPO, as compared
to (VO),P,0, but not as good as for the activated VPO, we
arrived at the conclusion that the surface of the catalysts
should accommodate a specific number of V4*/V3* sites
favorable to the butane oxidation to maleic anhydride and
in a peculiar local distribution. This situation should be
reached easily for the VPO catalyst, with more difficulty
for (VO),P,0,, &, and y VOPQO,, and not reached for
B VOPO, which is known to result majoritarly in total
oxidation. Catalytic results should thus depend on a spe-
cific V**/V>3* sites isolation corresponding to an appro-
priate oxidoreduction situation, which, of course is de-
pending on the materials but also on the catalytic
conditions. Such a site isolation principle was first pro-
posed by Grasselli (16). An active site model was de-
scribed by Ziolkowski et al. on the (100) face of (VO),P,0,
(17). It implies the interaction of the n-butane molecule
with five active oxygen bonded to vanadium cations and
situated in a specific grouping of V atoms to accommodate
the n-butane molecule. We can imagine in agreement with
this model that the V°* ensembles evidenced in our study
by 3P MAS-NMR on the VPO catalyst should corre-
spond to these vanadium cations associated to these ac-
tive oxygen atoms in the (100) face of (VO),P,0, (14). If
we assume that the oxidation state of vanadium should
vary from +5 to +4 and vice versa during the catalytic
reaction, several steps can be considered to explain the
mechanism of butane oxidation to maleic anhydride in
this face:

—The first two hydrogen atoms abstraction occuring
on C,~C; (12) and giving butene needs two electrons trans-
fer and two vanadium atoms.

—The second two hydrogen atoms abstraction giving
butadiene needs also two electrons to transfer and two
vanadium atoms.
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—The incorporation of the first oxygen atom to give
the furan ring needs two electrons to transfer and also
two vanadium atoms.

—Finally, the incorporation of the second and third
oxygen atoms associated with the abstraction of four hy-
drogen atoms needs eight electrons and eight vanadium
atoms.

It thus appears that the whole mechanism for butane oxi-
dation into maleic anhydride should necessitate 14 vana-
dium atoms. However, it is obvious that some of these
atoms should participate several times during these four
steps so that the mechanism should need less than this
number.

Such a proposal implies that the isolated V°* active
sites should exchange oxygen between the different steps
in order to allow the V**/V** oxidoreduction cycle sche-
matized below according to the suggestion by Bond for
the VO /TiO, catalytic system for xylene oxidation to
phtalic anhydride (18):

OH OH OH 0]
(i\ / / X
5 yS+ +2H+ 7 v+ -2H,0 2 Vi*
/s — / prv—
\ 2H+ \ +2H7O /
/0
O\ /O 74
\V5+ \V5+
N 7N
/ H,O
0 OH HO (8]
A\ Y \ 7
AVARS v+
7\ FARN
CONCLUSIONS

The present study shows that under butane oxidation
conditions, (VO),P,0, and the activated VPO catalyst do
not change their structures as observed by XRD, Raman,
and *'P MAS-NMR. This is also the case for butadiene
and furan oxidation. With the exception of 8 VOPQO,,
which is partly transformed into «;; VOPO,, the VOPO,
phases are not modified under the influence of the same
reactants in catalytic conditions. From this study and Part
I of this work (1), we can conclude that the mechanism
for n-butane oxidation on VPO catalysts implies the par-
ticipation of a limited number of superficial layers of the
structure. There is no general consensus about the role
of lattice and gas-phase oxygen in selective and complete
oxidation reactions of C, hydrocarbons (19) and this as-
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FIG. 10. Proposal for a reaction scheme for the oxidation of butadi-

ene to furan (a) and furan to maleic anhydride (b).

pect needs to be further studied (20). Our study shows
that the situation of n-butane oxidation is highly different
from that of the olefins oxidation for which the participa-
tion of the structure of the bulk is important (21, 22).
We arrive at the conclusion that the catalytic results for
butane oxidation to maleic anhydride should depend on
the redox properties of V3* ensembles on the (VO),P,0,
matrix. Their size, their number and their location should
be very important to control the V4*/V3* redox which is
responsible for the catalytic performances of the VPO
catalyst. For the VOPO, phases, catalytic performances
depend on their nature. The dehydrogenating character
of a; VOPO, should be associated with the difficulty to
reduce its surface under catalytic conditions and thus to
a very high superficial V?*/V** density. For 8 VOPO,,
which is more easily transformed into (VO),P,0, (1), the
n-butane oxidation turns mainly to total oxidation due to a
very high V**/V3* superficial ratio, the opposite situation
from «;; VOPOQO,. The situation should be intermediate for
v and 8 VOPO, which were also observed to be surpris-
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ingly active for n-butane oxidation: these two phases
should present an intermediate reducibility as compared
to a; and 8 VOPO,. For these two phases, it is suggested
from the ESR study that ensembles of V#* ions on the
VOPO, (V**) matrix should play a comparable role to the
VPO catalyst and finally reach a similar V4*/V3* superfi-
cial distribution suitable for the n-butane oxidation. The
steric interaction n-butane/V*#*-V3* sites on the surface
of the pyrovanadate surface appears to be crucial at the
different steps of the mechanism. This explains the speci-
ficity of the VPO catalyst for the oxidation of n-butane
to maleic anhydride.
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