JOURNAL OF CATALYSIS 154, 253-260 (1995)

On the Role of the VO(H,PO,), Precursor for n-Butane Oxidation
into Maleic Anhydride

M. T. Sananes,* 1 G. J. Hutchings, and J. C. Volta*

*Institut de Recherches sur lu Catalvse, CNRS, 2 Avenue A. Einstein, 69626, Villeurbanne Cédex, France; and tLeverhudme Centre for
Innovative Catalysis, Department of Chemistry, University of Liverpool, P.O. Box 147, Liverpool, L69 3BX, United Kingdom

Received October 24, 1994; revised March 16, 1995

The catalytic role of VO(H,PO,),, the precursor of the VO(PO,),
phase, has been studied for n-butane oxidation to maleic anhy-
dride. By comparison with the activated VPO catalyst, derived
from the VOHPOQ, - 0.5H,0 precursor phase, VO(H,POy), gives a
highly selective final catalyst. The total oxidation products CO
and CO, are not observed under any of the conditions examined,
a result confirmed by extensive catalyst testing and carbon mass
balances. The final catalyst derived from VO(H,PO,), has a low
surface area, ca. 1 m?/g, and consequently demonstrates low spe-
cific activity on the basis of n-butane conversion per unit mass.
However, the intrinsic activity (activity per unit surface area) is
found to be higher than that for catalysts derived from
VOHPO,-0.5H,0. Since some VO(H,PO,), is present in
VOHPQ, - 0.5H,0, which is the precursor of the industrial catalyst,
the results of this study complicate the simple model in which the
(VO),P,0, phase derived from VOHPO,-0.5H,0 is responsible
for the selective oxidation of n-butane. The observation that the
precursor VO(H,PO,), can generate catalysts of high specific activ-
ity and of total selectivity to partial oxidation products might
provide a useful insight into the design of a new series of high
activity and high selectivity partial oxidation catalysts. 7 1995 Aca-

demic Press, Inc.

INTRODUCTION

The conversion of n-butane to maleic anhydride repre-
sents the only industrial process for the selective oxida-
tion of alkanes (1, 2). Industrial catalysts are based on
the vanadium-phosphorus oxides (VPO}. Vanadyl pyro-
phosphate (VO),P,0, (V** phase with a P/V ratio of 1) is
considered to be the main crystalline phase for catalysts
that are active for n-butane oxidation (3). However, the
exact nature of the catalytic surface is still a matter for
discussion due not only to the difficulty of characteriza-
tion of the catalyst, but also to the particular conditions
of preparation of the VPO precursor. Indeed, whatever
the nature of the chemical reagents considered, an excess
of phosphorus over vanadium that corresponds to a bulk
P/V ratio higher than 1(4-7) is generally used. In previous
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studies, the VPO precursor compound is VOHPO,-
0.5H,0, which transforms to (VO),P,0; via a topotactic
transformation during the activation of the catalyst (8, 9).
The P/V atomic ratio on the surface of the active vanadyl
pyrophosphate catalysts has been studied by several au-
thors, using X-ray photoelectron spectroscopy (10-14).
A significant phosphorus enrichment has been observed,
which was confirmed by SIMS (15). Various potential
precursor phases of the vanadium phosphate catalysts
have been identified (10). Among these precursor phases,
VO(H,PO,),, sometimes referred to as the E phase (2, 3)
(with a bulk P/V ratio of 2), has been noted. On calcina-
tion, this phase transforms to VO(PO;), (10, 16). Previous
studies (10, 17-20) have shown that the particular condi-
tions for the preparation of the VOHPOQ, - 0.5H,0 precur-
sor also favor the presence of VO(H,PO,),, particularly
the use of reducing agent in aqueous medium, e.g., HCI
(20) or N,H, (10). Furthermore, it is considered that
the decomposition of VO(H,PO,), to VO(PO,)., which
occurs at a lower temperature than the decomposition of
VOHPO, - 0.5H,0 to (VO),P,0,, impedes the attainment
of a high-surface-area catalyst (20). Indeed, removal of
VO(H,PO,), by a simple solvent extraction method (17)
results in a catalyst with an increased surface area. The
extraction of VO(H,PO,), was used by some authors to
discriminate between the catalytic roles of the
VO(H,PO,), and VOHPO,-0.5H,0 precursors (21). It
was concluded that the amorphous phase with bulk P/V
ratio 2.0 derived from the decomposition of VO(H,PO,),
gave almost the same selectivity and activity per unit area
for maleic anhydride formation compared to the untreated
catalyst composed of a mixture of the amorphous
VO(POs), phase and the crystallized (VO),P,0, phase.
However, other studies (16) consider VO(PO,), to be a
less active phase than (VO),P,0,. To date, the catalytic
behavior of VO(PO,), has not been discussed and thus it
is now the aim of this paper.

In this publication, we describe the catalytic perfor-
mance and characterization of four VPO catalysts derived
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via activation of the VO(H,PQ,), phase under various
controlled conditions.

EXPERIMENTAL

Preparation of the Precursor and of the Catalysts

Pure VO(H,PO,), was prepared as previously described
(22). V,0, (10 g) was refluxed with 85% H,PO, (82 cm?)
(P/V = 10) at 180°C for 1 h. The solution was then evapo-
rated and the precipitate was washed with water and ace-
tone to remove the unreacted H;PO,. The solid was dried
at 110°C for 15 h.

Three different VO(PO,), catalysts, C1, C2, and C3,
were prepared by calcination of the VO(H,PO,), precur-
sor at 500°C for 24 h under different gaseous atmospheres.
Catalyst C1 was obtained by heating in air under previous
published conditions (22), while C2 was obtained by heat-
ing under nitrogen, and C3 was heated under the atmo-
sphere used in catalytic studies (1.5% n-butane in air) (23).

Precursor and Catalyst Characterization

X-ray diffraction patterns of the materials were re-
corded with a Siemens diffractometer with CuKa radia-
tion. Raman studies were performed on a Dilor Omars 89
spectrophotometer equipped with an intensified photodi-
ode array detector. The 514.5-nm emission line from an
Ar” ion laser (Spectra Physics, Model 164) was used for
excitation. Due to the low intensity of the obtained spec-
tra, the power of the incident beam on the sample was
200 mW. To reduce both thermal degradation and photo-
degradation of the samples, the laser beam was scanned
on the sample surface by means of a rotating lens. The
time of acquisition was 5 s and 100 spectra were accumu-
lated for each spectrum in order to improve the signal-
to-noise ratio. The wavenumber values obtained from the
spectra were accurate to within about 2 cm™!. The scat-
tered light was collected in the backscattering geometry.

The 3P NMR experiments were performed on a Bruker
MSL 300 NMR spectrometer. Conventional spectra were
obtained at 121.5 MHz using a 90°x-(acquire) sequence.
The 90° pulse was 4.2 us and the delay time between two
consecutive scans was 10 s. Samples were typically spun
at 4 kHz in zirconia rotors using a double-bearing probe-
head. The *'P spin-echo spectra were recorded under
static conditions, using a 90°x—7-180°y—7-(acquire se-
quence). The 90° pulse was 4.2 us and 7 was 20 us. For
each sample, the irradiation frequency was varied in incre-
ments of 100 kHz above and below the *'P resonance of
H,PO,. The number of spectra thus recorded was dictated
by the frequency limits beyond which no spectral intensity
was visible. The 3'P NMR spin-echo mapping information
was then obtained by the juxtaposition of each experimen-
tal spectrum.
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Surface area was determined by the BET method.
Chemical analysis results were obtained by complete dis-
solution with a sulfuric acid-nitric acid mixture. P was
analyzed by molecular absorption and V by atomic ab-
sorption. Thermal analysis of the precursor VO(H,PO,),
was performed by decomposition under vacuum with si-
multaneous analysis of evolved gas by mass spec-
trometry.

X-ray photoelectron spectroscopy analysis (XPS) was
performed with a Hewlett—Packard 5950 interfaced to a
data system which allowed the accumulation of spectra.
The spectrometer was equipped with an aluminium anode
(ALK, = 1486.6 €¢V) and O, binding energies were refer-
enced to the C, line at 284.5 eV.

Catalytic Testing

The oxidation of n-butane was carried out using a mi-
croreactor working under varied conditions with 1 cm® of
the precursor and the feedstock composition C,H,,/O,/
He = 1.5/18.5/80, GSHV = 1000 h~!. Maleic anhydride
(MA) and furan were the main products detected, together
with traces of acrylic acid. The detection of reactants and
products was performed on line using three gas chromato-
graphs: a FID detector for analysis of oxygenates and
hydrocarbons on Porapak Q (2 m, 200°C), a FID detector
for analysis of hydrocarbons on Porasil C (4 m, 60°C),
and a TCD detector for analysis of CO, CO,, and O, (4
m, 100°C). The limit of detection for CO, was less than
0.1%. Helium was used as the carrier gas. Satisfactory
carbon mass balances were obtained for all data pre-
sented (98-100%).

RESULTS

Characterization of the Precursor

The XRD spectrum of the precursor is shown in Fig.
1. Figure 2 presents the LRS spectrum recorded at room
temperature in the 800-1200 cm ™! range, which is related
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FIG. 1. XRD spectrum of the VO(H,PO,), precursor.
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FIG. 2. LRS spectrum of the VO(H,PQO,), precursor.

to the stretching modes of the P-O and V-0 bonds (24).
No signal was detected by P MAS—NMR for this mate-
rial. The 3'P NMR spectrum by spin-echo mapping of the
precursor is given in Fig. 3. Figure 4 shows the evolution
of water analyzed by mass spectrometry when the precur-
sor is heated under vacuum from room temperature to
650°C at a temperature increase of 2°C/min.

Catalytic Performance

The materials were tested for n-butane oxidation in
the temperature range 390-410°C, where VPO catalysts
derived from the activation of VOHPO,-0.5H,0 give
mainly maleic anhydride, CO, and CO,. Itis very interest-
ing to observe that in all the catalysts tested, CO and CO,
were not detected and only maleic anhydride and furan
were observed. This result was confirmed by several re-
peat experiments. The information is given (Table 1) for
n-butane conversion (C%), selectivity to maleic anhydride
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FIG. 3. ’'P NMR spectrum by
VO(H,PQ,), precursor.

spin-echo mapping of the
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FIG. 4. Water evolution due to decomposition of the VO(H,PO,),
precursor under vacuum.

(Sma%), furan (S, %), and MA yield (Y;4%). The results
obtained from VO(H,PO,), (E phase) and catalysts Cl,
C2, and C3 are compared with two VPO catalysts VP(A)
and VP(0), derived from VOHPO, - 0.5H,0 (26), tested
under the same catalytic conditions. The activity is ex-
pressed per meter squared (intrinsic activity, IA) and per
gram of catalyst (specific activity, SA).

Characterization of the Catalysts after Activation and
Catalytic Testing

The X-ray diffraction pattern of the three catalysts C1,
C2, and C3 obtained after calcination of the VO(H,PO,),
precursor at 500°C for 24 h in air, under nitrogen, and
under 1.5% n-butane in air, respectively, are given in Fig.
5. The corresponding LRS and *'P NMR spectra obtained-
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FIG.5. X-rayspectraof Cl, C2, and C3 catalysts after calcination.
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TABLE 1
Catalytic Results for n-Butane Oxidation at 390°C
c Suia S Sco’ 0,° Yya 1A x 10° SA x 10°%
Catalyst (%) (%) (%) (%) %) (%) (mol- MA/m~2h7}) (mol - MA/g.h)
E 8 75 25 0 0 6.0 2.90 2.90
Cl 2 60 40 0 0 1.2 0.94 0.94
C2 6 80 20 0 0 4.8 3.80 3.80
C3 1 100 — 0 0 1.0 1.27 1.27
VP(A) 11 51 — 41 7 5.6 1.24 4.96°
VP(O) 27 52 —_— 34 14 14.0 1.35 18.90°

Note. Precursor of VP(A) was prepared by dissolving V,054 (6.06 g) in aqueous HCI (35%, 79 mi) at reflux for 2 h. H;PO, (8.91 g, 85%) was
added and the solution was refluxed for another 2 h. The solution was then evaporated to dryness and the resulting solid was refluxed in water
(20 ml H,0/g solid) for 1 h, filtered hot, washed with warm water, and dried in air (110°C, 16 h). The precursor of VP(O) was prepared by adding
V,0q (11.8 g) to isobutanol (250 ml); H;PO, (16.49 g, 85%) was introduced to the mixture which was then refluxed for 16 h. The light blue
suspension was then separated from the organic solution by filtration and washed with isobutanol (200 ml) and ethanol (150 ml, 100%). The
resulting solid was refluxed in water (9 ml H,O/g solid), filtered hot, and dried in air (110°C, 16 h).

@ Limit of TCD detection <0.1%.
b et for all the solids were 1 m*/g.

< See Table 1 in Ref. (26): Sger VP(A) = 4 m’g™" and VP(O) = 14 m’%g™}; VP(A) and VP(O) were called C1 and C2, respectively, in Ref. (26).

by spin-echo mapping are shown in Figs. 6 and 7 respec-
tively.

The X-ray diffraction pattern, LRS, and *'P spin-echo
mapping NMR spectra of the catalyst derived for the
catalytic testing of the E phase at 390-410°C under a
butane/air atmosphere are shown in Figs. 8, 9, and 10,
respectively. This material differs from catalysts C1, C2,
and C3 by virtue of the different calcination conditions.
The result for phase E can be compared with catalyst C3
in Figs. 5, 6, and 7.
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FIG. 6. LRS spectraof Cl, C2, and C3 catalysts after calcination.

The *'P spin-echo mapping NMR spectra of catalysts
C1, C2, and C3 after catalytic testing are shown in Fig.
11 and they can be compared with the spectra of Fig. 7
for the same materials before reaction.

The results of X-ray photoelectron spectroscopy of
phase E and also of phases E and C1 after catalytic testing
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FIG. 7. 3P NMR spectra by spin-echo mapping of C1, C2, and C3
catalysts after calcination.
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FIG. 8. XRD spectrum of the solid obtained from the E phase acti-
vated under butane/air at 390-410°C.

(E,; and Cl,;, respectively) are shown in Fig. 12 and Ta-
ble 2.

DISCUSSION

Structure of the Catalyst Precursor

The X-ray diffraction pattern of the precursor (Fig. 1)
is in good agreement with that previously published for
VO(H,PO,), (22, 24), demonstrating that this phase has
been successfully synthesized. In addition to XRD char-
acterization, we have studied the precursor structure us-
ing LRS and *'P NMR by spin-echo mapping and the
results given in this paper are the first reported for this
material, The LRS spectrum of this phase (Fig. 2) presents
a very intense band at 938 cm™! and four weak bands at
903, 1110, 1148, and 1183 cm™'. No bands are present
below 800 cm™' or above 1200 cm™'. The intense signal
observed at 2300 ppm on the *'P NMR spectrum by spin-
echo mapping (Fig. 3) agrees with the V(IV) oxidation
state of this phase, since V(IV)in VOHPO, - 0.5H,0 gives
a signal at 1600 ppm, while V(IV) in (VO),P,0, gives a
signal at 2600 ppm (23).
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FIG. 9. LRS spectrum of the solid obtained from the E phase acti-
vated under butane/air at 390~410°C.
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FIG. 10. P NMR spectrum by spin-echo mapping of the solid ob-
tained from the E phase activated under butane/air at 390-410°C.

It is apparent that the thermal decomposition of the
precursor, as evidenced by the water evolution (Fig. 4),
occurs in a single transition with a very broad peak at
383°C, in agreement with previous observations (10, 20). It
thus differs from the decomposition of VOHPO, - 0.5H,0,
which occurs with two transitions. The single transition
peak can be explained by the very different structure
of VO(H,PO,),. According to Bordes (22), O-V-0-P-0
chains are formed diagonally, each equatorial oxygen of
the VO, octahedron being shared with one of a tetrahe-
dron O,P(OH),, and four tetrahedra are hydrogen-bonded
by means of the two hydroxyl groups. In the perpendicular
direction, the O=V --- O==V chains are parallel to the
square channels drawn by the hydrogen bonds between
the chains of O,P(OH),. As a consequence of this struc-
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FIG. 11. 3'P NMR spectra by spin-echo mapping of C1, C2, and C3
catalysts after catalytic testing.
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FIG. 12. XPS spectra for (a) phase E; (b) phase E after catalytic
testing; (c) catalyst C1 after catalytic testing.

ture, the decomposition of VO(H,PO,), affects two hy-
droxyl groups of the same phosphorous unit and thus
explains the unique continuous transition. In contrast,
VOHPO, - 0.5H,0 decomposes with two transitions due,
first, to the loss of the H,O molecule bonded to the two
VO units and, second, to the interaction between two
P(OH) belonging to two neighboring chains (25).

Structure of the Activated Catalysts

The X-ray spectra of catalysts C1, C2, and C3 (Fig. 5)
correspond to the two reference diffraction patterns of

TABLE 2
XPS Characteristics of E, E,;, and C1

OIJ

Vo Py,

Solids E (V) % OH E (eV) % O E (eV) E (eV) P/V
E 533.0 45.1 531.4 54.9 517.1 134.1 4.00
E; 533.0 18.9 531.4 81.1 517.0 133.8 3.47
Cly 532.8 20.7 531.2 79.3 516.7 133.3 4.12
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VO(PO;), that have been published (16, 26). Cl1 is highly
crystalline, while C2 and C3 are poorly crystalline.

Sample C1 gives a well-resolved LRS spectrum with
major characteristic bands at 961 and 972 cm™! and minor
bands in the 1200-1300 cm ™! range. The definition of this
spectrum is consistent with a well-crystallized material,
in agreement with the XRD pattern. C2 and C3 present
much poorer spectra, typical of the poorer crystallinity
of these materials.

From these studies, it is apparent that the atmosphere
of calcination of VO(H,PO,), strongly influences the crys-
tallinity of the obtained VO(PO,), phase. This is particu-
larly important for the treatment in the catalytic atmo-
sphere.

The 3'P NMR spectra obtained by spin-echo mapping
of C1, C2, and C3 (Fig. 7) show two characteristic signals
at 775 and — 126 ppm, in agreement with previous observa-
tions (23). The signal at —130 to — 150 ppm was attributed
to P atoms bonded to V°* species in a strong interaction
with the VO(PO,), structure, while the peak at 775-800
ppm was considered characteristic of P atoms bonded to
the V4 atoms of the VO(PO,), structure. The relative
distribution of these two peaks depends on the atmo-
sphere of calcination, with an increase in the contribution
at —130 ppm from the nitrogen treatment (C2) or the
catalytic atmosphere treatment (C3) to more oxidizing
conditions (C1). From these spectra, it is also apparent
that C2 and C3 appear more disorganized, with a higher
contribution in the 1000-2000 ppm range, which was pre-
viously attributed to V** in poorly crystallized (VO),P,0,
(26). Some crystalline (VO),P,0, is also observed on C2
with a small signal at 2600 ppm (23, 27). These results are
therefore in agreement with the XRD and LRS character-
izations.

n-Butane Oxidation over Catalysts Derived from
VO(H,PO,),

The main interest in the catalysts obtained from
VO(H,PO,), stems from the different distribution of the
reaction products as compared to classical VPO catalysts
obtained from VOHPO, - 0.5H,0.

The formation of furan with catalysts derived from
VO(H,PO,), together with the absence of any CO, re-
quires discussion, since under the same experimental con-
ditions, furan is never detected with catalysts derived
from VOHPO, - 0.5H,0. This result is not due to the var-
ied conditions used in this study since the primary selec-
tivity for catalysts derived from VOHPO, - 0.5H,0 is ca.
85% under our test conditions. It is notable that the intrin-
sic activity (IA), expressed per unit surface area, for the
catalyst derived from VO(H,PO,),, with the exception of
C1, is higher than that derived from VOHPO, - 0.5H,0.
This advantage is lost when the comparison is made on
the basis of catalyst mass which is a result of the low
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surface areas presently achieved for catalysts derived
from VO(H,PO,),. It should also be noted that for cata-
lysts derived from VOHPO, - 0.5H,0, maleic anhydride
is mainly produced via the direct oxidation of n-butane
and the alternative route via furan is a secondary pathway
(28). In the case of the VO(H,PO,),-derived catalyst, it is
apparent that the oxidation pathway via furan is now
dominant. The results of the present study confirm the
work of Morishige et al. (21). They also indicate that
a new route of maleic anhydride synthesis without the
formation of carbon oxides could be achieved with a phos-
phorus-rich surface. The use of catalysts based on the
phosphorus-rich VO(H,PO,), should be of great signifi-
cance for industry if the preparation of catalysts with
higher surface areas can be achieved.

Structure of the Final Catalysts

The direct activation of the E phase under 1.5% n-
butane/air gives a poorly crystallized material in compari-
son with the calcination of the E phase under the same
atmosphere but at a higher temperature (conditions of
synthesis of catalyst C3). This is shown both by the XRD
pattern (Fig. 8) with a broad signal observed between 20°
and 30° (20) and from the spectrum of *'P NMR by spin-
echo mapping (Fig. 10). In this spectrum a higher contribu-
tion can be observed in the 1000-2000-ppm range, which
is indicative of the presence of disordered P environment
that has been noted previously in the spectra of disorga-
nized (VO),P,0,. However, there is no supporting LRS
or XRD evidence for the formation of (VO),P,0; as a
distinct material in this catalyst sample.

No particular modifications are observed in the 3'P
NMR by spin-echo mapping spectra of catalysts CI, C2,
and C3 after catalytic testing (compare Figs. 7 and 11).
This shows that the distribution of the different V4* and
V3* species is the same before and after the test. How-
ever, a decrease in the 1000-2000-ppm contribution is
apparent, which shows that the catalytic reaction has fa-
vored the crystallization of the materials.

The O,, XPS spectra (Fig. 12) of the three solids can
be decomposed in two peaks, one at 531.4 eV, assigned
to 02~ of the oxide, and a second at 533.0 eV, assigned
to OH groups (29-31). No surface carbonate could be
considered in the O, band since the carbonate C,; peak
was absent within 289.2-289.6 eV (32). The presence of
the 531.4 eV (0?7) and 533.0 eV (OH) peaks is a common
feature of the three solids, which is never observed on
(V0O),P,0,. If the presence of hydroxyl groups is normal
on VO(H,PO,), (E phase), it is noteworthy that OH groups
are also present on VO(PO,), (E, and Cl,) whatever the
atmosphere of calcination. As observed for VPO catalysts
by many authors (10—14), a surface phosphorus enrich-
ment is also shown by XPS on the three solids (Table 2).
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While the chemical analysis gave a P/V ratio of 2 for the
E phase, the surface P/V ratios as measured by XPS were
two times higher than the bulk P/V values. This result can
be used to explain the specific behavior of these catalysts.

Comments on the Specificity of the Catalysts

The absence of CO and CO, and the formation of furan
together with maleic anhydride in the reaction products
on catalysts derived from the VO(H,PQO,), precursor, are
quite original and must be discussed in connection with
previously published results on the VPO system.

In the selective oxidation of n-butane and butadiene to
maleic anhydride, the formation of furan as a by-product
has been observed (28, 33). An increase in P/V enhances
the ratio between the furan and MA vyields at similar con-
versions (33). A specific role has been considered for
the phosphorus centers in the mechanism of n-butane
oxidation and in the architecture of the active site (34-36).
It is considered that the excess phosphorus isolates the
VO clusters and serves “as diffusion barriers to prevent
excess oxygen from reaching the surface bound intermedi-
ates” (35).

It was observed that, by controlling the availability of
0,, it was possible to maximize the formation of furan
from butadiene, obtaining very high selectivity to furan
(2). Transient experiments using the TAP reactor enabled
Centi and co-workers to propose the existence of two
types of oxygen sites on VPO (34, 36):

(i) activated species (O*) formed by strong chemisorp-
tion of the electrophilic dioxygen molecule and responsi-
ble for furan oxidation and butane activation.

(i) surface lattice oxygen (Oy) responsible for allylic
oxydehydrogenation of the intermediate alkenes and for
O insertion.

In the same experiments, using '*0, and monitoring the
oxygen isotope distribution in the carbon dioxide formed
as a function of time, it was shown that the fast process
was C'®0'80 formation involving chemisorbed oxygen-
18, previously denoted O*.

All these data (2, 28, 33-36) can be used to explain the
specificity of our VO(PO,), catalysts. The high surface P/
V ratio with a high density of P--OH groups as observed
by XPS can favor isolation of the VO clusters, but a lower
density of O* sites due to the low superficial area of the
materials should restrict the conversion of n-butane and
this is observed. The intermediate furan molecule should
then be easily desorbed in comparison with the classical
VPO catalysts derived from the VOHPO, - 0.5H,0 precur-
sor, for which the appropriate local superficial V-P-O
structure at short-range order favors the further step of
intermediate-furan oxidation which results in the forma-
tion and desorption of MA. The absence of CO and CO,
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indicates that the formation of part of CO, on VPO cata-
lysts derived from VOHPO, - 0.5H,0 occurs via the oxida-
tion of the intermediate furan. This leads us to conclude
that the two families of VPO catalysts (derived from
VO(H,PO,), and VOHPO, - 0.5H,0) should exhibit very
different acid/base properties and this will be the subject
of a future study.
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