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A pure and well-crystallized (VO),P,07 catalyst was oxidized
under an oxygen flow at 500°C for different times up to 24 h. These
samples were characterized by TGA-DTA, XRD, UV-VIS spec-
troscopy, and *'P NMR. Their catalytic performances were com-
pared in the selective oxidation of n-butane to maleic anhydride
(MA) as a function of the time of oxidizing pretreatments. The
sample oxidized for 1 h displayed an important increase in MA se-
lectivity (from 52 to 84%), whereas the activity remained virtually
nonaffected. These results have been discussed in relation with the
development of a proper density of selective VY species associated
with the creation of structural disorder in the pyrophosphate lattice.
(© 1997 Academic Press

INTRODUCTION

The partial oxidation of n-butane to maleic anhydride
(MA) on V-P-O catalysts is the only example of the ox-
idation of a light alkane which is industrially performed.
Many papers and reviews (1-3) have already been devoted
to this complex reaction and catalytic system. However, the
nature of the active phase and more precisely the effect of
VV phosphate species on the vanadyl pyrophosphate (V')
is still debated. VVanadyl pyrophosphate is the only phase
usually detected by XRD on long-term equilibrated cata-
lysts (1-5). For this reason it has been frequently proposed
that the best V-P-O catalysts only contain well-crystallized
(VO),P,07, as again recently concluded by Guliants et al.
(6). These authors (6) further claimed that microdomains
of §- and y-VOPQO, were detrimental to catalyst perfor-
mances. Bordes and Contractor (7) also considered that
orthophosphate phases are harmful although the damages
were not too strong with §- and y-VOPQ, phases able to
be reduced to (VO),P,05. Centi et al. (8) even concluded
that \VV ions would be “parasitic species” responsible for
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the consecutive overoxidation of MA to COy. Conversely,
Volta et al. (9-11) using in situ Raman spectroscopy and
3P NMR techniques claimed that more or less disorganized
y-, and §-, and «-VOPO; structures on the (VO),P,0;
matrix would be responsible for the formation of maleic
anhydride. §-VOPOQs; is progressively transformed into o -
VOPQO, under catalytic conditions (9, 12). Hutchings and
Higgins (13) recently proposed that the specific activity of
V-P-0O catalysts was controlled mainly by the «-VOPO,
content.

Using a pulse TAP (temporary analysis of products)
reactor, Schuurman et al. and Schuurman and Gleaves
(14, 15) reported that “reactor equilibrated” (VO),P,07-
based catalysts yielded an increasing rate of MA forma-
tion with a better selectivity when previously submitted to
oxygen treatments. Coulston et al. (16), using time-resolved
X-ray absorption spectroscopy, recently concluded that VV°*
species are kinetically significant for the production of MA.
Koyano et al. (17, 18), using Raman Spectroscopy, claimed
that the oxidation of (VO),P,07 was anisotropic: the (100)
face was oxidized to a selective X; phase and the side faces
to «-and B-VOPQ,. The n-butane conversion was over 80%
for the first pulse with a selectivity for MA of 13%.

This literature survey shows that several recent studies
(9-19) suggest that \VV species on (VO),P,0; could be ben-
eficial for the selective oxidation of n-butane. However, the
precise effect of such species (on the conversion or the se-
lectivity), the nature of the desired VV species (a specific
VOPO, phase or more or less dispersed entities) the op-
timal VV/V'V balance, the respective role of VV and V'V
species, and their relative dispersion are still open to dis-
cussion. We have therefore investigated the effect of oxi-
dizing treatments on the catalytic performances of a vana-
dium pyrophosphate catalyst. We prepared first a pure and
well-crystallized (VO),P,07 material (V'Y phase) as a stan-
dard catalyst. It is already well known that such a solid
is quite stable against oxidation. Indeed, high-temperature
treatments yield to VOPO, phases but we did not want to
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achieve complete oxidation to é-, y-, or 8-VOPQO, phases
already studied by Zhang-Linetal. (19). The aim was to per-
form a mild and controlled oxidation of (VO),P,05. It may
be recalled that it is well accepted that the selective face is
the (100) cleavage plane (2-4, 20, 21) but Volta et al. (10)
proposed that a suitable amount of VVV species (either dis-
persed VV sites or small VOPO,4 domains) must be present
in this (100) face to ensure the selective formation of MA.

In the present work the oxidizing treatments were per-
formed at 500°C for varying times. The catalytic perfor-
mances were compared in a flow microreactor. Catalysts
characterization was achieved by surface area measure-
ments, XRD, TGA coupled with DTA, UV-VIS spec-
troscopy, and *'P NMR by spin echo mapping.

EXPERIMENTAL

Preparation of the Vanadyl Pyrophosphate

The precursor, VO(HPO,), 0.5H,0, was prepared ac-
cording to the method given by Johnson et al. (22) by re-
fluxing a suspension of V,0s (11.8 g) in isobutanol (250 ml)
in the presence of 85% H3PO,, with a ratio P/VV =1.1 for
16 h. The formation of the precursor was checked by XRD.
The precursor was then heated (0.5°C min~) in a quartz
tube under a nitrogen flow up to 750°C and kept at this
temperature for 72 h.

Oxidizing Pretreatments

(VO),P,07 prepared at 750°C, denoted PYRO, was
heated up to 500°C (5°C min~!) under an oxygen flow
(20 ml/min) and then kept at this temperature for vary-
ing periods, from 0.5 to 24 h. We obtained therefore a se-
ries of oxidized samples, prepared from the same batch of
(VO),P,0y, oxidized for different times. The mass of each
sample was typically 1.5 g.

Catalytic Test

The catalytic performances of the oxidized pyrophos-
phate catalysts were compared at 380°C and at atmospheric
pressure in a flow microreactor (mass of catalyst: 0.280 g)
with the mixture composition: C4H10/O»/He, 1.6/18/80.4,
and a GHSV =1500 h~’. Gas analysis was performed by
on-line gas chromatography with automatically controlled
sampling valves as previously described (19). Runs were
conducted until a stationary state of the catalytic perfor-
mances was achieved, in any case, at least about 20 h on
stream. Carbon mass balance was better than 98%.

Catalyst Characterization

The specific surface area was measured by low-
temperature nitrogen adsorption according to the BET
method. TGA-DTA was performed under an oxygen flow
(40 ml/min) in an automatic Setaram balance. XRD pow-
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der patterns were recorded with a Siemens diffractometer
using the Cu Kea radiation. Diffuse reflectance spectra in
the absorbance mode were recorded using a Perkin—-Elmer
(UV-VIS) spectrometer. 1P NMR spin echo mapping spec-
tra have been recorded with a Brucker spectrometer.

RESULTS

Catalytic Performances

The changes in the selectivity for MA formation for the
series of oxidized samples are illustrated in Fig. 1. With re-
spect to the starting PYRO sample (Sya =52%), a strong
increase of selectivity occurs with a maximum (84%) corre-
sponding to 1 h of oxidizing pretreatment (PYRO-OX-1).
For longer times of pretreatment, the selectivity first slightly
decreases down to 76% (PYRO-OX-3) and then tends to
stabilize as shown in Fig. 1. It is noteworthy to say that se-
lectivity was measured at constant conversion of n-butane:
in the range 10-12% for every catalyst whatever the time
of oxidizing pretreatment. This increase of selectivity for
MA appears to result of a decrease in the COy formation,
especially CO, which is no more detected on the oxidized
samples. It may also be stressed that these improved cata-
lytic performances are stable with time of reaction: the n-
butane conversion, the selectivity for MA and CO remain
the same from the very beginning of the run up to about
23 h on stream (the runs were usually not conducted that
long).

The surface area of the starting PYRO sample was
7.8 m? g~L. The oxidized samples had a somewhat lower
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FIG.1. MA selectivity (Sua) as a function of time of oxidation pre-
treatment of the PYRO catalyst.
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surface area, in the range 5-7 m? g~*. The intrinsic activ-
ity for the conversion of n-butane on the starting PYRO
sample was V= 1.3 x 1078 mol s~* m~2. V; increased only
slightly for the oxidized samples. For example, Vi=1.5 x
1078 mol s™* m~2 for the catalyst denoted PYRO-OX-3.
Considering the experimental accuracy, it may be con-
cluded that oxidizing treatments do not significantly affect
the activity of the PYRO catalyst.

As shown for example by Guliants et al. (6), most V¥
orthophosphate phases have finite solubility in water and
can be removed more or less completely by rinsing the
catalyst with boiling water. Such a water washing was per-
formed on PYRO-OX-3 and PYRO-OX-24 samples which
recovered their initial color: gray—green instead of a yel-
lowish color for oxidized samples. Such samples were then
compared in the catalytic test. The n-butane conversion
was unaffected, about 10%, but the selectivity for MA
decreases from 76 to 68% for the PYRO-OX-3 sample
and from 75 to 60% for the PYRO-OX-24 sample. These
figures were measured after stabilization on stream for at
least 20 h because we observed in that case a slight ini-
tial decrease of the selectivity for MA. Although the se-
lectivity for MA is lowered for the water-washed samples,
it remains significantly higher than for the starting PYRO
catalyst.

CHARACTERIZATION

TGA-DTA Measurements

The mass of the PYRO catalyst in the platinum crucible
was about 30 mg and the oxygen flow was 40 ml/min. In

DTA/TGA curves as a function of temperature under an oxygen flow.

the first experiment, the temperature was linearly raised
(5°C/min) from room temperature to 800°C. As shown in
Fig. 2, oxidation readily occurs above about 550°C as ev-
idenced by the increase of mass and the exothermic peak
with a maximum at 635°C.

In a second experiment, the mass increase (Am) due to
oxidation was recorded under the same oxygen flow at a
constant temperature, 500°C, for 24 h. No heat flow was
recorded, in agreement with a slow oxidation process. The
TGA curve showed that the mass increased nearly linearly
with time: Am =1.96% for 24 h. As complete oxidation of
(VO),P,07 to VOPO, corresponds to a mass increase of
5.19%, a mass increase of 1.96% should be indicative of the
formation of about 38% of VOPQO,. The present experiment
demonstrates that the oxidation of (VO),P,07 at 500°C ac-
tually occurred at a slow rate.

XRD Patterns

XRD patterns of typical oxidized samples are compared
in Fig. 3A with the pattern of the starting PYRO cata-
lyst which is characteristic of a pure and well-crystallized
(VO),P,07 phase with a high and narrow (200) reflection.
With increasing time of oxidation, a general decrease of
the intensity of the (VO),P,0Oy diffraction peaks occurs as
shown in Fig. 3A. This is especially the case for the (200)
reflection.

The integral width W of the XRD lines may be used to
characterize the extent of structural disorder, such as stack-
ing faults (6, 23, 24). As shown in Fig. 4, the changes with
time of oxidation of W(200) follow an opposite trend to
those of W(032) and W(024). This observation suggests that,
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FIG.3. XRD patterns. (A) The vanadyl pyrophosphate catalyst before any oxidation treatments (a) and after an oxidation treatment of 1 h
(b), 3h (c), and 24 h (d). (B) Spectrum (d) at a magnified scale.

for times of oxidation up to 3 h, there is an increasing pref- The pattern corresponding to PYRO-OX-24 (pattern d
erential structural disorder along the [100] axis, whereas in Fig. 3A) is shown with a magnified scale in Fig. 3B. De-
this phenomenon is not observed in directions normal to spite the long oxidizing treatment (24 h), all the diffraction
the (100) faces. peaks can still be attributed to (VO),P,0O;. Note however
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FIG. 4. Changes with time of oxidation of the integral width of (200), (024), and (032) XRD lines.

the presence of a background which may indicate the pres-
ence of some amorphous phase in connection with struc-
tural disorder.

It is surprising that XRD patterns only show the lines
of (VO),P,0O7 with no evidence for the formation of crys-
talline VOPO, phase. Indeed, XRD is not very sensitive
to the detection of VOPO, in (VO),P,07. According to
Cavani et al. (23) there may be as high as 20% of VOPO,
in addition of (VO),P,07 with no clear modification of the
XRD pattern. However, we believe that a relative amount
of 37% of VOPQ,, as suggested by TGA measurements,
can be discarded. The kinetics of oxidation in the prepara-
tion reactor was most likely slower than in the TGA bal-
ance, probably as a result of the much more important mass
of solid (1.5 g instead of about 0.030 g), the oxygen flow
(20 ml/min instead of 40 ml/min) and the depth of the bed
(about 12 mm instead of 5 mm, respectively). It will be
shown later that NMR analysis allowed us to confirm that
the kinetics of oxidation was actually slower in the prepa-
ration tube.

Diffuse Reflectance Spectra

We mainly focused on the charge-transfer (CT) band
near 300 nm which is known to be sensitive to the pres-
ence of VV species (23, 25). Figure 5A shows that the width
of this band becomes broader and broader with time of
oxidizing pretreatment. If we assume that the oxidation is
restricted to the near surface region, the initial V'V con-
tent remains roughly constant and the relative amount of
VV can be estimated by substracting the area (A) under
the band of oxidized catalysts from the area (Ap) under
the band of the starting PYRO sample where only V'V is

present. Figure 5B shows that the V¥ amount estimated in
this way first increases rapidly with time of oxidation and
then tends to level off. After water washing, the spectrum
relative to PYRO-0OX-24 (d in Fig. 5A) was very similar to
the spectrum of the starting PYRO catalyst (a in Fig. 5A).
Clearly washing removes the CT band relative to VVV species
in the 300-400 nm range and only the original CT band near
250-300 nm typical of V'V species remains. The shape and
intensity of this band are quite similar to the band recorded
on the PYRO sample before any oxidation treatment. This
observation again suggests that the oxidation was less deep
and important than suggested by TGA measurements.

3P NMR Spin Echo Mapping Spectra

Figure 6 compares the spectra of the starting PYRO cata-
lyst (a) and the catalyst oxidized for 24 h (b). Spectrum (a),
with a peak at about 2,700 ppm, is typical of a pure and well-
crystallized (VO),P,07 phase, in agreement with previous
studies on V-P-O catalysts by this technique (12, 26, 27).
The lack on any signal around 0 ppm is noteworthy because
it indicates the absence of V°* (or at least a nondetectable
concentration). This is indeed not the case for spectrum (b)
which exhibits an additional peak near 0 ppm. In previous
work (12), we have shown that the relative bulk concentra-
tion of V°* can be estimated on the basis of the area under
the VV®* and the VV** peaks. This measurement yields a rel-
ative amount of VV°* close to 13%. As already suggested by
XRD and diffuse reflectance spectra, NMR analysis then
confirms that the kinetics of oxidation of (VO),P,07 in the
preparation tube was slower than in the small crucible used
for TGA-DTA measurements.
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FIG.5. (A) UV-VIS (spectra charge transfer band) of the vanadyl

pyrophosphate catalyst before any oxidation treatment (a) and after an
oxidation treatment of 1 h (b), 3 h (c), and 24 h (d). (B) Area difference
(A — Ap) under the UV-VIS CT bands shown in Fig. 5A: Estimation of
the relative V¥ amount (see the text).

DISCUSSION AND CONCLUSIONS

In previous work (12), we have shown that an excess of
VV sites is detrimental for the catalytic performances be-
cause it favors COx formation. This conclusionisin line with
the model developed by Cavani et al. (28) who explained
that the MA selectivity goes through a maximum for agiven
degree of surface oxidation that is a given VIV oia ratio.
Such a model is in agreement with the concept of site isola-
tion first proposed by Callahan and Grasselli (29): selective
oxidation would require an optimal number of active oxy-
gen species near the adsorbed hydrocarbon.

VV sites are most likely involved in the oxygen insertion
steps (1-3, 10-12) and their increased density on oxidized
pyrophosphate samples can therefore explain the striking
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improvement in MA selectivity observed in the present
work. However, besides their number, the nature of the
VV species could also be important. For example, Cavani
and Trifird (3) claimed that, besides VV sites involved in
selective oxidation, other kinds of VY species would be re-
sponsible for the direct oxidation of n-butane into COy and
others active in the overoxidation of MA.

Following this general discussion, it can be concluded that
the oxidation of vanadyl pyrophosphate at 500°C leads to
the formation of selective \VV species responsible for the
MA selectivity increase up to a maximum which would cor-
respond to an optimal density (28) of active surface oxy-
gen species, capable of the redox reaction of oxygen inser-
tion (30). Owing to the crystalline structure of (VO),P,0;
with platelets exposing mainly the (100) cleavage plane,
the oxidation process is anisotropic (10, 18) and selective
VV species are most likely located in the (100) face be-
cause side faces are nonselective for n-butane oxidation
to MA.

The improvement in MA selectivity is quite significant
(Fig. 1) and is not transient as shown in catalytic runs ex-
tending up to about 23 h. However, the activity of the cata-
lyst is not significantly modified, which shows that the num-
ber of sites responsible for the activation of n-butane has
notchanged and that \VVV sites would not be directly involved
in this process. Recall that the activation of n-butane has
been correlated with the presence of V!V Lewis acidic sites
(31-33). From electrical conductivity measurements (34),
we recently proposed that butane activation would require
V'V sites associated with O~ species.
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FIG.6. %P NMR spin echo spectra of (a) the starting (VO),P,0;

PYRO sample and (b) the same sample oxidized at 500°C for 24 h.
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It is noteworthy that the increase of selectivity on ox-
idized sample is mainly correlated with a decrease of se-
lectivity to CO; (the formation of which is virtually sup-
pressed) and not to CO. This could be interpreted by the
fact that the direct oxidation of butane to CO, is inhib-
ited on oxidized catalysts. In a previous study (19), we have
shown that this is the preferential route to COx formation.
However, Igarashi et al. (35) concluded that the consecu-
tive overoxidation of MA is limiting the selectivity when the
conversion increases. Therefore, the enhancement in MA
selectivity could also be explained by some inhibition of the
MA overoxidation. According to Schuurman and Gleaves
(15), the MA molecule is more weakly adsorbed on the oxi-
dized pyrophosphate and therefore will desorb more easily.

TGA, UV-VIS, and NMR spectroscopies have shown
that the pyrophosphate samples are slowly oxidized at
500°C under oxygen. According to the estimation based
on P NMR spin echo mapping spectra, the total amount
of VV°* reaches about 13% after an oxidation treatment for
24 h. Assuming 8.4 mol/m? of vanadium on the surface of
(VO),P,0 (36) and considering a specific surface of 5 m?/g,
this amount of VV>* corresponds to about 20 monolayers.
Nevertheless, the lines typical of any crystallized VOPO,
phase have not been detected by XRD (Fig. 3). These obser-
vations could indicate the formation of VV°* domains either
amorphous or too small to assume the long range order of
any VOPO, phase.

However, one must not forget that oxidation also in-
duced the anisotropic creation of structural disorder as
evidenced by the preferential broadening of the (200) re-
flection. Structural defects have been previously detected
by XRD (37, 38), magnetic susceptibility (39, 40), EXAFS
(41), and HREM (42). In the recent paper of Nguyen et al.
(38), the presence of extended defects has been associated
with V®* in the bulk of (VO),P,0; rather than V°* in an
additional VOPO, phase, in agreement with previous mag-
netic susceptibility data (39, 40). Nguyen et al. also found
that the XRD pattern of (VO),P,07 was preserved, despite
the presence of VV°* defects, as in the present work.

Therefore, it may be proposed that the enhancement of
selectivity for MA formation results from the creation, by
the oxidation treatment at 500°C, of both bulk and surface
V3t also acting as structural defects in the (VO),P,07 lat-
tice. The presence of these reactive VV°* species would be
crucial for the oxygen insertion steps of the reaction, es-
pecially the last step from furan to MA as concluded by
Rodemerck et al. in a very recent paper (43). The fact that,
after water washing of the oxidized catalyst, the samplessstill
display a MA selectivity higher than the value measured on
the starting PYRO catalyst should imply that reactive >+
defects have not been completely removed by water leach-
ing.

It may be added that the presence of V> within a signif-
icant number of sublayers also means that a corresponding

389

amount of oxygen could be stored in the (VO),P,0y lattice
before the formation of a definite crystalline VOPQO, phase.
Lopez-Granados et al. (41) already proposed the presence
of interstitial oxygen in the pyrophosphate lattice. Oxygen
storage within a few surface layers has been also invoked in
oxygen-treated V-P-O catalysts by Schuurman et al. (14).

Finally the use of other techniques appears to be neces-
sary to gain more information on the nature of \/°* species
which are most likely responsible for the strong increase
of selectivity to MA. This will be the aim of a forthcoming
publication based on electrical conductivity, Raman spec-
troscopy, NMR, and XPS characterization.
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