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Abstract

The transformation of VOHPO,-0.5H,0 (VPO) precursor doped with cobalt or iron for »-
butane oxidation to maleic anhydride was investigated by thermogravimetric analysis under
air and nitrogen, with and without n-butane in the flow. While almost no effect was observed
in nitrogen or air, a strong influence of the doping was observed when n-butane was added to
the nitrogen or air. This resulted in a delay of the decomposition of the precursor and a further
reoxidation of the VPO catalyst, particularly for doping with cobalt at low percentage (1%).
This shows that doping can change the oxidation state of vanadium phosphorus oxide cata-
lysts, which can explain differences in their catalytic performances and the favourable effect
of doping by cobalt.

Keywords: air, cobalt dopant, iron dopant, n-butane, nitrogen, thermogravimetric analysis, vana-
dium phosphorus oxides

Introduction

Vanadium phosphorus oxide (VPO) is known as the most efficient catalyst for
n-butane oxidation to maleic anhydride |1-5]. This catalyst 1s prepared trom a
precursor, VOHPO,4.0.5H,0 (V*) [6], which can be activated under nitrogen or
dircctly under an n-butanc/air atmosphere (1-3% vol.) to give the vanadyl pyro-
phosphate (VO),P,0; (V*) phase, which is the effective catalyst evidenced by
X-ray diffraction. The oxidation state measured for vanadium in the equilibrated
VPO catalyst is close to 4, in agreement with the main contribution of the
(VO),P,O7 phase, but it can be slightly higher, particularly at the beginning of the
activation. The superficial relative amounts of V** and V" can be measured by
XPS from the decomposition of the V3; XPS peaks observed at 516.9 and
518.0 eV, respectively [7], while the relative distribution of VOPO, structures
(V™) vs. (VO),P,0; (V*) can be estimated by >'P NMR (MAS and spin echo
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mapping) [7, 8]. By combining these techniques, a scheme for the activation of
the VOHPO,-0.5H,0 precursor under an n-butane/air atmosphere was proposed.
This transformation follows two independent and parallel routes of dehydration
to (VO),P,07 (V*") and concerted dehydration and oxidation to transient VOPO,
phases (V") [7]. It has been demonstrated by in situ Raman spectroscopy that the
incorporation of dopants such as Co or Fe can change the V>*/V** balance during
the activation period and can therefore change the catalytic performances in the
stationary state for n-butane oxidation to maleic anhydride [9]. In this work we
study the effects of cobalt and iron added as dopants to the VPO precursor on the
thermal behavior, depending on the atmosphere considered.

Experimental
Preparation of undoped and doped VOHPO4-0.5H20 precursors

These preparations have already been described [9]. Undoped precursor
VOHPO,-0.5H,0 was prepared by adding V,0; (11.8 g) to isobutanol (250 ml).
H;POs (16.49 g, 85%) was then introduced to the mixture, which was refluxed
for 16 h. The light-blue suspension was next 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). For the preparation of the doped 1% Fe and Co/V and
5% CofV precursors, the required mass of the corresponding acetylacetonate salts
was previously dissolved in isobutanol according to the atomic stoichiometry, prior
to the operation of refluxing with 1sobutanol and 85% H;PO,. Further operations of
filtration and washing were carried out as for the undoped precursor. The four
precursors were then dried at 120°C under air for 12 h.

The synthesized precursors, designated VPO, were chemically analyzed and
their dopant to vanadium ratio, Co/V or Fe/V, was determined (Table 1). For exam-
ple, this ratio 1s given as VPOCo] for a precursor doped with 1% of cobalt cations.

Thermogravimetric analyses

Thermogravimetric analyses were performed with a Setaram TGA-DTA 92
thermobalance. 30-34 mg of sample was placed in a platinum crucible sus-
pended from one arm of the balance. The temperature was raised to 530°C at a
heating rate of 1.25°C min™' and maintained at this temperature for 3 h. The
analyses were conducted at atmospheric pressure under the same flow (2.41h™)
of air, nitrogen or a mixture of air or nitrogen with n-butane, with n-butane/nitro-
gen and r-butane/air ratios equal to 0.015. This n-butane/air ratio is similar to
that used generally to activate industrial VPO catalysts. The precision of the ther-
mogravimetric analyses was about 2%. V>*/(V>*+V*") ratios for the solids after
dehydration were calculated from thermogravimetric analyses on the considera-
tion that the dehydration was total.
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Other techniques

The chemical compositions of the solids were determined by atomic absorp-
tion. X-ray diffraction analysis was performed on the samples by using a Sie-
mens D 500 diffractometer with CuK radiation. *'P spin echo spectra were re-
corded under static conditions on the solids after the thermogravimetric analysis,
using a 90°x-1-180°y-1 (acquire sequence). The 90° pulse lasted 4.2 us and T was
20 ps. For each sample, the irradiation frequency was varied in increments 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 in-
tensity was visible. The 'PNMR spin echo mapping information which was ob-
tained by the superposition of all spectra was used for the calibration of the ther-
mogravimetric studies.

Results

Characterization of the precursors

The physicochemical characteristics of the precursors were published earlier
[9]. Chemical analysis showed that the two dopants are present in the precursors
with the expected stoichiometry (Table 1). The X-ray diffraction spectra all cor-
respond to VOHPO40.5H,0 [6]. The relative (001)/(220) intensities and the
BET surface area are slightly modified by doping, which is in agreement with the
slight modification of the morphology of the crystallites ohserved by electron
microscopy [10].

Thermal and thermogravimetric analyses of the precursors

The results are presented in Figs 1-S and Table 2 for the four precursors and
the various atmospheres: nitrogen, air, n-butane/nitrogen or n-butane/air.

In all cases, two ranges of temperature have to be considered. The first, from
room temperature up to 330°C, corresponds to the departure of adsorbed species,
and the second, from 330°C up to 530°C, to the transformation of the solid. While
the first range is approximately always the same, with a mass loss occurring in

Table 1 Physico-chemical characteristics of the VPO precursors

Precursors Co/Co+V SBET/ml g’ Adsorlz:td(;bpccies/
VPO 0 1.2 2.2
VPOCol 1.05 9.1 2.6
VPOFel 1.02 7.1 2.7
VPOCo5 5.02 6.4 3.0
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Plateau at 530°C
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Fig. 1 TG curves for the VPO precursor under nitrogen, air, nitrogen/butane and air/butane
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Fig. 2 TG curves for the VPOCo1 precursor under nitrogen, air, nitrogen/butane and air/butane
two steps at around 60 and 155°C (Fig. 5), the second range differs from one pre-

cursor to another and depends strongly upon the atmosphere. The losses which
may be attributed to the departure of physisorbed isobutanol and water are re-
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ported in Table 1. It may be seen that they increase with the amount of dopant,
whereas at the same time the surface areas of the solids decrease. These results
show that the dopants have a great effect on the physisorption of water.

9 Plateau at 530°C
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Fig. 3 TG curves for the VPOFel precursor under nitrogen, air, nitrogen/butane and air/butane
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Fig, 4 TG curves for the VPOCoS5 precursor under nitrogen, air, nitrogen/butanc and air/bu-
tane

J. Thermal Anal., 53, 1998



MARTIN ct al.: VANADIUM PHOSHORUS OXIDE CATALYSTS 117

0 — -— 0.2
-1 4
2 4
3 4
N
R 4 A =
@ &
[%]
9o 5 4 3
[
2 6 %
7 4
8
=+ -0.5
9
10 4t ———r— L 06
30 130 230 330 430 530 530 530
T/°C

Fig. 5 Heat flow curve for VPOS5 compared with the TG curve for VPOS under air

Precursors under nitrogen

The transformation of the undoped VPO precursor under nitrogen (Fig. 1) is
similar to that previously described in flowing helium [6]. Two domains can [6]
be considered:

1) From room temperature up to 330°C, a continuous loss of mass is observed,
which may be attributed to the departure of physisorbed water and isobutanol
from the precursor.

2) From 330°C up to 530°C, two mass loss ranges can be considered
(330-390°C) and (390-450°C), which correspond successively to the loss of hy-
dration and constitutional water molecules from VOHPO,-0.5H,O. The compo-
sition observed at 530°C (Table 2) corresponds to almost quantitative dehydra-
tion to (VO),P,0; (1.8% V°*,98.2% V*").

The transformations of the doped precursors occur at the same temperature as
for the undoped precursor and correspond to quantitative dehydration to
(VO),P,0O7 (Figs 2—4). In this case, doping does not affect the succession of
events of the dehydration process:

VOHPO40.5H,0 - VOHPO4+0.5H,0 (a)

2VOHPO, — (VO),P,07+4H,0 (b)
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With the exception of VPOFel (93.2% V**), the V*/V>* balances (Table 2) cal-
culated from the compositions at 530°C, after maintenance of the solids for 3 h at
this temperature, are all very similar (98.2-98.9% V*"), and correspond to the
(VO),P»0; phase detected by X-ray diffraction at the end of the experiment.

Precursors under air

The thermal behavior of the solids under air is similar for all the precursors,
although very different from that under nitrogen. The loss of hydration water
(a, b) begins at the same temperature (369°C), but is accelerated and is accompa-
nied by oxidation of the vanadium (c}. The two processes which may be con-
certed can be written

VOHPO40.5H,0 — VOHPO4+0.5H,0 (a)
VOHPO4+0.50; — VOPO4+H,0 (©)

At the end of transformation (), the oxidation is not total and the V>*/V** halance
1s the same for VPO and VPOCo1, but lower for VPOCo5 and VPOFel. The sol-
ids remain unchanged up to 460°C, before undergoing oxidation (c¢). This last
transformation, which occurs at 465°C for VPO and at 471°C for VPOCol1, is al-
most complete in this case (Table 2), while it occurs at 490°C for VPOFel and at
493°C for VPOCoS5 and is incomplete.

Figure 5 shows the heat flow curve of the VPOCo5 solid, which illustrates
transformations (a), (b} and (c) for the successive dehydration (a and b) and oxi-
dation (c) steps.

Precursors under n-butane/nitrogen

The thermal behavior of the solids under butane/nitrogen is similar to that un-
der nitrogen up to 430-450°C. The two dehydration steps (a) and (b) can be iden-
tified. The first occurs at the same temperature as under nitrogen, whereas the
second occurs 10—-15°C higher, depending on the dopant. At 450°C, all the solids
are dehydrated and are beginning to undergo a slow and continuous reduction in
a range of more than 100°C, according to the process (VO),P,0;+n-butane—
VPO4+oxygenated products (d). This reduction is higher for VPO and VPOCo5
than for VPOCol and VPOFel (Table 2).

Precursors under n-butane/air

The TG curves corresponding to the transformations of the solids under n-bu-
tane/air and air are similar up to 350-360°C. The same reaction (a) of dehydra-
tion may be postulated to take place. However, the oxidation of the solids which
occurs as the second transformation is slower than under air and occurs at 383°C
for VPO. This temperature increases with the amount of dopant up to 397°C. Af-
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ter a stabilization up to 440°C, n-butane starts to reduce the oxidized sample. The
final V#*/V™* balance measured at 530°C differs, depending on the dopant, and is
higher for VPOFe1 and VPOCoS5, which demonstrates that Fe has a higher reduc-
ing effect than Co (comparable for 1% Fe to 5% Co) (Table 2).

7.1

Z

6000 5000 4000 3000 2000 1000 0

Fig. 6 >'P NMR spectrum by spin echo mapping for VPOCo$5 after treatment under nitro-
gen/butane

The calibration of the oxido-reduction state calculated from the thermo-
gravimetric analysis was confirmed from the *'P NMR spectra by spin echo map-
ping registered for the corresponding solids after thermogravimetric analysis.
This is illustrated in Fig. 6 for the case of the VPOCoS solid after treatment under
n-butane/nitrogen. The different signals observed can be attributed to structures
corresponding to cations V>*, V*" and V™ surrounding the phosphorus atoms [8].

i) The signal at O ppm corresponds to the VOPOy structures (V™) (absent in
the case of Fig. 6).

ii) The signal in the range 200—1500 ppm corresponds to V**—V°>* dimers in a
poorly crystallized (VO),P,07 structure (indexed as V4+).

ii1) The signal at 2400-2600 ppm (depending on the degree of crystallinity)
corresponds to crystallized (VO),P,05 (indexed as V**).

iv) The signal in the range 3500-5000 ppm (depending on the degree of crys-
tallinity) corresponds to V' (at 4650 ppm for crystallized VPO, )[8].

Table 3 shows these main contributions for Fig. 5. The V** contribution is
13.8% for V*-V°* dimers and 50.7% for crystallized (VO),P,0, which corre-
sponds to a total of 64.5% indexed as V', while the V** contribution is 35.5%.
This result is in agreement with the composition of the corresponding solid cal-
culated from the thermogravimetric analysis, which gives 62.5% V*" and 37.5%

V** (Table 2).
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Table 3 Composition of the VPOCoS5 solid after thermogravimetric analysis under nitrogen/
n-butane as measured by *'P NMR by spin echo mapping**

Signal at 200-1500 ppm (%) 13.8
Signal at 2400--2600 ppm (%) 50.7
Signal at 3500-5000 ppm (%) 35.5

**to be compared with Table 2

Conclusions

The topotactic mechanism of dehydration of VOHPO,4-0.5H,0 to (VO),P,0;
in an inert gas flow has been described [6, 11, 12]. The hemihydrate retains its
water of hydration up to 350°C. The departure of these molecules results in va-
cancy formation at the apex of the vanadium-oxygen octahedra. In this stage,
an electronic rearrangement proceeds, which corresponds to the formation of
VOIIPO4 layers. These layers join, expelling the constitutional water molecules
to form one P,O5 group from two HPO, groups. This second water departure was
observed for pure VOHPO,-0.5H,0 at 430°C.

When the hemihydrate is dehydrated in air, the loss of constitutional water
takes place at lower temperature (380°C) and partial oxidation of the sample oc-
curs simultaneously, which appears in two steps. Doping with a low percentage
(1%) of cobalt delays the temperature of dehydration. This is also observed in -
butane/nitrogen and n-butane/air mixtures. Doping with cobalt at low percentage
also promotes vanadium oxidation. This effect is not observed for doping with
iron or a higher percentage of cobalt (5%). This can be explained by a better dis-
persion of cobalt as compared with that of iron, as evidenced by electron micros-
copy [10].

The promoting effect of cobalt on the oxidation state of vanadium, which in-
creases the V>*/V* balance in the n-butane/air atmosphere, is highly important
to explain the catalytic role of this dopant in n-butane oxidation to maleic anhy-
dride, as demonstrated by an in sifu Raman study [9]. This is made possible by
the formation of a very limited solid solution of the type ((VO);Cox)):P-0,
[13]. This confirms the specificity of this promoter added in very small amount,
as concluded previously by other authors [14].
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