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Abstract

A new family of vanadium phosphorus oxides (VPO) catalysts has been identified. It consists in a mixture of VPO with
niobium phosphate (NbPO). The amorphous NbPO material is introduced during the preparation of the,\@&HRO
precursor. It is observed that the VPO-NbPO catalyst is more rapidly activated and gives better performbotasse(
conversion and maleic anhydride selectivity) for mild oxidatiom-diutane to maleic anhydride. VPO phases and the NbPO
material have been identified in the VPO-NbPO precursor and in the VPO-NbPO catalyst. Nb in VPO crystals and V in NbPO
particles have been respectively observed by EDX-STEM. No other VPO crystals than the VOHBO precursor, and
(VO)2P,0 for the catalyst, have been identified by XRD & NMR. 3P NMR by spin echo mapping ai#P MAS NMR
have confirmed an interaction of the VPO precursor with Nb and of the NbPO amorphous material with V, as evidenced by
EDX-STEM. This should be the reason for the observed improvement of the catalytic results by a redox effect of niobium on
the VPO catalyst modifying the' /V#* balance in a favourable way. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction more than 1000 h in a classical fixed bed reactor. In or-
der to diminish the costs in industrial units, it is highly
Vanadium phosphorus oxides (VPO) is a well important to decrease the activation time. In parallel,
known family of catalysts for the mild oxidation the need to improve the catalytic performances of the
of n-butane to maleic anhydride [1-3]. The effec- VPO catalyst has prompted research on the corre-
tive VPO catalyst needs a long activation of the sponding materials by introducing dopants [7], or by
VOHPQy, 0.5H,0 precursor (¥+) which changes attempting to support the VPO catalyst [8—10]. In this
into (VO)2P,07 (V4*) under then-Ca/air flow, with a communication, we show, in agreement with previous
suitable dispersion of isolated®¥ sites in strong in-  work [10,11], that niobium phosphate (NbPO) is a
teraction with (VO}P,07, depending on the catalytic good material to improve both the catalytic perfor-
conditions [4-6]. Industrially, the activation of the mances fom-butane oxidation to maleic anhydride,
VPO catalysts to the “equilibrated catalysts” needs and to decrease the time of activation of the VPO
catalyst. The effect of NbPO on the properties of the
* Corresponding author. VPO precursors and catalysts is discussed.
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2. Experimental
2.1. Preparation of the VPO-NbPO precursors

The niobium phosphate (NbPO) was obtained from
the Companhia Brasileira de Metalurgia e Miner-
acao (CBMM). It is a poorly crystallised material
with a BET area of 180Rig. The VPO-NbPO
precursors were prepared following the classical
Exxon method by refluxing ¥Os with isobutanol
and HPOy (85%) for the preparation of VOHRPQO
0.5H,0 [12]. The VPO-NbPO precursors which gave
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ation. A Scanning Electron Microscope Hitachi S 800
was used to study the morphology of the materials. An
EDX-STEM Microscope JEOL JSM-840/A allowed
the analysis of V, Nb and P depending on the different
morphologies observed by SEM. These results were
compared with the chemical analysis of the materials.
TGA experiments of the transformation of the precur-
sors under air AT=5°C/min) were performed in a
SETARAM TGA-92/12 microbalance with a simul-
taneous registration of the heat flow (HE}P NMR
experiments were performed on a BRUKER MSL
300 NMR spectrometer. Conventional spectra were

the best VPO-NbPO catalysts had to be prepared byobtained at 121.5MHz using a 90(acquire) se-

introducing NbPO just before the nucleation of the
VOHPQy, 0.5H,0 vanadyl phosphohemihydrate in
the organic medium. For example 3.20g 0pQ4
(RdH) was refluxed with 100 ml isobutanol (Merck)
and 4.48g HPO, 85% for 35 min. After cooling to

guence. The 90pulse was 4.2s and the delay time
between two consecutive scans was 10s. Samples
were typically spun at 4kHz in zirconia rotors us-
ing a double bearing probehead. TH® Spin Echo
spectra were recorded under static conditions, using

room temperature, the white powder of the NbPO ma- & 90'x-t—180'y-7- (acquire sequence). The 9pulse

terial was then introduced in the mixture which was
further refluxed for 24 h. The blue final precipitate

was 4.2us andr was 20us. For each sample, the irra-
diation frequency was varied in increments of 100 kHz

was then centrifuged at room temperature, washed above and below thé'P resonance of £P0Ojs. The

with isobutanol and ethanol and dried at 1COfor

number of spectra thus recorded was dictated by the

16 h. We prepared different precursors by changing frequency limits beyond which no spectral intensity

the mass of NbPO as compared withQ4 initially

was visible. The3lP NMR Spin Echo Mapping in-

introduced in the preparation. The precursors and cat- formation was then obtained by superposition of all

alysts will be indexed as VP@»—NbPQy) (where
3.2g is the mass of 305 initially used andXg the
mass of NbPO further introduced). Two precursors
and catalysts will be particularly considered in this
work: VPO(3,2)—NbPQo_5) and VPQ342)—NbPQ1).

2.2. Activation of the VPO-NbPO precursors

spectra.

Catalytic measurements for oxidation whbutane
to maleic anhydride were performed at 400and
at atmospheric pressure with 400mg of catalyst
in a microreactor in the corresponding conditions:
N—C4/O2/He=1.6/18/80.4-GSHV=1500 1.

The VPO-NbPO precursors were activated in the 3 Results

catalytic reactor unden-butane/air atmosphere in
the following conditions: n-C4/O2/He=1.6/18/80.4
—GHSV=1500h"1. PerformancesnéC4 conversion
and MA selectivity) were measured after a period of
120 h of activation which are normally necessary in
the laboratory conditions for a massic VPO catalyst
to be equilibrated.

2.3. Physicochemical characterisation

3.1. About the precursors

The XRD spectra of the two precursors VB@—
NbPQos5 and VPQz2—-NbPQiy are presented in
Fig. 1. They are characteristic of the VOHRO
0.5H,0 phase. No other phases are observed. Recall
that the NbPO material is amorphous and cannot be
detected by XRD. However the major lines are par-
ticular for both spectra with a higher contribution of

Precursors and catalysts were characterised bythe (220) line as compared to the (001) one which

XRD using a Siemens diffractometer and Cu Kadi-

is, in this case, also enlarged. This is typical of the
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Fig. 1. XRD spectra of the VPO-NbPO precursors as refered to normal VQHREH,O.

morphology obtained by reduction of VORQH,0 phases (see VPO reference). It clearly appears that
by isobutanol [12] which is known to develop VPO these two transformations typical of the VOHRO
crystals with thin VOHPQ@, 0.5H,0O (001) platelets  0.5H,O hemihydrate are also observed for the two
(VPD route). The BET area of the VPO-NDbPO pre- VPO-NbPO precursors. Two exothermic phenom-
cursors is given in Table 1. It increases with the NbPO ena located near 215 and 265-275 are observed on
contribution. the HF spectra of the VPO-NbPO precursors. The

Fig. 2 presents the HF spectra under air of the same peak at 215C is due to the oxidation of isobutanol
precursors as compared to the reference VOEPO as it is observed from an experiment on a reference
0.5H,O precursor and to the reference NbPO ma- impregnated isobutanol-NbPO material. The peak
terial. As previously published [13], endothermic at 265-273C appears to be also a fingerprint of
effects in the 340—4I@ temperature range are as- NbPO. The increase of the NbPO contribution in the
sociated with the dehydration of VOHRQ0.5H,0 VPO-NbPO precursors induces a decrease of the tem-
into (VO)2,P,0O7, while the exothermic peak at perature of dehydration of VOHROO0.5H,O (from
505-510C is due to its reoxidation into VORO 410 down to 400C between VPO and VPg@o)—

taNbPQy)).
The3lP SEM NMR spectra of the VPO-NbPO pre-

Table 1 . . . .
BET area of the VPO-NbPO precursors as compared to the NbPO ;::Jrf?;SS S;i]pz\e/;e@hted ,\I;E)Eg 35 ::nsdlg;ltaJlI?SAfgt;)Sper;VGd
material -2)~ 0.5
~ ~ (VPO@z2—NbPQy)). It appears characteristic of P
mzlfe?ial VPQs2=NbPQu  VPOr2—NDPQus) atoms in the vicinity of V atoms in VOHP£)0.5H,0
(1625 ppm) [14], but displaced to higher value. A sec-
(Bngg;’“ea 180 318 19.5 ond signal is observed at9.5, —10.5 ppm which has

been attributed to P atoms in the vicinity of NbPO.
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Fig. 2. Heat flow spectra of the activation under air of the VPO—NbPO precursors as refered to ¥OHB)O and to the NbPO
material during TGA experiments.

The reference NbPO shows®% MAS NMR spec- S isolated squamas of VOHR(0.5H,0

trum signal at—8.0 ppm which differs from thé'p
MAS NMR spectrum signal of VOHP£) 0.5H,0 at
1.7 ppm (see Fig. 4a§1P MAS NMR spectra of the

crystals usually deposited on the NbPO
material.
From this study, it appears that different mor-

VPO-NbPO precursors are presented in Fig. 4b as phologies of VOHPQ@, 0.5H,0 crystals are observed.
a function of the Nb content in the 0.1-0.5g range This may be the influence of the interaction with
of preparation. Two signals which correspond to two NbPO.

different environments of P atoms are observed. The

signal near—9, —10ppm is typical of NbPO while
the signal at 2.1 ppm belongs to VOHR®.5H,0
(see Fig. 4a).

Fig. 5 shows the SEM study on the VPQ—
NbPQy) precursor. Four different morphologies are
observed:

N large particles typical of the NbPO material;

P entangled VOHPg) 0.5H,0 crystals as
platelets which appear to have grown
on the NbPO material.

R VOHPQ, 0.5H,0 platelets organised as
typical sand-roses.

The results of the EDX-STEM examination of the
corresponding precursor is presented in Fig. 6. It
compares the atomic composition depending on the
different morphologies (Fig. 5). G corresponds to a
general examination of the precursor which integrates
all the SEM observed morphologies. It shows the cor-
responding composition consideringt¥+Nb=100
(46.5%V, 46.1%P, 7.4%Nb). NbA/0.159 from this
study, which approaches the result of the chemical
analysis (Nb/\=0.152). It appears from Fig. 6 that
some V is present on or into the N NbPO isolated
crystals. The analysis of the P entangled VOHPO
0.5H,0 crystals alone is difficult since they are al-
ways covering N NbPO crystals. This is the same sit-
uation for the S isolated VOHPQO0.5H,0 squamas
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Fig. 3.3P SEM NMR spectra of the VPO-NbPO precursors.

often dispersed on N NbPO crystals. When isolated Nb on or into VOHPQ, 0.5H,0 and some V on or
R entangled VOHP@Q 0.5H,0 crystals or isolated S into NbPO.

VOHPQy, 0.5H,0 squamas are considered, some Nb

is analysed together with the major V element. In that 3.2. About the catalysts

case the P/V ratio was 1.01 and 0.99, respectively

which is the expected ratio of VOHRQO0.5H,0. It Best catalytic results were obtained for VPO-NbPO
was concluded from this study that there was some corresponding to low Nb/V ratios. The VPO-NbPO
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Fig. 4. (a)3'P MAS NMR spectra of the reference NbPO niobium phosphate and of the VPO precursor (MOBIBBO); (b) 31P
MAS NMR spectra of the VPO-NbPO precursors at low NbPO conténj. Band characteristic of the NbPO niobium phosphatg; (
corresponding rotating band$®{ band characteristic of the VPO precurso®)(corresponding rotating bands

catalysts reach a stationary state after only 40h, Catalysts n-Cy MA MA
while, in the same conditions, the massic VPO cata- conversion selectivity  yield
lysts need more than 120 h. The following table gives (%) (%) (%)
the catalytic performances measured after 40h of

activation at 400C of the corresponding precursors Massic VPO 40 62 24.8
(n—C4/Oy/He: 1.6/18/80.4GSHV=1500h1) for VPOz2—-NbPQ1y 60 75 45.0

two different VPO-NbPO compositions in compari- VPO@32-NbPQos 75 75 54.2
son with the massic VPO.
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Fig. 5. SEM examination of the VRg,—NbPQy, precursor showing the four different morphologies of VPO and NbPO.
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Fig. 6. EDX-STEM analysis of the four different morphologies of VPO and NbPO.

n-butane conversion and maleic anhydride selectivity synergetic effect induced by Nb? From this study it
are considerably increased when NbPO is associatedappears that there is an influence of Nb on the mor-

to VPO.
The physicochemical examination of the VPO-

phology of the VOHPQ@, 0.5H,O precursor and on
the morphology of the final activated (V& O cat-

NbPO catalysts reveals the presence of the only alyst: this is obvious from the relative intensity of the

crystallised (VO)P,0O; phase with a higher relative
intensity of the (024) line as compared to the (200)
one, which is typical of a VPO catalyst prepared from
VOHPOQy, 0.5H,0 following the VPD route [12]. This

is confirmed from thélP SEM NMR study. It is il-
lustrated in Fig. 7 for the VP@2—NbPQy, activated
catalyst. The3!P SEM NMR signal at—18.0 ppm
which should normally be attributed to NbPO in
(VO)2P,07;—NbPO catalyst is observed 10 ppm lower
than the pure NbPO material-8 ppm, see Fig. 4a).
This is indicative of a modification of the P environ-
ment in NbPO, due, probably to a doping of V.

4. Discussion

The improvement of the catalytic performances ob-
served for the mild oxidation ofi-butane justifies a
large interest in the modification of VPO by NbPO.

XRD lines of the VPO precursor and of the (YO,
catalyst favouring a VPD type route morphology [12].
The3P NMR (MAS and spin echo mapping) and the
EDX-STEM studies bring other interesting informa-
tions: the3!P NMR spectra by spin echo mapping of
the VPO-NbPO precursors show two signals at about
—10ppm, and at 1710/1750 ppm which are respec-
tively characteristic of NbPO and of the VOHRO
0.5H,0 precursor [14]. The higher value of the sig-
nal of VOHPQ,, 0.5H,0 (1730-1740 ppm instead of
1625 ppm normally observed for this VPO precursor
[14]) shows, in this material, a modification of the
environment of P, due, probably, to the presence of
Nb at show distance which should be indicative of a
doping effect. The hypothesis of Nb-doping is also
supported by EDX-STEM which shows that Nb is
always observed on the isolated VOHR®.5H,0
platelets which have the typical sand-roses morphol-
ogy of the VPO precursor. THéP MAS-NMR spectra

The question which emerges from these results is: how of the VPO-NbPO precursors show two signals near
does NbPO influences the catalytic properties of the 0 and—10 ppm, characteristic of thi#P-0-21V and

VPO system. Is there a doping effect on VPO or a

31p_0-23Nb moieties, respectively. Indeed in NbPO,
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only the second signal is observed (&8 ppm). The echo mapping, there are evidences for a doping ef-
relative intensity of these two signals (Fig. 4b) changes fect of Nb on the VPO matrix. It is suggested that Nb
with an increase of the signal near 0 ppm as comparedinfluences the ¥*/V4* ratio both at the level of the

to the signal at-8, —10 ppm at low NbPO content. It
is proposed that Nb should influence th&A/5+ re-
dox in VPO following the corresponding equilibrium:

Nb>t + V4 s N 4 V5t

Indeed NbPO appears to be an amorphoustNb
material derived from a NbOROphase (the XRD

spectrum of NbPO shows contributions at the same

position of the main lines of NoOPbtained by cal-
cination at 900C of the amorphous NbPO material).
This hypothesis which should explain the improve-
ment of the VPO catalytic performances by Nb and the

speeding up of the activation time has to be confirmed
by an XPS analysis of the VPO-NbPO precursor and

of the corresponding VPO-NbPO catalyst.

5. Conclusions

The addition of NbPO material used in this study
improves the catalytic performances of the VPO cata-
lysts forn-butane oxidation to maleic anhydride. This
effect is evidenced at low VPO/NbPO ratio. Another
interesting feature of the addition of this material is
a strong improvement of the activation time of the
VPO precursor which will be important for industrial
applications. The addition of Nb to VPO catalysts
will be also interesting to improve the mechanical
strength of the VPO pellets to be used in fixed bed re-
actors. A modification of the morphology of the VPO

VOHPQ,, 0.5H,0 precursor and of the (VP07
catalyst. This does not exclude any synergetic effect
between VPO and NbPO but this has to be studied
using a well defined NbPO material. The catalytic im-
provement observed is an highly important result since
it is well known that any improvement of the vana-
dium phosphorus oxides catalysts should go through a
better control of the superficial®/V4* ratio on the
final (VO)2P,0O7 matrix [6].
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