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Abstract

The redox properties of vanadium phosphorus oxide (VPO) catalysts have been compared to their catalytic performance in
fuel-lean conditions for two sets of (VeR,O7 catalysts obtained after calcination under nitrogen at different temperatures
or after different postoxidation periods under dioxygen. It is shown that doping the VPO catalysts with Co and Mo makes
possible for the catalyst to produce maleic anhydride in fuel-rich conditions. In both situations, catalytic performances are
dependent on the vanadium oxidation state of the catalysts. © 2001 Published by Elsevier Science B.V.
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1. Introduction In the present paper, it is shown that the catalytic
) ) ) ~ performance of the VPO catalyst may be controlled
Vanadium phosphorus oxide (VPO) is the typi- py the oxidation state of vanadium through the sur-
cal catalyst for mild oxidation of-butane to maleic  f5ce \B+/v4+ ratio necessary for the mild oxida-
anhydride. For this catalyst, vanadyl pyrophosphate jon of n-butane to maleic anhydride, in agreement

(VO)2P20y7 is considered as the bulk phase of the \ith the rules of the Mars—van Krevelen mechanism
long term ‘equilibrated’ industrial VPO catalyst, since [1].

it is the only phase identified by X-ray diffraction.
The VPO catalyst is obtained after a progressive ,
transformation of the vanadyl phosphohemihydrate 2- Experimental

VOHPG;-0.5H0 precursor to (VOI,07 by dehy- Three series of experiments have been conducted

dration. However, the final catalytic perfqrmance of independently in order to modify the surface and bulk
the VPO catalyst depends on the succession of surface o

) T composition of the VPO catalysts and to study the
and bulk transformations, the relative importance of

which differ with the conditions of activation of the mf:ﬁephc: g;othseeﬁztsaly\% geggtrgiqgewere repared
precursor. During this period, there is an evolution from the same VOH,PQO 5H,0 )r/ecursor obl?[air?ed
of the acido-basic properties and a variation of the ' P

oxidation state of vanadium which affects both the apcordmg o the. Exxon organic route. The condi-
tions of preparation of these precursors have been
surface and the bulk.

previously published [2,3]. The VPO precursors were
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e In a first series of experiments, the precursor was formation on the relative distribution of% and \P*
calcined under W at temperatures from 450 up to  species in the bulk and at the surface of the VPO cat-

880C°C. alysts.3P NMR spectra were recorded on a Bruker
e In a second series of experiments, the standard DSX 400 spectrometer operating at 161.9 MHz, using
(VO)2P,07 calcined at 750C under N and de- a 4mm standard probe head. Spectra were obtained

noted (PYRO) was heated up to 5@ (5°C/min) at a spinning speed of 12kHz with a pulse length
under an oxygen flow (20 ml/min) and then kept of 1.5us and a recycle delay of 60s. XPS analysis
at this temperature from 0.5 to 24 h. This series was performed in a VG Escalab 200R model us-
of preoxidized catalysts is denoted as PYRO- ing the Mg Ka radiation. The relative percentage
OX. of surface \#* and \P*+ species has been estimated
(at ca. 10%) from the V 2p, peak using a peak
deconvolution and curve fitting technique. Electron
conductivity measurements have been used to study
the electronic interactions between some of the pow-
dered VPO samples amgtbutane, @, n-butane/Q
catalytic gas mixture. A specially designed cell was
used for these studies [5]. The electrical conduc-
tivity of the pyrophosphate samples was measured
at 400C under Q (16.7 kPa),n-butane (1.47 kPa)
and the reaction mixturgO,/C4 = 125/11) in
order to simulate the fuel-lean conditions of the
test.

For these two series, the VPO catalysts were then
compared fon-butane oxidation to maleic anhydride
at 380—400C in a flow microreactor working at atmo-
spheric pressure, in fuel-lean conditions, with the gas
mixture compositionnC4/0O,/He = 1.6/18/80.4 —
GSHV = 1500 T2

In the third series of experiments, the VPO precur-
sors were prepared by reduction of VOPZH, O with
isobutanol (VPD route) [4]. The VPO precursors were
then modified by doping, according to two different
routes:

e Introduction of the Co dopant as Co acetylace-
tonate into isobutanol prior to the reduction of
VOPOy-2H,0. 3. Results and discussion
e Impregnation of the ammonium heptamolybdate,
once the VOHP@0.5H,O precipitated. 3.1. Comparison of pyrophosphate (PYRO)

. . . VPO catalysts precalcined at different
For this third series, the VPO catalysts were then temperatures under N,

compared fon-butane oxidation to maleic anhydride

at 400C in a flow microreactor working at atmo- As observed by X-ray diffraction, the crystallinity
spheric pressure, in fuel-rich conditions, with the gas of the VPO catalysts increases with the temperature
mixture compositionnC,4/Oz/He = 16.6/10/734 — of calcination. A progressive shift of the characteris-

GSHV = 3000 hL. For all the catalytic tests, on-line  tjc signal of VA in (VO),P,07 is observed in thélpP

analysis of reactants and products was achieved by gasyMR signal by spin-echo mapping from 2500 ppm for
chromatography using three different columns to sep- PYRO 450 up to 2630 ppm for PYRO 880 (Fig. 1).
arate hydrocarbons, oxygenates and,CSampling  Sjgnal near 0 ppm, which is almost absent for calci-

valves and tubing were located into a hot box (1ap nation at 750 and 88C, has been explained by the
The carbon mass balance obtained was better thanpresence of superficial species for low tempera-
97-98%. tures of calcination. This information is confirmed by

In both fuel-lean and fuel-rich conditions, per- the XPS studies: the decomposition of the Vg/ap
formances were measured at Stationary state. Cat-peak between two contributions at 516.9 e\f'Wand
alysts were denoted VPDCo, VPDMol, VPDMo02 £518eV (\/5+) allows a measurement of theé"\yv°+
and VPDMo3 with the corresponding composition ratio at the surface. In Fig. 2, it is observed that the
Co/V = 0.77, Mo/V = 0.83, 1.21 and 2.56, respec- intrinsic activity to MA, measured in fuel-lean con-
tively. ditions at 400C, reaches a maximum for the VPO

3P NMR by spin-echo mapping and XPS were calcined at 750C for which the \#/\/5* ratio is
used as physicochemical techniques to get crossed in-ground 6—7.
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Fig. 1. 3P NMR spectra by spin-echo mapping as a function of

the temperature of calcination.
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3.2. Comparison of pyrophosphate (PYRO)
catalysts preoxidized at different times under Oz

From the previous study it was found that the intrin-
sic activity in MA formation of (VO}P,O7 catalysts
calcined under Mat different temperatures is strongly
dependent on the surfacé/V®* ratio as measured
by XPS. Another possibility of changing this ratio, and
thus the catalytic activity, is to oxidize the (V&»O7
catalyst by a pretreatment inpOlt is what occurs in
the regenerator of the recirculating riser reactor used
in the DuPont process [6,7].

Fig. 3 shows the variations of selectivity in MA
at 10-12% n-butane conversion for PYRO and
PYRO-OX catalysts, depending on the time of O
pretreatment [8]. A strong increase of selectivity in
MA from 52% for PYRO up to 84% for PYRO-OX-1
is observed with a maximum and a further decrease
down to 75% for PYRO-OX-24. After hot water leach-
ing (HWL), MA selectivity decreases to 60%, a value
higher than observed for the original PYRO sample
(52%). Different physicochemical investigations of
the catalysts have been conducted in order to explain
the modification of the catalytic performance [9].

In the 3P NMR spin-echo mapping spectra,
apart from the signal in the 2000-3000 ppm range,

o n-C4
o MA
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Fig. 2. Influence of the ¥/V>+ (XPS ratio on intrinsic activities fonC4 conversion and MA formation on PYRO catalysts precalcined

at different temperatures unden N
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Fig. 3. Influence of an @oxidation pretreatment on MA selectivity mC4 mild oxidation.

characteristic of ¥ surrounding P atoms in
(VO)2P207, two signals are observed around O ppm:
a first one at 90 ppm and a more complex one, with
a maximum at-25 ppm (Fig. 4). These two last sig-
nals are typical of P atoms in a®¥ environment.
Signal at 90 ppm increases from PYRO-OX-1 up to
PYRO-0OX-24 comparatively to signal at25ppm.
After HWL, signal at 90 ppm disappears, which evi-

dences that this signal is connected to the equivalent

PYRO-OX-1

PYRO-0X-24

PYRO-OX-24-HWL

200 0 200 ppm/H,PO,

Fig. 4. Variation of the3lP NMR spin-echo mapping spectra
of samples preoxidized in Ofor 1 and 24h (PYRO-OX-1 and
PYRO-OX-24) and after HWL (PYRO-OX-24-HWL).

of some VOPQ phase (solubilized in hot water) or
to a high degree of condensation of the*\species.
From these considerations, it is proposed that these
two signals are, respectively, connected to"\ni-
crodomains (signal at 90 ppm) and toVisolated
sites (complex signal at25ppm). These proposals
are confirmed by the examination of the same solids
by 3P MAS NMR (Fig. 5). Indeed, the corresponding

PYRO-0X-24

*

PYRO-0X-24-HWL

-400
ppm/H,PO,

200 0 -200
Fig. 5. Variation of the3'P NMR spin-echo mapping spectra

with time O,. Time is expressed in hours — HWL: after HWL
treatment.
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spectra show also two main contributions:-at3.6 face of the G~ species from the sublayers (rs sec-
and—177.6 ppm. The intensity of their associated ro- tion for PYRO-OX-3-HWL versus section cd for
tating bands evidences a high dispersion of t¢ V. PYRO). Indeed, the increase énis much lower for
species around P atoms in the case of the signal atPYRO-OX-3-HWL. This could be due to a slower
—177.6 ppm (isolated ¥ sites), which is notthe case  diffusion of O~ species delayed by the presence
for the signal at-13.6 ppm (\»+ microdomains). of the VPt isolated sites in the sublayers of the

The different relative distribution between isolated pyrophosphate material.

V5t sites and ¥+ microdomains in the PYRO-OX For PYRO and PYRO-0OX-3-HWL, the introduction
catalysts is the reason for differences observed in of O, causes a rapid and similar increasecofor

MA selectivity of the corresponding catalysts iy C  both catalysts. A maximum is observed within a few
mild oxidation. It is quite interesting to note that minutes. It may be explained by the reoxidation of the
PYRO-OX-24-HWL, for which \»* microdomains surface layers which have been previously reduced in
have been eliminated and for which only isolated the G, sequence. The further increase (sections ef and
V5t species are present, has a higher MA selec- tu), very similar for both catalysts, is explained, as
tivity (60%) as compared to the initial PYRO (MA  previously, by the diffusion of the © species of the
selectivity 52%) for which they are absent. sublayers.

The changes in electron conductivity)(for this The introduction of thénC4H10+0>) reaction mix-
p-type semiconductor give interesting information on ture results in a reduction of both catalysts, which is
the differences observed in the physicochemistry of the less pronounced as compared to thes€quence. The
vanadyl pyrophosphate catalysts (isolate? \sites rapid decrease for PYRO-OX-3-HWL (section uv) is
and \P*+ microdomains) when contacting the reacting indicative of the absence of any®V microdomains
gases [9]. Results are presented in Fig. 6a and b. Leton this catalyst, in contrast with PYRO for which the

us comment on the evolution of. V>t microdomains appear to have been restored af-
ter the previous @sequence: the fg section of the

3.2.1. PYRO-OX-3-HWL catalyst as compared curve is indicative of their reduction under 40;)

to PYRO catalyst atmosphere. Another interesting information is that

The 3P NMR study has shown that the difference the presence of isolated®V species has impeded the
between these two catalysts is the presence of isolatedgrowth of the \?* microdomains during the previous
V5+ species for PYRO-OX-3-HWL since HWL has O, sequence for PYRO-OX-3-HWL.
eliminated the V+ microdomains which are absent
for PYRO (Fig. 6a). 3.2.2. PYRO-OX-1 catalyst as compared to PYRO

For PYRO, the introduction of £results in a catalyst
strong decrease of, as a result of the reduction of The 3P NMR study has shown that the differ-
(VO),P,0; by n-butane affecting the © species ence between these two catalysts is the presence of
of the surface (bc) and in conformity with its p-type both V** microdomains and isolated®/ species for
semiconductivity. This initial period under stati€, PYRO-0OX-1 which are both absentin PYRO (Fig. 6b).

is followed by a progressive increaseafdue to the PYRO-OX-1 presents a higher as compared to
diffusion to the surface of the © species from the ~ PYRO. This is due to the presence of thétVmi-
sublayers (cd). crodomains on this catalyst since isolatet \6pecies

For PYRO-OX-3-HWL, theo decrease atC, in- which are also present on PYRO-OX-1 do not result
troduction (qgr) is very similar to that of PYRO, which in any change o& (see Fig. 6a). This is also in line
demonstrates that the initial reduction effect on this with a promoted p-type semiconductivity induced by
catalyst bynC, is not affected by the presence of the oxidizing treatment.
isolated \** species. The similitude of these two The introduction ohC4 on PYRO-OX-1 resultsin a
catalysts is confirmed by the almost similar values low decrease (jk) of as compared to PYRO for which
of o before the initial exposure toC4s. However, it is very fast (bc). This low decrease is indicative
differences ino appear between PYRO-OX-3-HWL  of the reduction of the superficial® microdomains
and PYRO for the period of diffusion to the sur- which are primarily affected. The Im part of the
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Fig. 6. (a) Kinetics of variation of the electrical conductivity of PYRO (solid line) and PYRO-OX-3-HWL (dotted line) catalysts for various
sequences imC4, O2 and (nC4 + Op) reaction mixtures. (b) Kinetics of variation of the electrical conductivity of PYRO (solid line) and
PYRO-OX-1 (dotted line) catalysts for various sequencersGg, O, and (nC4 + O) reaction mixture.

curve is due to the diffusion of the?0 species of the
sublayers, as previously discussed.

After O, introduction, o increases because of
the growth of the V* microdomains. In this case,
the & diffusion appears to be much more rapid
for PYRO-OX-1 as compared to PYRO which is a
high specificity of this catalyst. This specificity of
PYRO-OX-1 is further confirmed when compared to

PYRO since the introduction ofC4 + O») induces
a much lower decrease of, which is indicative of
a higher oxidability of PYRO-OX-1 as compared to
PYRO.

In conclusion on the electrical conductivity data, the
most active vanadyl pyrophosphate catalysts are those
in the oxidized state. This is in line with the p-type
semiconductivity [10]. This requires that the electric
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Table 1

Catalytic results obtained at 400 for nC4 mild oxidation in fuel-rich conditiongnCs/O,/He = 16.6/10/73.4 — GSHV = 3000 1)

Catalyst Catalytic results (%) Ma SBeT
(105 molm=2h~Y) (m?g1)

C(CsH10) C(02) Sva SCyHg So Sco, Yma

VPD 15.5 100 0 45.1 32.8 5 0 0 17.1

VPDCo 25.5 77.9 11.5 42 22.4 23.8 2.9 4.62 28.0

VPDMo1l 16 96.5 5.7 47.2 26.6 20.5 0.9 1.28 16.5

VPDMo2 8.2 81 8.3 33.7 30.7 27.3 0.7 1.34 17.5

VPDMo3 5.3 63.2 36.5 11 28.8 33.8 1.9 3.25 21.9

charge are positive holesthdirectly related to the
presence of isolated® atoms in vanadyl position.

(VVO)3+ N (VIVO)2+ 4 h-‘r

Holes h", which are electronic vacancies, chemically
correspond to O species according to:

VH* L0 e VH O

to insert into butene £ molecules, giving birth to

excess%e of oxygen anions, which is the source of
oxygen atoms transferred to MA formation

vV 0),P,07 + je o VNV 0)2-: (VY 0). P07 /2

3.3. Adaptation by doping of pyrophosphate
VPO catalysts to fuel-rich oxidation conditions

The mild oxidation oin-butane to maleic anhydride
on the VPO catalysts is usually performed in fuel-lean
These oxidizing species are probably those which are conditions. When turning from fuel-lean conditions
not only able to oxydehydrogenate butane, but also (O,/C4 = 12) to fuel-rich conditiong02/C4 = 0.6),

it was observed that the VPO catalyst deactivates in

maleic anhydride. p-Type semiconductivity implies an a few hours and does not produce any more maleic
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1A, 10° mol. m>. h"
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o o o »u o u o

o
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Fig. 7. Correlation between intrinsic activity in MA formation and XP8W ol (%) ratio for VPO-doped catalysts used fo€4 mild
oxidation in fuel-rich conditiongO,/C4 = 0.6).
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anhydride [11]. This deactivation in fuel-rich condi-
tions is not so drastic when the VPO catalyst has
been previously preactivated by, @t low tempera-
ture (500C), but it still occurs after a longer time
[11]. By XPS, it was demonstrated that the Qre-
treatment initially induces an increase of the surface
V>t percentage on the PYRO catalyst. However, de-
activation for MA production finally occurs and only

M. Abon et al./Catalysis Today 71 (2001) 121-128

vanadyl pyrophosphate catalyst favors selectivity to
maleic anhydride. The existence of isolated\sites
and P+ microdomains has been evidenced By
NMR. Their respective location in the VPO material
has been studied via the study of the variation of the
electron conductivity when interacting with,Gnd
O,: it has been concluded that®¥ microdomains
are located at the surface while isolate®"\sites are

butenes isomers and 1-3 butadiene are subsequentlyocated in sublayers of the vanadyl pyrophosphate

produced. This is explained, in such fuel-rich condi-
tions, by the impossibility for the ¥ sites, which
are in lower density, to insert O in thegs@olecular
intermediates to produce maleic anhydride.

We subsequently tried to reinforce the oxidative ca-
pacity of the VPO catalyst for the production of maleic
anhydride by using Co and Mo as dopants. VPO pre-

cursors prepared according to the third series of prepa-

ration (see Section 2) were used and tested in fuel-rich
conditions [12]. No deactivation of the Co-VPO cat-
alyst was confirmed after the test in fuel-rich con-
ditions by the observation in the corresponditig
NMR spectrum of the characteristic signal of thetV
species at 0 ppm, which was not the case for the un-
doped VPO. Catalytic results are presented in Table 1.
In such fuel-rich conditions, a good correlation was
observed between intrinsic activity in MA and the
V5 /Vioral ratio, as measured by XPS after reaction,
which evidences that doping controls the final chem-
ical steps to maleic anhydride in the reaction scheme

(Fig. 7).

4. Conclusions

The reactivity of the VPO catalysts for mild oxida-
tion of n-butane is controlled by the oxidation state of
vanadium at the surface which can be regulated ac-
cording to the different pretreatments of the catalyst.
n-Butane molecules are activated on acidic centers
(V4 sites with ionic vacancies) (first step). Simul-
taneously, Vt sites are responsible for the p-type
semiconductivity of the pyrophosphate, i.e. of some

structure. The fuel-lean (i.e. oxidizing) conditions
of reaction (02/C4 = 12) allows to maintain the
Vo V4 ratio at an optimal value (near 0.25) which
corresponds to one™ site for four V** sites. These
conditions are not any more valid in fuel-rich condi-
tions (i.e. reducing)O2/C4 = 0.6). In this case, the
only possibility to allow the VPO catalyst to work for
mild oxidation ofn-C,4 to maleic anhydride is to add a
dopant into the VPO material. The nature of dopants,
their optimal concentrations and their localization are
still under investigation, but it has been observed that
Co and Mo are suitable for helping VPO catalyst to
work in fuel-rich conditions.
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