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The modifications of vanadyl pyrophosphate (VPO) during the activation under propane/oxygen/water/nitrogen containing gaseo
ave been studied and related to catalytic performances of the catalyst in the oxidation of propane to acrylic acid (AA). VPO sample
t different times starting from VOHPO4·0.5H2O have been characterized by using SEM, XRD,31P NMR by spin echo mapping and NH3-TPD

echniques. Introduction of water after about 20 h results in enhancing crystallization of the catalyst, reducing surface acidity (also
cid sites distribution) and promoting the disappearance of V5+-containing phases. At the same time, acrylic acid is produced and its sele

s improved up to 40 h activation of the catalyst. Stable catalytic performances and physico-chemical properties are then observe
2004 Elsevier B.V. All rights reserved.

eywords:Propane mild oxidation; Acrylic acid; Vanadyl pyrophosphate; Crystallinity; Surface acidity; V+5 phases

. Introduction

Alkanes can be used to obtain fine chemicals through
elective oxidation processes[1]; these could be developed
n the basis of heterogeneous catalysed reactions either
ith the simultaneous presence of the alkane and molecular
xygen or by separating the reduction stage, in which the
roduct is obtained at the expense of the oxygen of the
atalyst, from the oxidizing stage during which the catalyst is
e-oxidized in oxygen-rich streams. Examples can be found
n vanadyl pyrophosphate (VPO) catalysts for the produc-

ion of maleic anhydride fromn-butane[2–5]. The most
mportant advantages for substituting alkanes to alkenes
nd aromatics for the production of fine chemicals are the
ne-stage process, the lower cost and the reduced environ-
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mental impact. Nevertheless, the low selectivity of pa
oxidation reactions of alkanes makes such processes n
profitable.

The selective oxidation of propane appears promisin
the production of propylene, oxygenates (acrolein and ac
acid (AA)) and acrylonitrile[6–21]. Particularly, a great effo
has been done to modify the catalyst formulation and
preparation method in order to enhance the selectivity fo
desired product.

VPO-based catalysts are claimed among those activ
production of AA; up to now, modifications of the ca
lyst composition[6,8,10–12,22,23]have been attempted
enhance the low VPO selectivity to AA, with quite lim
ited successes. On the contrary, the modification of the
phase composition, particularly the water vapour conce
tion [6,12,24,25], showed a more significant influence on
yield both during the reaction and the activation of the he
hydrate precursor. Nevertheless, it is not well unders
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which properties of the catalyst are involved and modified
in the selective oxidation of propane. Several papers have
been published on the characterization of VPO undern-
butane/oxygen gas mixture and for different preparations in
order to match structural and surface modifications and cat-
alytic performances[26–41], but less attention has been paid
to the effect of propane/oxygen mixture on the activation
of VPO. Features, like crystallinity, V5+-containing phases
(amount and type) and acidity (amount and type), appear re-
lated to activity and selectivity to maleic anhydride. From lit-
erature some considerations can be pointed out: as concerns
crystallinity, disorganization of VPO is related to higher re-
dox capacity and to better catalytic performances[26,27]. Re-
cently, Duarte et al.[28] demonstrated that increasing surface
defects corresponds to an increase of hydrocarbon activation.
However, it must be underlined that a completely amorphous
catalysts is not able to produce maleic anhydride, as reported
by Abon et al.[29].

As concerns V5+-containing phases, it is generally ac-
cepted that a little amount of VOPO4, dispersed in the VPO
matrix, is necessary to achieve a good selectivity to maleic
anhydride[26–34]. It has been proposed that the amount of
these phases (generally�II or �), generated during the acti-
vation procedure[26], are related to the selectivity to maleic
anhydride. On the contrary, some authors[35,36]did not de-
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(VOHPO4·0.5H2O) obtained is the precursor of vanadyl py-
rophosphate.

2.2. Catalyst activation

Activation was carried out to transform the precursor into
the active catalyst, according to the procedure reported else-
where[24]. Precursor was placed in a fixed-bed microreactor
under a gas flow mixture (W/F = 0.4 (g h)/dm3) containing
propane, oxygen and nitrogen (1.6/17.8/80.6 vol.%) and
heated up to 430◦C. After 17 h the temperature was lowered
down to 400◦C and 2.5 h later water vapour was introduced
in the mixture (C3H8/O2/H2O/N2 = 1.6/17.8/20/60.6 vol.%),
without changing the total flow rate. This study has been
carried out on samples activated 17 (V1), 28 (V2), 42 (V3),
64 (V4) and 90 h (V5), respectively.

2.3. Characterization techniques

Chemical composition of VPO precursor was determined
by atomic emission spectroscopy with an ICP spectro-flame
(inducting coupling plasma) from Spectro after dissolution
of the solid in hydrochloric acid.

2.3.1. SEM
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ect any phase different from pure vanadyl pyrophosp
hile Cavani et al.[37] recently proposed that V3+ sites are

nvolved in the selective reaction pathway.
Also surface acidity (type and distribution of sit

s related to activity and selectivity to maleic anhydr
28,38–41]. Lewis acid sites have been considered as
ating sites forn-C4 [40], while higher selectivity to male
nhydride has been associated to the increase of the Brø
cidity [28,39].

The aim of this work is to elucidate which VPO featu
re involved in propane mild oxidation studying the evolu
f the material with time-on-stream during the activation

o underline similitudes and differences withn-butane mild
xidation.

. Experimental

.1. Preparation of precursor

VPO catalyst was prepared by Exxon organic method[12],
dding V2O5 (11.8 g) and H3PO4 (9.7 cm3, 85%) to isobu

anol (250 cm3). This mixture was heated up to isobuta
oiling point (105◦C) and then refluxed for 16 h under

nert atmosphere (N2). A condensator provides recovering
sobutanol vapours in order to keep the suspension vo
onstant. After 16 h refluxing, the suspension is light b
he solid is separated from the liquid by filtration and was
ith isobutanol and ethanol. The resulting solid is reflu

n hot water (9 cm3 H2O/gsolid), filtered and dried in air a
10◦C for 16 h. The vanadyl acid phosphate hemihyd
d

Scanning electron microscopy was performed wit
hilips XL 30 microscope. Enlargements between 50×
nd 30,000× have been used to better define typical morp

ogical structures of the samples.

.3.2. XRD diffraction
XRD was performed with a Siemens D500 diffractom

sing Cu K� at 35 kV and 30 mA. Parameters, like peak
ensity and full-with at half-maximum (FWHM), have be
alculated using a dedicated software (DiffractoPlus Ev

.3.3. BET measurements
BET surface areas were measured by N2 adsorption a

7 K with a 1900 Carlo Erba Sorptomatic.

.3.4. 31P NMR
31P NMR spin-echo mapping spectra have been reco

n a Bruker MSL 300 NMR spectrometer, under static c
itions, using a 90◦x–τ–180◦y–τ-acquire sequence. The 9◦
ulse was 4.2�s andτ was 20�s. For each sample, the irr
iation frequency was varied in increments of 50 kHz ab
nd below the31P resonance of H3PO4. The number of spe

ra thus recorded was dictated by the frequency limits be
hich no spectral intensity was visible. The31P NMR spin-
cho mapping information was then obtained by super

ion of all spectra.

.3.5. Temperature programmed desorption of ammon
NH3-TPD)

Temperature programmed desorption of ammonia (N3-
PD) was performed using a Micromeretics TPD/TPR 2
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analyser equipped with a TC detector and coupled with a
Hiden HPR 20 mass spectrometer. After a pre-treatment at
200◦C under helium flow, to desorb the physisorbed water,
the sample was saturated with ammonia at 100◦C. After
purging at 100◦C, NH3 was desorbed heating at constant
rate (10◦C/min) up to 620◦C. Masses of ammonia and
other products, possibly produced or desorbed during the
experiment, like water, nitrogen and its oxides were fol-
lowed with the mass spectrometer. In our experiments only
ammonia was detected. In order to separate contributions of
different acid sites, deconvolution of TPD peaks has been
performed using a dedicated software, supposing curves had
a Gaussian-type shape and that each signal was composed
by three peaks which correspond to the minimum number to
obtain a good superposition of experimental and calculated
signal.

3. Results

3.1. Characterization of materials

Chemical analysis showed that the phosphorus/vanadium
ratio of the VPO precursor is around one, in agreement with
the elemental formula of the vanadyl acid phosphate hemi-
hydrate VOHPO4·0.5H2O.

3.2. SEM

In Fig. 1, a SEM image of the VPO precursor, labelled P,
showing the typical lamellar rose-like structure, is reported.
SEM micrographs of the activated samples are labelled
according to the nomenclature reported in the experimental
section. Results of SEM analysis revealed that the V1
Fig. 1. SEM images of precursor (P) and samples activated for diff
erent times: V1 (17 h), V2 (28 h), V3 (42 h), V4 (64 h) and V5 (90 h).
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Fig. 2. XRD spectra of VPO precursor (P) and activated samples.

sample is mainly constituted of small lamellae as the
precursor but the rose-like structure is partially lost and a
preferential orientation of lamellae is observed. With the
time-on-stream and upon water introduction, the morpho-
logical structure changes, due to overlapping and growth of
lamellae.

3.3. XRD diffraction

As shown inFig. 2, the XRD spectrum of the precursor
is typical of well-crystallized vanadyl acid phosphate
hemihydrate: intense and narrow peaks appear at about
15.6◦ and 30.4◦, corresponding to the main planes ((0 0 1)
and (2 2 0), respectively). XRD spectra of the VPO samples
corresponding to different times of activation are reported
in the same figure. In order to avoid superposition among
the different spectra inFig. 2, XRD pattern of the precursor
has been scaled by a factor 10. Vanadyl pyrophosphate
(VO)2P2O7 is the only phase detected for activated samples,
suggesting that transformation from VOHPO4·0.5H2O
into vanadyl pyrophosphate already occurs during the first
step in the absence of water. Crystallinity increases with
time-on-stream, particularly during the first 40 h (samples
V1–V3) as shown by the decrease of the FWHM values
of the (2 0 0), (0 2 4) and (0 3 2) signals at 23◦, 28.4◦
a the
c at of
t ing
r
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h mples
V

3

e

Fig. 3. FWHM values of XRD peaks of principal planes on activated sam-
ples.

3.5. 31P NMR

31P NMR by spin echo mapping have been performed in
order to detect any V3+- and/or V5+-containing phase, not
detectable by X-Ray diffraction. This technique is a pow-
erful tool to discern different vanadium phosphate phases,
as shown by Tuel et al.[42]. Spectrum recorded on precur-
sor, reported inFig. 4, shows only the signal of the vanadyl
acid phosphate hemihydrate at about 1750 ppm, in agreement
with the XRD results, confirming that VOHPO4·0.5H2O is
the only phase constituting the precursor. The31P NMR spin
echo mapping spectra registered on the activated samples are
also reported inFig. 4. The first sample, V1, shows a signif-
icant signal at 0 ppm due to V5+-containing phases, not de-
tectable by XRD, and the signal of V4+ at around 2600 ppm
characteristic of P atoms connected to V4+ in the (VO)2P2O7
structure[42]. The contribution of V5+-containing phases de-
creases for V2 sample, i.e. after water introduction. For the
other samples, V3, V4 and V5, only signals characteristic of
vanadyl pyrophosphate are observed. The peak maximum of
vanadyl pyrophosphate at 2600 ppm slightly shifts to higher

.

nd 29.9◦, respectively, and the increase of intensity of
orresponding lines. The most marked development is th
he (2 0 0) plane, FWHM of the corresponding signal be
educed from about 1◦ to 0.45◦ (seeFig. 3). Accordingly, the
ntensity of the peak shows the highest increase. As alr

entioned, the structural modifications are more evi
n the first 40 h, only a slight increase of peak inten
aving been observed in the last three samples (sa
3–V5).

.4. BET measurements

BET surface areas were all in the range 8–12 m2/g, as
xpected for these materials[26,29,41].
 Fig. 4. 31P NMR spectra of VPO precursor and activated samples
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Fig. 5. NH3-TPD profiles of VPO precursor and activated samples.

frequencies for samples V1–V3, indicating that crystalliza-
tion of (VO)2P2O7 is occurring. No further shifts have been
observed in the spectra of samples V4 and V5.

3.6. NH3-TPD

The surface acidity of the VPO precursor and of the cata-
lysts has been measured by ammonia adsorption.Fig. 5shows
the desorption of ammonia measured during the TPD exper-
iments. The total amount of ammonia desorbed during the
TPD experiments, evaluated from the integration of curves,
is reported inFig. 6. Two quite well defined peaks, with max-
imum at 340 and 450◦C, respectively, and a shoulder at about
180◦C are recognizable for the NH3-TPD of precursor. The
amount of acid sites, very high for the precursor, decreases
for the activated samples. This amount further decreases with
time-on-stream among the activated materials (seeFig. 6).
Different peaks, much more overlapped compared to those
of the precursor, contribute to the whole TPD signal of acti-
vated samples. In order to evaluate the contribution of these

F nts
o

peaks, corresponding to different acid sites, a deconvolution
of the TPD signals was performed using a peak fit software,
as described in the Experimental section. The only constraint
used was the number of peaks that was supposed three as
for the precursor. The values of peak temperature of calcu-
lated signals are in a quite narrow window suggesting that
the deconvolution procedure used allows the determination
of peaks having the same nature for each catalyst. The first
peak is located around 180◦C for all samples. The maxi-
mum temperature of the second peak of V1 sample is about
290◦C, while it decreases upon water introduction down to
about 240◦C, suggesting a weakening of these sites or the
addition of a component at lower temperature related to the
presence of water. Likewise, the last signal, located at about
450◦C for the V1 sample, shifts at about 400◦C for the others.
In conclusion, in addition to the strong change of acidity re-
lated to the transformation from precursor to pyrophosphate,
modifications associated to the introduction of water in the
activation mixture promoted the shift towards lower temper-
ature of TPD peaks. As concerns the number of acid sites,
a general decrease of acidity from precursor to V5 is ob-
served, transformation from hemihydrate to pyrophosphate
giving the largest loss. Areas of low and medium tempera-
ture peaks also decrease with activation time reaching a stable
value after 40 h activation. On the contrary, area of high tem-
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ig. 6. Total and partial amounts of NH3 desorbed during TPD experime
n VPO precursor and activated samples.
erature peak does not uniformly decreases, showing a
aximum for V2, a quite constant value for V3 and V4
further decrease for V5. As known, NH3-TPD measure
ents do not give information about the type of the aci
owever, we can try to define the type of the acidity ass
ted to each peak on the base of literature data. Brønste
ites of vanadyl pyrophosphate are stronger than Lewis
oreover, during pyridine desorption a slight maximum
rønsted acid sites amount simultaneously to the decre
ewis acid sites has been found[28]. These features indu
s to assign the high temperature peak to the Brønsted

ty. The other peaks could be assigned to two different L
cid sites.

.7. Catalytic results

Fig. 7 shows catalytic performance of VPO as a fu
ion of the time-on-stream. Vertical lines indicate the fi
ime of each experiment. During the first activation step
30◦C in the absence of water in the feed stream, the pro
onversion was high and only products of combustion w
etected. Low amounts of propylene and traces of et
nd ethylene were detected when temperature was low
t 400◦C, while propane conversion decreased. As repo
efore[6,12,24], selectivity to acrylic acid increased sign

cantly only after introducing water in the flow (20%);
he same time propane conversion further decreased wh
ropylene, ethane and ethylene disappeared and a low a
f acetic acid was detected. The enhancement of AA s

ivity was mainly balanced by the decrease of CO sele
ty whereas production of CO2 was almost unaffected b
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Fig. 7. Propane conversion (�), selectivities to AA (♦), CO (�) and CO2

(�) as a function of the time-on-stream during activation.

reaction conditions. After about 20 h under wet mixture, the
catalytic performances of VPO became stable, since no sig-
nificant changes were detected both for propane conversion
and for products selectivity: final value of conversion was
about 28% and selectivity to AA about 32%. Therefore, it
can be assumed that an activation procedure interrupted af-
ter 20 h in water-containing mixture provides a catalytically
stable sample.

4. Discussion

Both physico-chemical characterisation and catalytic
activity indicate that the VPO catalyst significantly evolves
during first 40 h activation. After this period, no further
modifications of either structure and catalytic performances
are detectable. Transformation from precursor into py-
rophosphate occurs also in the absence of water, however,
water introduction results into a significant increase of
crystallization of the poorly crystallized material obtained
in the absence of water. Crystallization degree is then slowly
improved with time-on-stream up to a constant value after
40 h. At the same time disappearance of V5+ isolated sites
and microdomains occurs suggesting that hemihydrate
is transformed into pyrophosphate through formation of
V

de-
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b ntial
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s PO
u -
b ping
a hate
c

As concerns surface, the strong acidity of the precursor is
markedly reduced (both number and strength of acid sites)
due to transformation into pyrophosphate. Moreover, a fur-
ther loss of acidity is observed upon water introduction likely
related to reorganisation of bulk structure. The modification
of acid sites distribution between Brønsted and Lewis ones
induces us to consider the last ones mainly involved in the
AA formation.

By comparison of these results with catalytic perfor-
mances, it can be concluded that, although the presence of
water is necessary to produce acrylic acid, its selectivity in-
creases with enhancing the order of crystalline structure and
decreasing the surface acidity. Therefore, in contrast with
results found for the oxidation ofn-butane to maleic anhy-
dride, formation of acrylic acid from propane requires a well-
crystallised VPO catalyst with a low acidity suggesting that
acid sites activating propane are also able to oxidise acrylic
acid to COx.

Although, the role of crystalline structure is more difficult
to be defined, the very slow response of the catalytic system
to water introduction seems to confirm that the bulk structure
is involved in the reaction of AA formation. In fact, AA is
produced only after 5–6 h (Fig. 7) after water is fed to the
reactor suggesting the occurrence of a deep modification of
the material not limited to its surface, a faster process being
e can
b re-
d ced
o ng
t ired
p

s,
c ride
f gests
t hway
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t hat
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m
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OPO4 regions as proposed by Abon et al.[29].
Structural reorganisation of the VPO material is also

ectable through the modification of morphology as sh
y the loss of the typical rose-like structure for a prefere
rientation of lamellae promoted by the presence of w

ikely through the dissolution of the small fraction of wat
oluble VOPO4, as suggested by Xue and Schrader for V
ndern-butane/oxygen/water mixture[43]. The role of solu
ilized fraction can be then supposed to promote the slip
nd the union of VPO lamellae to form larger pyrophosp
rystals.
xpected in this latter case. The effect of bulk structure
e indirectly correlated to catalytic properties through a
uction of surface acidity or it can be related to a redu
xygen availability in a well crystallised material inhibiti

he further oxidation of the intermediate and/or the des
roduct.

Finally, the disappearance of V5+-containing phase
laimed as active centres in the formation of maleic anhyd
rom n-butane, in the active and selective materials sug
hat these phases are not involved in the selective pat
o acrylic acid. Moreover, this result demonstrates, in
rast with then-butane oxidation to maleic anhydride, t
he propane oxidation to acrylic acid is not associated t
solation of V5+ sites, but is catalysed by a well-crystallis

aterial with (VO)2P2O7 structure.

. Conclusions

Transformation of VOHPO4·0.5H2O into vanady
yrophosphate through an activation procedure u
ropane/oxygen/nitrogen mixture occurs during the
eriod (<17 h) of treatment at 430◦C in the absence of wate
evertheless, a slow structural reorganisation of the
tructure of the material occurs upon water introductio
he gas mixture, related to a slow modification of the cata
roperties. Increase of crystallinity, decrease of sur
cidity and a progressive disappearance of V5+-containing
hases show the same trend of the improvement of a
cid selectivity. Forty hours of activation is sufficient
btain a stable material with stable catalytic performanc
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In conclusion, pure and well-crystallised vanadyl py-
rophosphate with a low surface acidity is a good catalyst
for the oxidation of propane to acrylic acid in contrast with
the oxidation ofn-butane to maleic anhydride requiring the
presence of crystal defects and V5+-containing domains to
obtain the best performances.
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