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Abstract

In this paper the role of V5+ and V3+ ions in V/P/O, catalyst for the oxidation ofn-pentane to maleic and phthalic anhydrides, has been investigated.
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hese species have transient lifetime, since the stable, fully equilibrated catalyst only contains vanadyl pyrophosphate, (VO)2P2O7, and V4+ ions.
herefore, first the formation of V5+ and V3+ species has been induced in catalysts, either by means of a suitable oxidative treatment on a eq
/P/O catalyst, to generate controlled amounts of V5+, or by adopting a preparation procedure which leads to the formation of discrete a
f V3+ in fresh catalysts. Thereafter, the evolution of catalytic performance was followed along with time-on-stream. A relationship w
etween the distribution of products, and the oxidation state of V in catalysts. Higher concentrations of V5+ led to the preferred formation of male
nhydride, while samples having average V valence state close to 4.00+ and well-crystallized vanadyl pyrophosphate were the mos
hthalic anhydride. The latter samples were also characterized by the higher Lewis-type acid strength. The reduced catalyst, conta
mount of V3+ ions, was instead non selective towards either of phthalic and maleic anhydrides; the progressive catalyst oxidation in th
nvironment led to the increase in the yield to both products.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Vanadyl pyropsshosphate (VPP) is the main component of
he industrial V/P/O catalyst for the oxidation ofn-butane to
aleic anhydride (MA), and also catalyzes the oxidation of

-pentane to maleic and phthalic anhydrides (PA)[1–4]. Even
hough vanadium is present as V4+ in stoichiometric VPP, the
ole of V species other than V4+ on the catalytic behavior of
/P/O has been the object of debate for many years[5–13].
his derives from the evidence that the fresh catalyst, i.e., the
/P/O obtained by thermal treatment of the crystalline precursor
OHPO4·0.5H2O, contains crystalline and amorphous vana-
ium phosphates other than (VO)2P2O7 [14,15]. These addi-
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tional phases may contain V5+ or even V3+, and the relativ
amount of each compound is a function of (i) the proce
employed for the preparation of precursor, and (ii) the t
mal treatment adopted for the transformation of the precu
Furthermore, the VPP itself may host V ions other than4+

as defects, without undergoing substantial structural cha
specifically, the possible development of either V3+ or V5+, even
in considerable amounts, has been demonstrated[16–18]. Outer
surface layers of V5+ phosphates may develop in the reac
environment, and play active roles in the catalytic cycle.

Concerning the role of V5+ on catalytic performance inn-
butane oxidation, sometimes contradictory results have
reported in literature, but the main reason for this is relate
substantial differences in chemical–physical features of the
ples (which are affected by the preparation procedure), an
different ageing times. Volta and his co-workers[5–7] demon-
strated that V5+ micro-domains may develop at the surface
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VPP (without the formation of any VOPO4 phase), the pres-
ence of which leads to an improvement in selectivity to MA,
while the conversion ofn-butane remains substantially unaf-
fected. An optimal V5+/V4+ surface ratio, equal to 0.25, gives
the best selectivity to MA. The development of any bulk VOPO4
phase, instead, has a detrimental effect on catalytic performance.
Other authors confirmed the important role of V5+, which devel-
ops on the surface of the VPP during reaction[8–13].

One further consideration is that the distribution of V species
in equilibrated VPP may be a function of the reaction condi-
tions. This might explain contradictions in literature concerning
the amount of V ions other than V4+ in catalysts, since reaction
conditions are changed from those typical of fixed-bed applica-
tions (withn-butane concentrations in air lower than 1.7%), to
those of fluidized-bed processes (3–4%n-butane), and to very
highn-butane-to-oxygen ratios in the CFBR reactor[1–4,19,20].
Therefore, on one hand the distribution of V species can be con-
siderably affected by reaction conditions, but on the other hand
the nature and surface density of the different species may affect
the distribution of the products. Also, the possible addition of
dopants can represent one way to modify the nature of surface
V species, and tune the catalytic performance in function of the
reaction conditions[7].

Much less studied has been the role of V species inn-pentane
oxidation to MA and PA, a reaction which is also catalyzed
by V/P/O. Many papers have been published in the period
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fact, the reaction mechanism for MA and PA formation includes
steps in which both surface acidity and redox properties play an
important role[24].

2. Experimental

Different V/P/O samples were prepared, in order to inves-
tigate a wide range of catalyst characteristics. Sample 1 was
prepared according to the following procedure: the catalyst
precursor, VOHPO4·0.5H2O, was precipitated starting from a
suspension of 8.2 g V2O5 (Aldrich, purity 99.6+%) and 10.1 g
H3PO4 (Aldrich 98+%) in 75 ml isobutyl alcohol (Aldrich,
99%+); the suspension was heated under reflux conditions for
6 h. The precipitate obtained was filtered, washed with a large
excess of isobutyl alcohol and dried at 125◦C overnight. After a
spray-drying conglomeration of particles into fluidizable mate-
rial [28], the compound was thermally treated to develop the
VPP structure, using the hydrothermal-like procedure described
in detail elsewhere[29]. The thermal treatment was aimed at
the development of a well-crystallized VPP, which took shorter
time to reach the equilibrated state under reaction conditions,
with respect to conventional thermal treatments. Then, the cat-
alyst was run in a fluidized-bed pilot reactor for three months,
under the following conditions: temperature 400◦C, feed 4%n-
butane in air, pressure 3 atm. After this period, the catalyst was
downloaded by cooling the reactor under reaction feed. This
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985–2000, aimed at the determination of (i) the reaction m
nism for the formation of PA, and (ii) the V/P/O proper
hich may affect the overall selectivity to MA + PA, and

atio between the two anhydrides; fewer papers have been
ished in recent years[21,22]. Most works have pointed out t
mportance of having well-crystallized VPP in order to add
he transformation of the hydrocarbon to PA rather than to
23–26]. Only in one paper, it was proposed that a higher ox
ion state of vanadium in V/P/O chiefly gives MA, while a low
alence state is necessary for the formation of PA[27].

Aim of the present work was to study the effect of the pres
f V5+ and V3+ species on catalytic performance of V/P/O, in
xidation ofn-pentane to MA and PA. The formation of the
species was induced either by suitable oxidizing treatm

f a fully equilibrated catalyst, or by proper thermal treatm
f the VPP precursor. These V species undergo quick tran
ation under reaction conditions, but their transient cata
erformance may furnish indications on their role in the for

ion of products. Moreover, in the case ofn-pentane oxidation
elationships can be searched for between catalyst feature
erformance, especially in terms of distribution of products

able 1
ain chemical–physical features of catalysts before catalytic tests

ample Oxidizing treatment in air, time (h),T (◦C)

eqfresh None
(oxa)fresh 4, 450
(oxb)fresh 4, 500
(oxc)fresh 4, 550
fresh None
-

-

-

nd

ample is designated as sample 1eqfresh. Sample 1eqfresh was
hen oxidized in air, under different conditions (seeTable 1),
n order to develop discrete amounts of V5+. Samples obtaine
ere designated as 1(oxa)fresh, 1(oxb)fresh and 1(oxc)fresh;

hey were then used for catalytic tests in a lab reactor. C
ponding samples downloaded after catalytic tests are de
ith the suffixspent.
Sample 2 was prepared with a procedure which consis

he use of mixtures of isobutyl alcohol and glycols[30,31] as
educing agents for V2O5; specifically, a mixture of isobut
lcohol (80 vol.%) and 1,3-propandiol (20 vol.%) was us
uring the synthesis of the precursor, the water generate

eduction of vanadium oxide was refluxed into the slurry.
recursor obtained contained large amounts of organic
ounds retained in the inter-layer spacing of its lamellar stru

30,31]. The removal of organic compounds from the precu
ither intentionally added[14] or retained during the preparati

31], by thermal treatment may generate either oxidized[14] or
educed[31] V/P/O phases, depending on the procedure ado
nd the amount of organics originally present in samples.

hermal treatment of sample 2 was carried out as follows:

rface area (m2/g) (V5+/Vtot) × 100 (V3+/Vtot) × 100

0 0.5–1
3.5 0

d. 5.2 0
47 0
0 18



246 G. Bignardi et al. / Journal of Molecular Catalysis A: Chemical 244 (2006) 244–251

pre-treatment in air (flow 130 ml/min) from room temperature to
300◦C (temperature gradient, 1◦/min), and secondly treatment
in N2 (flow 20 ml/min) from 300◦C to 550◦C (temperature gra-
dient 1◦/min), with a final isothermal step in N2 flow of 6 h. In
this case, a strongly reduced catalyst develops[31]. The sample
obtained after the thermal treatment was designated as 2fresh;
corresponding sample downloaded after catalytic tests in lab
reactor is designated as 2spent.

Catalysts were characterized by means of X-ray diffrac-
tion (Phillips diffractometer PW3710, with Cu K� as radiation
source), UV–vis-diffuse reflectance (DR) spectroscopy (Perkin-
Elmer Lambda 19), and chemical analysis. The amount of resid-
ual C content in samples was determined by combustion in pure
oxygen at 1300◦C, with detection of CO2 formed by infrared
analysis (instrument ELTRA 900CS).

Measurements of surface acidity was carried out by record-
ing transmission FT-IR spectra of samples pressed into self-
supported disks, after adsorption of pyridine at room tempera-
ture, followed by stepwise desorption under dynamic vacuum at
increasing temperature (Perkin-Elmer mod 1700 instrument).

The procedure for chemical analysis consisted of the disso-
lution of 1 g of sample in hot concentrated H2SO4. Then, after
cooling of the solution, V5+ was directly determined by titra-
tion with a Fe2+ solution, while the amount of V3+ + V4+ was
determined by titration with MnO4−. The latter solution, which
exclusively contains V5+ after titration, was then titrated with
F ions
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Table 2
Main chemical–physical features of catalysts downloaded after reaction inn-
pentane oxidation

Sample Surface area
(m2/g)

(V5+/Vtot) × 100 (V3+/Vtot) × 100

1eqspent 21 0 0.5–1
1(oxa)spent 21 0 1–2a

1(oxb)spent n.d. 2.0–2.5a 0
1(oxc)spent 16 28 0
2spent 24 0 1

a See Section2 for explanation of intervals.

samples (one for each temperature level) were obtained start-
ing from the samefresh catalyst; the former usually had similar
XRD patterns and similar UV–vis-DR spectra, while small dif-
ferences were found by chemical analysis. This is the reason for
the ranges of values for V oxidation state, which are indicated
in Table 2for spent samples.

3. Results

3.1. The characterization and reactivity of samples
obtained by oxidation of a fully equilibrated V/P/O catalyst

Table 1summarizes the main chemical features, surface area
and distribution of V species as determined by chemical analy-
sis, for samples 1fresh. Sample 1eqfresh was a fully equilibrated
catalyst, while samples 1(oxn)fresh were obtained by controlled
oxidizing treatments of sample 1eqfresh. The procedure adopted
for this treatment is also given in the table; more severe condi-
tions led to the generation of an higher amount of V5+. Sample
1eqfresh did not contain V5+ at all; the catalyst had been oper-
ating with 4 mol%n-butane in air, which are the conditions
adopted in industrial fluidized-bed processes.

Figs. 1 and 2report the corresponding X-ray diffraction pat-
terns and UV–vis-DR spectra, for samples 1fresh. XRD patterns
of all samples, but 1(oxc)fresh, correspond to that of well-
c
m ,
a

F
V

e2+, to determine the overall amount of V. Special precaut
o be used and limitations of the technique are reported in
17].

Catalytic tests ofn-pentane oxidation were carried out i
aboratory glass flow-reactor, operating at atmospheric pres
oading 3 g of catalyst diluted with inert material. Feed com
ition was: 1 mol%n-pentane in air; residence time was 2 g s
he temperature of reaction was varied from 320 to 420◦C. The
roducts were collected and analyzed by means of gas
atography. An HP-1 column (FID) was used for the separ
f C5 hydrocarbons, MA and PA. A Carbosieve SII colu
TCD) was used for the separation of oxygen, carbon mono
nd carbon dioxide.

Due to variations in the characteristics of samples u
eaction conditions, catalytic tests were arranged in a wa
btain reliable relationships between the average oxidation
f V in samples and catalytic performance. The problem
articularly relevant when tests were carried out on oxid
atalysts (samples 1(ox)fresh); in fact, in the latter samples t
verage oxidation state of V lowered considerably in a
ours. Therefore, for each catalyst and for each reaction
erature, the reactivity data were collected immediately

oading thefresh catalyst in the reactor. In this case, theref
t can be assumed that the results obtained were represe
f chemical–physical features of thefresh catalysts. Then, a
ach temperature level, the reaction was carried out for a
ours more, and reactivity results were obtained again.

his, the catalyst was cooled in nitrogen flow, downloaded
nalyzed. Therefore, the second set of data can be collecte
epresentative of the chemical–physical features ofspent cata-
ysts. As a consequence of the procedure adopted, severaspent
r
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rystallized VPP; in the case of sample 1(oxc)fresh, reflections
arked with the asterisk are attributable to VOPO4 (37-0809)
nd more specifically to the� form of this compound[32]. In

ig. 1. X-ray diffraction patterns offresh samplesx = reflections relative to�-
OPO4.
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Fig. 2. UV–vis-DR spectra offresh samples.

UV–vis-DR spectra (Fig. 2), the band at 400 nm is relative to
the CT between O2− and V5+; its intensity is proportional to the
amount of V5+. On the other hand, the band at 900 nm, relative
to a d–d transition for V4+ in VO2+, correspondingly decreases.

It has been reported that the introduction of V5+ ions as
defects in VPP occurs after treatment at more severe conditions
than those here employed, and leads to a collapse of surface area
and to a broadening and a lowering of intensity for all reflec-
tions in the pattern[18]. In other cases, modification in the XRD
pattern involve mainly the (2 0 0) reflection, thus suggesting a
preferential structural disorder along the [1 0 0] axis induced by
the development of V5+ species in the bulk[5]. In our case, the
treatment of the VPP probably led to the generation of surface
V5+ in samples 1(oxa)fresh and 1(oxb)fresh, and to the growth
of VOPO4 in sample 1(oxc)fresh.

Table 2reports the chemical analysis of thespent samples,
after reaction inn-pentane oxidation. It is shown that catalysts
after reaction were more reduced than the corresponding sam-
ples before reaction. Sample 1(oxa)spent was fully reduced,
and did contain a low amount of V3+; samples 1(oxb)spent and
1(oxc)spent, instead, yet retained some fraction of V5+. This
is also evident fromFig. 3, which reports the corresponding
UV–vis-DR spectra. The intensity of the band at 400 nm was
lower than in correspondingfresh samples (Fig. 2); in the case of
catalysts 1eqspent and 1(oxa)spent this band was absent. There-
fore, the V5+ species is not stable in the reaction environment,
a d
a n
s

ined
b
a ne
a t eac
t pera

Fig. 3. UV–vis-DR spectra ofspent samples.

ture. All samples exhibited a predominance of Lewis-type acid
sites, and the residual amount of adsorbed pyridine after evacu-
ation at 400◦C was very low; this indicates that the Lewis-type
acid sites had a medium-strength acidity. A scale of relative
acidity can be drawn, which is slightly different if based on the
overall number of acid sites (that is, based on the amount of
pyridine adsorbed after evacuation at room temperature), or if
based on the distribution of acid strength. In the former case,
the scale of acidity was: 1(oxa)spent > 1eqspent > 1(oxc)spent.
In the latter case, the catalyst possessing the largest fraction of
sites with the higher strength was sample 1eqspent. The latter
sample did not possess Brønsted acidity at all either, while sam-

F ption
t
1 bols:
p
1

nd is progressively reduced to V4+. In addition, a weak ban
t 500 nm, attributed to the V3+ species[17], was present i
amples 1eqspent and 1(oxa)spent.

Fig. 4plots the distribution of surface acid sites as determ
y adsorption of pyridine for samples 1eqspent, 1(oxa)spent
nd 1(oxc)spent. Specifically, the amount of residual pyridi
dsorbed on Brønsted and Lewis sites, after desorption a

emperature, is plotted as a function of the evacuation tem

h
-

ig. 4. Amount of residual adsorbed pyridine as a function of desor
emperature (after adsorption at room temperature) for samples 1eqspent and
(oxn)spent. Open symbols: pyridine adsorbed on Brønsted sites; Full sym
yridine adsorbed on Lewis sites. Catalysts: 1eqspent (�), 1(oxa)spent (�),
(oxc)spent (�).
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ple 1(oxc)spent had Brønsted sites which still retained pyridine
after evacuation at high temperature, and thus can be clas-
sified as strong ones. In the case of sample 1(oxa)spent, no
pyridine remained adsorbed on Brønsted sites after evacuation
at 300◦C.

The stronger Lewis-type acidity in the equilibrated catalyst
is not surprising, since there are many literature evidence of the
existence of these sites in well-crystallized VPP[33]. Also, the
presence of a discrete amount of V3+ ions has been assumed to
contribute to an enhancement of catalyst Lewis-type acidity, due
to the development of anionic vacancies[16,34]. The Brønsted
acidity in the oxidized catalyst (sample 1(oxc)spent) can be
associated with the presence of POH groups arising from the
transformation of pyrophosphate groups into orthophosphate.

Catalytic tests were carried out following the protocol
described in Section2. Specifically, within the first 5–10 h reac-
tion time, the catalytic performance was not stable, due to vari-
ations in samples characteristics. Therefore, two different sets
of data were obtained, the first after less than 1 h (representative
of fresh samples), and the second one after 3–4 h (representative
of spent samples). Only in the case of sample 1eq, no difference
was found between the characteristics of samples 1eqfresh and
1eqspent (Tables 1 and 2); for this catalyst, the catalytic per-
formance did not vary at all during catalytic tests either. This
means that variations of catalyst characteristics were negligible
due to the permanence of the catalyst under hydrocarbon-lean
c tion
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Fig. 6. Conversion ofn-pentane at 360◦C (�), and selectivity to MA (�), to PA
(�) and to MA + PA (�) at 43–50%n-pentane conversion as functions of the
average oxidation state of V in samples 1.

Fig. 6 summarizes the results obtained for bothfresh and
spent samples; the conversion reached at the temperature of
360◦C, and the selectivity to MA and to PA at approximately
43–50%n-pentane conversion, are plotted as functions of the
average oxidation state of V. The more oxidized was the cata-
lyst, the more preferred was the formation of MA with respect
to that of PA, with a MA/PA selectivity ratio equal to 7 at 50%
n-pentane conversion for sample 1(oxc)fresh. The opposite was
true for most reduced samples, with a MA/PA selectivity ratio
around 1. The decrease of selectivity to PA, with increasing
values of V oxidation state, was much more relevant than the
corresponding increase in MA; therefore, the overall selectiv-
ity to the products of partial oxidation (MA + PA) decreased
with increasing extents of V oxidation, from 80% for sample
1(oxa)spent to 59% for sample 1(oxc)spent. The exception was
sample 1(oxc)fresh (the most oxidized one), which gave an over-
all selectivity to MA + PA equal to 68%.

3.2. The characterization and reactivity of a reduced,
non-equilibrated V/P/O catalyst

One alternative procedure for developing samples having
controlled amounts of V species other than V4+ in V/P/O, starts
from the precursor VOHPO4·0.5H2O, and makes use of specific
thermal treatments. The precursor contains discrete amounts
o hich
r is a
f the
p or
o inter-
l anic
c C. In
c obutyl
a wt.%
C rmal
t or the
t the
t om-
p ent of
onditions (more oxidant than those employed for equilibra
n pilot plant).

Fig. 5 reports the catalytic performance of sample 1eqfresh;
he conversion ofn-pentane, and the selectivity to the m
roducts, MA, PA and carbon oxides, are reported as func
f the reaction temperature. The selectivity to MA increa
ith increasing reaction temperature, and correspondingl
electivity to PA decreased. The overall selectivity to PA
A slightly decreased, due to the preferred formation of
on oxides. This behavior was observed for all samples.
pposite trend for MA and PA was due to the fact that the
arallel reactions, starting from the unsaturated C5 intermediate
nd leading to the formation of the two products, occur thro
ifferent mechanisms[35].

ig. 5. Effect of temperature onn-pentane conversion (�), selectivity to MA
�) to PA (�), and to COx (�). Catalyst 1eqfresh.
f organic compounds retained in its lamellar structure, w
emain entrapped during the crystallization. Its amount
unction of the nature of the organic reductant used during
reparation[30,31]. Specifically, if linear alcohols, glycols,
ther reductants are used which may easily diffuse into the

ayer space of the lamellar precursor, the amount of org
ompounds which are retained can be as high as a few wt.%
ontrast, when branched-chain molecules are used, e.g., is
lcohol, the amount of retained compounds is lower than 1
. The removal of these organic compounds during the the

reatment occurs in the same range of temperature as f
ransformation of the precursor into VPP. Therefore, when
hermal treatment is done in air, the combustion of organic c
ounds may cause a local over-heating and the developm
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VOPO4 compounds in place of VPP. The same occurs when
the organic compound (e.g., stearic acid) is intentionally added
to the precursor to favour the tabletting procedure[14]. For this
reason, it is necessary to carry out a pre-treatment at temperature
not higher than 300◦C and under controlled atmosphere, in order
to remove most of the organic deposits without any structural
transformation of the precursor, and finally realize the develop-
ment of the VPP under inert atmosphere (N2) [30,31]. On the
other hand, if the initial removal of the organics under oxidizing
atmosphere is incomplete (this is the case, for instance, when its
amount in the precursor is higher than 4–5 wt.% C), during the
high-temperature treatment in N2, the organic compounds are
transformed to CO2 by picking up the bulk ionic oxygen of the
VPP. In consequence of this, the final catalyst may be consid-
erably reduced, and contain amorphous and/or crystalline V3+

phosphates[30,31].
Reduced V/P/O compounds are also obtained when the pre-

cursors are prepared using either (i) isobutyl alcohol as the
reducing agent, under water reflux during the synthesis of the
precursor, and a thermal treatment with only N2 at T > 400◦C,
without oxidative pre-treatment[23,36], or (ii) isobutyl alco-
hol with water withdrawal, and a thermal treatment consisting
of a pre-calcination in air at 300◦C, followed by treatment in
N2 at T > 450◦C [17], or (iii) isobutyl alcohol/benzyl alcohol
mixtures, under water reflux, followed by a thermal treatment
analogous to that employed for sample 2fresh [15]. Therefore,
t
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Fig. 7. Conversion ofn-pentane (�), selectivity to MA (�), to PA (�) and to
COx (�) as functions of time-on-stream, at 400◦C. Catalyst 2fresh.

to V4+(Table 2), which corresponded to the decrease of intensity
of the band at 500 nm in the UV–vis-DR spectrum (Fig. 3), and
was also accompanied by an increase in the sample crystallinity.
The fresh catalyst was active, but poorly selective; the prevailing
products were carbon oxides. The progressive oxidation of V3+

led to an increase in catalyst activity, to a remarkable increase
in the selectivity to MA, and to a smaller one for the selectivity
to PA.

4. Discussion

In order to better understand the role of each V species, it is
useful to summarize the different hypothesis reported in liter-
ature, concerning the mechanism ofn-pentane oxidation. The
main controversial point is whether MA and PA are formed
through parallel reactions starting from a common intermedi-
ate, or, on the contrary, MA is consecutively converted to PA.
In regard to the former hypothesis, it has been proposed thatn-
pentane is first oxydehydrogenated to pentene and pentadiene;
the latter can be either oxidized to MA (with the loss of one C
atom), or be transformed to cyclopentadiene, which then dimer-
izes to a cyclic template and is finally oxidized to PA[37–39].
An alternative route to PA is through an acid-assisted dimeriza-
tion and dehydrocyclization of intermediate pentadiene to yield
a cyclic, 6C-membered ring, aliphatic C10 hydrocarbon, precur-
s to
P ed
i s-
f or to
b ally
a iene
l A
c

ina-
t ines
t his
i istics
w lytic
p

hermal treatments are to be carried out carefully[29], in order
o obtain a V/P/O which is as crystalline as possible, conta
ow amount of compounds other than VPP, and finally doe
equire too long reaction times for equilibration[14,15,36].

On the other hand, the preparation of precursors conta
ontrolled amounts of organic compounds, and a proper
al treatment of the precursor itself, can be used to endo
/P/O catalyst with specific properties. In our case, the pr
ure described in Section2 was adopted to obtain an extens
eduction degree for sample 2fresh; the corresponding precurs
ontained 2.8 wt.% C[31]. Sample 2fresh was rather amo
hous, but reflections attributable to VPP could be distingui
Fig. 1). The presence of V3+ in the calcined sample was a
onfirmed by chemical analysis (Table 1), and by UV–vis-DR
pectra (Fig. 2); in the latter case, the very intense band at 500
ue to the presence of the V3+ species appeared[17].

While in the case of samples 1(ox)fresh, obtained by oxida
ion of an equilibrated VPP, the modification of catalyst c
cteristics and performance occurred within a few hours u
eaction conditions, in the case of sample 2fresh correspond
ng changes were much slower, and full equilibration took m
han 200 h time-on-stream. This was likely due to the fact tha
tructural modifications involved the entire bulk of the cata
hereas modifications induced by oxidation of the equilibr
PP (samples 1(ox)fresh) were limited to the external part
rains; therefore, a much shorter reaction time was necess
estore the original situation.

The slower changes of sample 2fresh made it possible t
ollow the variation of catalytic performance, which is repor
n Fig. 7 as a function of reaction time, at 400◦C. During this
quilibration time, the main variation was the oxidation of V3+
r

to

or of an alkylaromatic compound, which is finally oxidized
A and 2 COx[24,35,40]. This latter mechanism is illustrat

n Fig. 8. Other authors suggest thatn-pentane is either tran
ormed to isopentane (precursor of citraconic anhydride),
utene and butadiene; the latter is oxidized to MA, and fin
Diels–Alder reaction between MA and adsorbed butad

eads to the formation of PA[21]. In this case, therefore, M
onsecutively forms PA.

Whatever the mechanism for PA formation is, the comb
ion of the redox and acid properties of the catalyst determ
he relative contribution for the formation of MA and PA. T
s also inferred from an analysis of the catalysts character
hich are claimed in literature to be relevant to the cata
erformance inn-pentane oxidation:
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Fig. 8. Mechanism forn-pentane oxidation to MA and PA.

(a) The higher the crystallinity of the VPP, the more selective
to PA is the catalyst[14,23–26,35,36,41,42]. Poorly crys-
talline VPP, such as forms after the thermal treatment of the
precursor (especially when it is carried out under oxidizing
conditions), is selective to MA, but non-selective to PA. On
the other hand, a fully equilibrated catalyst characterized
by the presence of a well-crystallized VPP, yields PA with
a good selectivity. The presence of dopants which alter the
crystallinity may finally affect the MA/PA selectivity ratio
[43].

(b) The surface acidity also affects the selectivity[35,44]; an
increase in Lewis acidity improves the selectivity to PA,
while that to MA is positively affected by Brønsted acidity
[21]. Also, an increase in acidity improves the formation of
citraconic anhydride.

Data reported in the present work demonstrate that the
amount of V5+, generated by controlled oxidation of a well-
crystallized VPP, considerably affects the selectivity to MA and
PA. In general, oxidized V/P/O catalysts are more selective to
MA and less to PA (Fig. 6), while the selectivities to the two prod-
ucts become comparable with the equilibrated V/P/O catalyst,
in which the amount of V5+ is very low. Therefore, in strongly
oxidized catalysts, the olefinic intermediate is preferentially
oxidized to MA, rather then being subjected to condensation
r pre
c PP
m ,
w ral-
l t the
s r the
d nter
m ]
T s
t iate
w

data
r id-
i
f f PA

In fact, these samples are those which give the higher selectiv-
ity to PA at 43–50%n-pentane conversion. This supports the
view that the specific properties of well-crystallized VPP in the
formation of PA are related to its remarkable Lewis-type acidity.

The performance of the reduced sample (2fresh) was pecu-
liar; it was quite unselective to MA and PA, but the selectivity to
these compounds progressively recovered along with V3+ oxida-
tion. The selectivity to PA remained lower than 15%; however,
it is worth mentioning that at 400◦C, and at highn-pentane con-
version, the selectivity to PA was not higher than 20% even for
those samples which were more selective to this compound (see,
for instance,Fig. 5for sample 1eqfresh).

5. Conclusions

The transient reactivity of V/P/O catalysts, containing dis-
crete amounts of V5+ or V3+ ions (generated either by controlled
oxidation of an equilibrated VPP, or by specific preparation pro-
cedures), has been examined, in order to establish the role of
these species in the mechanism for the formation of MA and
PA in n-pentane oxidation. A relationship was found between
the amount of V5+ species and the MA/PA selectivity ratio mea-
sured at approximately 50%n-pentane conversion; specifically,
more oxidized catalysts were more selective to MA and less to
PA, while with less oxidized samples the selectivity to the two
p those
h ed to
p PA.
I or-
t on.
S MA
a and
t rease
i

A

wl-
e

eactions with a second unsaturated molecule to yield the
ursor of PA. The preferred formation of MA over oxidized V
ay be due either to a direct role of V5+ and ofO-insertion sites
hich make the pathway leading to MA quicker than the pa

el one to PA, or to the fact that the arrangement of sites a
urface of well-crystallized VPP is a necessary condition fo
evelopment of a specific interaction with the unsaturated i
ediate and for the transformation to PA[23–26,35,36,41,42.
he development of surface layers of VOPO4 over VPP suppres

he interaction between the latter and reactants or intermed
ith a consequent lower rate for PA formation.
For what concerns the role of acidity, the comparison of

eported inFigs. 4 and 6indicates that the strongest Lewis ac
ty in less oxidized catalysts (samples 1eqspent and 1(oxa)spent)
avours the reaction pathway which leads to the formation o
-

-

s,

.

roducts was comparable. The former catalysts were also
aving the lower Lewis-type acid strength, which is suppos
lay an important role in the mechanism for the formation of

t was confirmed that the crystallinity of VPP is also an imp
ant factor which positively affects the rate of PA formati
trongly reduced V/P/O catalysts were poorly selective to
nd to PA, but the progressive increase in V oxidation state

he development of crystalline VPP led to a progressive inc
n the selectivity to the two compounds.
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