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Abstract

In this paper the role of ¥ and \#* ions in V/P/O, catalyst for the oxidation efpentane to maleic and phthalic anhydrides, has been investigated.
These species have transient lifetime, since the stable, fully equilibrated catalyst only contains vanadyl pyrophospp@t€; (46d \** ions.
Therefore, first the formation of ¥ and \#* species has been induced in catalysts, either by means of a suitable oxidative treatment on a equilibrated
V/P/O catalyst, to generate controlled amounts &f,\6r by adopting a preparation procedure which leads to the formation of discrete amounts
of V3 in fresh catalysts. Thereafter, the evolution of catalytic performance was followed along with time-on-stream. A relationship was found
between the distribution of products, and the oxidation state of V in catalysts. Higher concentratiéhkedfty the preferred formation of maleic
anhydride, while samples having average V valence state close to 4.00+ and well-crystallized vanadyl pyrophosphate were the most selective
phthalic anhydride. The latter samples were also characterized by the higher Lewis-type acid strength. The reduced catalyst, containing a lart
amount of \?* ions, was instead non selective towards either of phthalic and maleic anhydrides; the progressive catalyst oxidation in the reactior
environment led to the increase in the yield to both products.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tional phases may contain®V or even \#*, and the relative
amount of each compound is a function of (i) the procedure
Vanadyl pyropsshosphate (VPP) is the main component aémployed for the preparation of precursor, and (ii) the ther-

the industrial V/P/O catalyst for the oxidation efbutane to  mal treatment adopted for the transformation of the precursor.
maleic anhydride (MA), and also catalyzes the oxidation ofrurthermore, the VPP itself may host V ions other thét V
n-pentane to maleic and phthalic anhydrides (P)4]. Even  as defects, without undergoing substantial structural changes;
though vanadium is present a$*Vin stoichiometric VPP, the  specifically, the possible development of eithéf o V5*, even

role of V species other than®/ on the catalytic behavior of in considerable amounts, has been demonstfafid 8] Outer

VIPIO has been the object of debate for many ygard3]  surface layers of % phosphates may develop in the reaction
This derives from the evidence that the fresh catalyst, i.e., thenvironment, and play active roles in the catalytic cycle.

VIP/O obtained by thermal treatment of the crystalline precursor  Concerning the role of % on catalytic performance in-
VOHPQ,-0.5H,0, contains crystalline and amorphous vana-putane oxidation, sometimes contradictory results have been
dium phosphates other than (PO [14,15] These addi- reported in literature, but the main reason for this is related to
substantial differences in chemical-physical features of the sam-
* Corresponding author. Tel.: +39 0512093680; fax: +39 0512093680. p!es (which gre a.ﬁeCted by the prgparatlon procedure), and by
E-mail address: cavani@ms.fci.unibo.it (F. Cavani). different ageing tllmes. Volta_l and his co-work§ss-7] demon-
1 A member of CA Concorde. strated that V" micro-domains may develop at the surface of
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VPP (without the formation of any VOP{phase), the pres- fact, the reaction mechanism for MA and PA formation includes
ence of which leads to an improvement in selectivity to MA, steps in which both surface acidity and redox properties play an
while the conversion ofi-butane remains substantially unaf- important rolg[24].
fected. An optimal V*/V4* surface ratio, equal to 0.25, gives
the best selectivity to MA. The development of any bulk VQPO 2. Experimental
phase, instead, has a detrimental effect on catalytic performance.
Other authors confirmed the important role &fywhich devel- Different V/P/O samples were prepared, in order to inves-
ops on the surface of the VPP during reacti®nl3]. tigate a wide range of catalyst characteristics. Sample 1 was
One further consideration is that the distribution of V speciegprepared according to the following procedure: the catalyst
in equilibrated VPP may be a function of the reaction condi-precursor, VOHP®0.5H,0, was precipitated starting from a
tions. This might explain contradictions in literature concerningsuspension of 8.2 g A0s (Aldrich, purity 99.6+%) and 10.1g
the amount of V ions other than®Vin catalysts, since reaction H3PO, (Aldrich 98+%) in 75ml isobutyl alcohol (Aldrich,
conditions are changed from those typical of fixed-bed applica99%-+); the suspension was heated under reflux conditions for
tions (with n-butane concentrations in air lower than 1.7%), to6 h. The precipitate obtained was filtered, washed with a large
those of fluidized-bed processes (3—4%utane), and to very excess of isobutyl alcohol and dried at TZ50vernight. After a
highn-butane-to-oxygenratios inthe CFBR readisr4,19,20]  spray-drying conglomeration of particles into fluidizable mate-
Therefore, on one hand the distribution of V species can be conial [28], the compound was thermally treated to develop the
siderably affected by reaction conditions, but on the other han¥PP structure, using the hydrothermal-like procedure described
the nature and surface density of the different species may affeiri detail elsewherg29]. The thermal treatment was aimed at
the distribution of the products. Also, the possible addition ofthe development of a well-crystallized VPP, which took shorter
dopants can represent one way to modify the nature of surfad@me to reach the equilibrated state under reaction conditions,
V species, and tune the catalytic performance in function of thevith respect to conventional thermal treatments. Then, the cat-
reaction condition§7]. alyst was run in a fluidized-bed pilot reactor for three months,
Much less studied has been the role of V speciespentane  under the following conditions: temperature 4@) feed 4%:-
oxidation to MA and PA, a reaction which is also catalyzedbutane in air, pressure 3 atm. After this period, the catalyst was
by V/IP/O. Many papers have been published in the periodlownloaded by cooling the reactor under reaction feed. This
1985-2000, aimed at the determination of (i) the reaction mechsample is designated as samplefted. Sample leftesh was
anism for the formation of PA, and (ii) the V/P/O properties then oxidized in air, under different conditions (SEable 1),
which may affect the overall selectivity to MA+PA, and the in order to develop discrete amounts of'VSamples obtained
ratio between the two anhydrides; fewer papers have been putrere designated as 1(@resh, 1(0xb)fresh and 1(ox)fresh;
lished in recent yeaif21,22] Most works have pointed out the they were then used for catalytic tests in a lab reactor. Corre-
importance of having well-crystallized VPP in order to addressponding samples downloaded after catalytic tests are denoted
the transformation of the hydrocarbon to PA rather than to MAwith the suffixspent.
[23—26] Only in one paper, it was proposed that a higher oxida- Sample 2 was prepared with a procedure which consists of
tion state of vanadium in V/P/O chiefly gives MA, while a lower the use of mixtures of isobutyl alcohol and glyc{®®,31] as
valence state is necessary for the formation ofPA. reducing agents for ¥Os; specifically, a mixture of isobutyl
Aim of the presentwork was to study the effect of the presencalcohol (80vol.%) and 1,3-propandiol (20vol.%) was used.
of V5* and \B* species on catalytic performance of V/P/O, inthe During the synthesis of the precursor, the water generated by
oxidation ofn-pentane to MA and PA. The formation of these reduction of vanadium oxide was refluxed into the slurry. The
V species was induced either by suitable oxidizing treatmentprecursor obtained contained large amounts of organic com-
of a fully equilibrated catalyst, or by proper thermal treatmentspounds retained in the inter-layer spacing of its lamellar structure
of the VPP precursor. These V species undergo quick transfof30,31] The removal of organic compounds from the precursor,
mation under reaction conditions, but their transient catalytieither intentionally addefd 4] or retained during the preparation
performance may furnish indications on their role in the forma{31], by thermal treatment may generate either oxidiA&d or
tion of products. Moreover, in the casempentane oxidation, reduced31]V/P/O phases, depending onthe procedure adopted
relationships can be searched for between catalyst features aadd the amount of organics originally present in samples. The
performance, especially in terms of distribution of products. Inthermal treatment of sample 2 was carried out as follows: first,

Table 1

Main chemical—-physical features of catalysts before catalytic tests

Sample Oxidizing treatment in air, time (H)(°C) Surface area (fg) (V5 Vo) x 100 (VB*Vor) x 100
leqresh None 21 0 0.5-1
1(oxa)fresh 4, 450 17 35 0

1(oxb)fresh 4,500 n.d. 5.2 0

1(oxc)fresh 4, 550 14 47 0

2fresh None 13 0 18
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pre-treatment in air (flow 130 ml/min) from room temperature toTable 2
300°C (temperature gradientolrnin) and secondly treatment Main chemical-physical features of catalysts downloaded after reaction in
in N2 (flow 20 ml/min) from 300°C to 550°C (temperature gra- pentane oxidation

dient */min), with a final isothermal step in/Nlow of 6 h. In ~ Sample Surface area  (V>*/Vior) x 100 (V*Vior) x 100
this case, a strongly reduced catalyst deve[8ft% The sample (m?/g)

obtained after the thermal treatment was designatedragi?  1eqpent 21 0 0.5-1
corresponding sample downloaded after catalytic tests in lab(oxa)spent 21 0 1-2

reactor is designated asp2nz. 1(oxb)spent n.d. 2.0-28 0

Catalysts were characterized by means of X-ray diﬁrac-;fo’“)Spe”’ 16 28 0

tion (Phillips diffractometer PW3710, with CudKas radiation pent 24 0 '
source), UV-vis-diffuse reflectance (DR) spectroscopy (Perkin- * See Sectio for explanation of intervals.
Elmer Lambda 19), and chemical analysis. The amount of resid-
ual C content in samples was determined by combustion in pureamples (one for each temperature level) were obtained start-
oxygen at 1300C, with detection of CQ formed by infrared ing from the samgresh catalyst; the former usually had similar
analysis (instrument ELTRA 900CS). XRD patterns and similar UV—-vis-DR spectra, while small dif-
Measurements of surface acidity was carried out by recordferences were found by chemical analysis. This is the reason for
ing transmission FT-IR spectra of samples pressed into selthe ranges of values for V oxidation state, which are indicated
supported disks, after adsorption of pyridine at room temperain Table 2for spent samples.
ture, followed by stepwise desorption under dynamic vacuum at
increasing temperature (Perkin-Elmer mod 1700 instrument). 3. Results
The procedure for chemical analysis consisted of the disso-
lution of 1 g of sample in hot concentrated$Dy. Then, after 3.7, The characterization and reactivity of samples
cooling of the solution, ¥* was directly determined by titra-  opzained by oxidation of a fully equilibrated V/P/O catalyst
tion with a F&* solution, while the amount of  +V4* was
determined by titration with Mn@. The latter solution, which Table 1summarizes the main chemical features, surface area
exclusively contains & after titration, was then titrated with and distribution of V Species as determined by chemical ana|y_
Fe*, to determine the overall amount of V. Special precautionssis. for samplesftesh. Sample lefresh was a fully equilibrated
to be used and limitations of the technique are reported in Regatalyst, while samples 1(a)fresh were obtained by controlled
[17]. oxidizing treatments of sample Ifeeyh. The procedure adopted
Catalytic tests ofi-pentane oxidation were carried out in a for this treatment is also given in the table; more severe condi-
laboratory glass flow-reactor, operating at atmospheric pressurgens led to the generation of an higher amount 8f \Sample
loading 3 g of catalyst diluted with inert material. Feed compo-1eqfresh did not contain \?* at all; the catalyst had been oper-
sition was: 1 mol%-pentane in air; residence time was 2 g s/ml.ating with 4 mol%~n-butane in air, which are the conditions
The temperature of reaction was varied from 320 to420The  adopted in industrial fluidized-bed processes.
products were collected and analyzed by means of gas chro- Figs. 1 and 2eport the corresponding X-ray diffraction pat-
matography. An HP-1 column (FID) was used for the separatioferns and UV-vis-DR spectra, for sampl¢adi. XRD patterns
of Cs hydrocarbons, MA and PA. A Carbosieve Sll column of all Samp|esy but 1(01)}]0}’65‘]1, Correspond to that of well-
(TCD) was used for the separation of oxygen, carbon monoxiderystallized VPP; in the case of sample 1fjxesh, reflections
and carbon dioxide. marked with the asterisk are attributable to VOR®7-0809),

Due to variations in the characteristics of Samples Undeénd more Specifica”y to thé& form of this Compounq32]_ In
reaction conditions, catalytic tests were arranged in a way to

obtain reliable relationships between the average oxidation state
of V in samples and catalytic performance. The problem was
particularly relevant when tests were carried out on oxidized
catalysts (samples 1(g¥)sh); in fact, in the latter samples the
average oxidation state of V lowered considerably in a few
hours. Therefore, for each catalyst and for each reaction tem-
perature, the reactivity data were collected immediately after
loading thefresh catalyst in the reactor. In this case, therefore,

it can be assumed that the results obtained were representative

Wﬂm
M
of chemical—physical features of thieesh catalysts. Then, at Wﬁawﬁ' A
each temperature level, the reaction was carried out for a few

hours more, and reactivity results were obtained again. After Ukﬁ T WY

this, the catalyst was cooled in nitrogen flow, downloaded and A A 7y 5 =

analyzed. Therefore, the second set of data can be collected as i. °2Theta

representative of the chemical—physical featurege#: cata- Fig. 1. X-ray diffraction patterns gfesh samplest =reflections relative t@-
lysts. As a consequence of the procedure adopted, saperal  vopo,.
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st sttt isssmstorrat ot enn |
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2 spent
1{oxc)spent
I(oxc)fresh
Hoxb)spent
L(oxb)fresh
1(oxa)fresh
1{oxa)spent
leqfresh
r T T T T T T T T T legspent
200 400 600 800 1000 1200
wavelength, nm 190 400 600 800 1000 1200
Fig. 2. UV-vis-DR spectra gfesh samples. wavelenght, nm

Fig. 3. UV-vis-DR spectra ofpent samples.

UV-vis-DR spectraKig. 2), the band at 400 nm is relative to

the CT between & and \P*; its intensity is proportional to the  ture. All samples exhibited a predominance of Lewis-type acid
amount of \?*. On the other hand, the band at 900 nm, relativesites, and the residual amount of adsorbed pyridine after evacu-
to a d—d transition for ¥ in VO2*, correspondingly decreases. ation at 400C was very low; this indicates that the Lewis-type

It has been reported that the introduction of"Mions as acid sites had a medium-strength acidity. A scale of relative
defects in VPP occurs after treatment at more severe conditior@gidity can be drawn, which is slightly different if based on the
than those here employed, and leads to a collapse of surface a@¢eerall number of acid sites (that is, based on the amount of
and to a broadening and a lowering of intensity for all reflec-pyridine adsorbed after evacuation at room temperature), or if
tions in the patterfiL8]. In other cases, modification in the XRD based on the distribution of acid strength. In the former case,
pattern involve mainly the (200) reflection, thus suggesting dhe scale of acidity was: 1(a¥spent > legpent > 1(0xc)spent.
preferential structural disorder along the [1 0 0] axis induced byn the latter case, the catalyst possessing the largest fraction of
the development of ¥ species in the bulfs]. In our case, the sites with the higher strength was sample spegr. The latter
treatment of the VPP probably led to the generation of surfacéample did not possess Brgnsted acidity at all either, while sam-
V>* in samples 1(ox)fresh and 1(o»)fresh, and to the growth
of VOPQy in sample 1(ox)fresh.

Table 2reports the chemical analysis of thgent samples,
after reaction im-pentane oxidation. It is shown that catalysts
after reaction were more reduced than the corresponding sam-
ples before reaction. Sample 1@xpent was fully reduced,
and did contain a low amount of%: samples 1(ok)spent and
1(oxc)spent, instead, yet retained some fraction o'V This
is also evident fronFig. 3, which reports the corresponding
UV-vis-DR spectra. The intensity of the band at 400 nm was
lower thanin correspondin@gesh sampleskig. 2); in the case of
catalysts legpent and 1(ox)spent this band was absent. There-
fore, the \P* species is not stable in the reaction environment,
and is progressively reduced td"V In addition, a weak band
at 500 nm, attributed to the 3 specieg[17], was present in 0
samples legent and 1(ox:)spent.

Fig. 4plots the distribution of surface acid sites as determined
by adsorption of pyridine for samples Ipens, 1(0xa)spent Fig. 4. Amount of residugl adsorbed pyridine as a function of desorption
and 1(ox)spent. Specifically, the amount of residual pyridine temPperature (after adsorption at room temperature) for samplepekeqnd

L ) 1(oxn)spent. Open symbols: pyridine adsorbed on Brgnsted sites; Full symbols:
adsorbed on Brgnsted and Lewis sites, after desorption at eaﬁb

- > | idine adsorbed on Lewis sites. Catalysts: shegy (¢), 1(0xa)spent (A),
temperature, is plotted as a function of the evacuation temperatox.)spen: (M).

residual amount of pyridine, mmol/g

o

" =

0 100 200 300 400 500
desorption temperature, °C
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ple 1(ox)spent had Brgnsted sites which still retained pyridine 80
after evacuation at high temperature, and thus can be clas-
sified as strong ones. In the case of sample d)Ygxnt, no
pyridine remained adsorbed on Brgnsted 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 VRBB]. Also, the
presence of a discrete amount ot\ions has been assumed to
contribute to an enhancement of catalyst Lewis-type acidity, due leq I-;resh
to the development of anionic vacanci&§,34] The Brgnsted legspent . . . J
acidity in the oxidized catalyst (sample 1(spent) can be 2,9 4 41 42 43 44 45
associated with the presence ef®H groups arising from the Vanadium oxidation state, nt+
transformation of pyrophosphate groups into orthophosphate. _ _ Ny

Catalytic tests were carried out following the protocol F9-8: Conversion of-pentane at 360C (¢), and selectivity to MAM), to PA

. . . . C . (a) and to MA + PA @) at 43-50%n-pentane conversion as functions of the
described in SectioB. Specifically, within the first 5-10h reac-  ,yerage oxidation state of V in samples 1.
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 i
of fresh samples), and the second one after 3—4 h (representatiyg¢! Samples; the conversion reached at the temperature of
of spent samples). Only in the case of sample 1eq, no differenca®0”C. and the selectivity to MA and to PA at approximately

was found between the characteristics of sampleg-dscand 43_50%”'9‘3”@”‘5 converfsion,hare pIotted_(:;s fgnctioni of the
Legypent (Tables 1 and 2 for this catalyst, the catalytic per- 2verage oxi ation state of V. The more oxidized was the cata-

formance did not vary at all during catalytic tests either. ThislySt' the more preferred was the formation of MA with respect

means that variations of catalyst characteristics were negligibl@ that of PA, with a M,fA/ PA sel?ctivity ratio ﬁqual to 7 at 50%
due to the permanence of the catalyst under hydrocarbon-lediPentane conversion for sample 1{yxesh. The opposite was

conditions (more oxidant than those employed for equilibratiorf'ue for most reduced samples, with a MA/PA selectivity ratio
in pilot plant). around 1. The decrease of selectivity to PA, with increasing

Fig. 5reports the catalytic performance of samplefted; values of V oxidation state, was much more relevant than the
the conversion ofi-pentane, and the selectivity to the rﬁain corresponding increase in MA; therefore, the overall selectiv-

products, MA, PA and carbon oxides, are reported as functionY t© the products of partial oxidation (MA+ P’s‘) decreased
of the reaction temperature. The selectivity to MA increasedV/th increasing (ﬁxtents of V oxidation, from 80% for sample
with increasing reaction temperature, and correspondingly th&(0X@)spent 10 59% for sample 1(ajspenr. The exception was

selectivity to PA decreased. The overall selectivity to PA and®@MPle 1(0x)fresh (the most oxidized one), which gave an over-

MA slightly decreased, due to the preferred formation of car-aII selectivity to MA+ PA equal to 68%.

bon oxides. This behavior was observed for all samples. The
opposite trend for MA and PA was due to the fact that the twa3.2. The characterization and reactivity of a reduced,
parallel reactions, starting from the unsaturatednfermediate  non-equilibrated V/P/O catalyst
and leading to the formation of the two products, occur through
different mechanismgs5]. One alternative procedure for developing samples having
controlled amounts of V species other thati Vh V/P/O, starts
from the precursor VOHP£0.5H,O, and makes use of specific
thermal treatments. The precursor contains discrete amounts
of organic compounds retained in its lamellar structure, which
remain entrapped during the crystallization. Its amount is a
function of the nature of the organic reductant used during the
preparatior[30,31] Specifically, if linear alcohols, glycols, or
other reductants are used which may easily diffuse into the inter-
layer space of the lamellar precursor, the amount of organic
compounds which are retained can be as highas afewwt.% C. In
contrast, when branched-chain molecules are used, e.g., isobutyl
alcohol, the amount of retained compounds is lower than 1 wt.%
0 . . . C. The removal of these organic compounds during the thermal
300 330 360 390 420 430 treatment occurs in the same range of temperature as for the
reaction temperature, °C transformation of the precursor into VPP. Therefore, when the
Fig. 5. Effect of temperature omrpentane conversior#}, selectivity to MA  thermal treatment is done in air, the combustion of organic com-
(M) to PA (a), and to COx @). Catalyst 1efjesh. pounds may cause a local over-heating and the development of

1{oxc)fresh :

1(oxb)spent 1(0>¢c)§pent

60 |-mmmmmmi Hoxa)fresh-------—=> == - -

T\ E— & . e
1(oxb)fresh

20 ,,l(oxa)si;:teni ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

conversion, selectivity, %

Fig. 6 summarizes the results obtained for bgthsh and
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VOPQ, compounds in place of VPP. The same occurs when 100
the organic compound (e.g., stearic acid) is intentionally added
to the precursor to favour the tabletting procedir. For this
reason, itis necessary to carry out a pre-treatment at temperaturi2
not higher than 300C and under controlled atmosphere, inorder
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){80,31] 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 4-5wt.% C), during the
high-temperature treatment irp,Nthe organic compounds are
transformed to C@by picking up the bulk ionic oxygen of the 0 5 10 15
VPP. In consequence of this, the final catalyst may be consid- time-on-stream,days
erably reduced, and contain amorphous and/or crystallitte V Fig. 7. Conversion ofpentane ¢), selectivity to MA @), to PA (&) and to
phosphatef30,31} COx (@) as functions of time-on-stream, at 40D. Catalyst Zresh.
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 thEOV (Table 3, which corresponded to the decrease of intensity

precursor, and a thermal treatment with only & 7> 400°C, of the band at 500 nmin the QV_V'S'D.R spectrufiy 3), and -
without oxidative pre-treatmerj23,36}, or (i) isobutyl alco- was also accompanied by.an increase inthe sgmple crystaII.|n|ty.
hol with water withdrawal, and a thermal treatment consistingThe fresh catalystwas ac_tlve, but poorly sele_ctlve; _the prevallmg
of a pre-calcination in air at 30, followed by treatment in products were carb_on oxides. Th? progressive OX|dat|o_n°’6fV
N2 at 7>450°C [17], or (iii) isobutyl alcohol/benzyl alcohol !ed to an INCrease in catalyst activity, to a remarkable Increase
mixtures, under water reflux, followed by a thermal treatment” the selectivity to MA, and to a smaller one for the selectivity

analogous to that employed for sampfee2h [15]. Therefore, to PA.
thermal treatments are to be carried out carefii§], in order
to obtain a V/P/O which is as crystalline as possible, contains 4- Discussion
low amount of compounds other than VPP, and finally does not
require too long reaction times for equilibratifi4,15,36] In order to better understand the role of each V species, it is
On the other hand, the preparation of precursors Containingsefm to summarize the different hypothesis reported in liter-
controlled amounts of organic compounds, and a proper thegture, concerning the mechanismrepentane oxidation. The
mal treatment of the precursor itself, can be used to endow th@ain controversial point is whether MA and PA are formed
V/P/O catalyst with specific properties. In our case, the procethrough parallel reactions starting from a common intermedi-
dure described in Sectidhwas adopted to obtain an extensive ate, or, on the contrary, MA is consecutively converted to PA.
reduction degree for samplg2sh; the corresponding precursor N regard to the former hypothesis, it has been proposedithat
contained 2.8wt.% (31]. Sample Zesh was rather amor- Pentane is first oxydehydrogenated to pentene and pentadiene;
phous, but reflections attributable to VPP could be distinguishethe latter can be either oxidized to MA (with the loss of one C
(F|g ]_) The presence 0f§7 in the calcined samp|e was also atom), or be transformed to Cyclopentadiene, which then dimer-
confirmed by chemical analysigdble 1, and by UV-vis-DR  izes to a cyclic template and is finally oxidized to BY-39]
SpectraFig_ 2), inthe latter case, the very intense band at 500 nnAn alternative route to PA is thrOUgh an acid-assisted dimeriza-
due to the presence of théV/species appearddl7]. tion and dehydrocyclization of intermediate pentadiene to yield
While in the case of samples 1(g)sh, obtained by oxida- @ cyclic, 6C-membered ring, aliphatiahydrocarbon, precur-
tion of an equilibrated VPP, the modification of catalyst char-sor of an alkylaromatic compound, which is finally oxidized to
acteristics and performance occurred within a few hours underfA and 2 COX24,35,40] This latter mechanism is illustrated
reaction conditions, in the case of sampfec#h correspond- in Fig. 8 Other authors suggest thapentane is either trans-
ing changes were much slower, and full equilibration took mordormed to isopentane (precursor of citraconic anhydride), or to
than 200 h time-on-stream. This was likely due to the fact that th&utene and butadiene; the latter is oxidized to MA, and finally
structural modifications involved the entire bulk of the catalyst,2 Diels—Alder reaction between MA and adsorbed butadiene
whereas modifications induced by oxidation of the equilibratedeads to the formation of PA21]. In this case, therefore, MA
VPP (samples 1(ofsh) were limited to the external part of consecutively forms PA.

grains; therefore, a much shorter reaction time was necessary to Whatever the mechanism for PA formation is, the combina-
restore the original situation. tion of the redox and acid properties of the catalyst determines

The slower changes of samplg@h made it possible to the relative contribution for the formation of MA and PA. This
follow the variation of Cata|ytic performance, which is reportedis also inferred from an analySiS of the CatalyStS characteristics
in Fig. 7 as a function of reaction time, at 400. During this ~ Which are claimed in literature to be relevant to the catalytic
equilibration time, the main variation was the oxidation gtV ~performance im-pentane oxidation:

80

60

40

selectivity, conversio

20
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Fig. 8. Mechanism for-pentane oxidation to MA and PA.

(a) The higher the crystallinity of the VPP, the more selectiveln fact, these samples are those which give the higher selectiv-
to PA is the catalysf14,23-26,35,36,41,42Poorly crys- ity to PA at 43-50%n-pentane conversion. This supports the
talline VPP, such as forms after the thermal treatment of th@iew that the specific properties of well-crystallized VPP in the
precursor (especially when it is carried out under oxidizingformation of PA are related to its remarkable Lewis-type acidity.
conditions), is selective to MA, but non-selective to PA. On  The performance of the reduced samplgd&:) was pecu-
the other hand, a fully equilibrated catalyst characterizediar; it was quite unselective to MA and PA, but the selectivity to
by the presence of a well-crystallized VPP, yields PA withthese compounds progressively recovered along witroxida-

a good selectivity. The presence of dopants which alter théon. The selectivity to PA remained lower than 15%; however,
crystallinity may finally affect the MA/PA selectivity ratio itis worth mentioning that at 400C, and at high-pentane con-
[43]. version, the selectivity to PA was not higher than 20% even for

(b) The surface acidity also affects the selectijB%,44} an  those samples which were more selective to this compound (see,
increase in Lewis acidity improves the selectivity to PA, for instancefig. 5for sample lefyesh).
while that to MA is positively affected by Bragnsted acidity
[21]. Also, an increase in acidity improves the formation of

citraconic anhydride. 5. Conclusions

The transient reactivity of V/P/O catalysts, containing dis-
€rete amounts of ¥ or 3+ ions (generated either by controlled

" o
amount of \?*, generated by controlled oxidation of a well- qiq-tion of an equilibrated VPP, or by specific preparation pro-
crystallized VPP, considerably affects the selectivity to MA andcedures), has been examined, in order to establish the role of

PA. In general, oxiQized V/!D/O catalyst.s.a.\re more selective t(?hese species in the mechanism for the formation of MA and
MA andless to PAKig. 6),Wh||¢the selec'§|y|t|es tothe two prod- PA in n-pentane oxidation. A relationship was found between
ucts become comparable with the equilibrated V/P/O catalysty o 2 mount of 7+ species and the MA/PA selectivity ratio mea-

n W.h'Ch the amount of ¥* IS VEry low. The_refor_e, n strongl_y sured at approximately 50%pentane conversion; specifically,
ox!g!zeg Catl\"’/llletS’ ;he (r)]lefmt;c_ mterrr;)(_edlat((ej IS prefgrentla_llymore oxidized catalysts were more selective to MA and less to
oxidized to » father then being subjected to condensatio A, while with less oxidized samples the selectivity to the two

reacuon:PVKtt]”? seccfmd lijnfsatura.ted Tlc\)/:icme to Y('fld (tjh\?PpF:%roducts was comparable. The former catalysts were also those
cursor of PA. The preferred formation o overoxidize having the lower Lewis-type acid strength, which is supposed to

may be due either to a direct rqle of Vand of_O-lnsernon sites, play an importantrole in the mechanism for the formation of PA.
which make the pathwaly leading to MA quicker than t_he paraly \yas confirmed that the crystallinity of VPP is also an impor-
lel one to PA, orto the fact that the arrangement of sites at th?ant factor which positively affects the rate of PA formation.
surface of well-crystallized VPP is a necessary condition for theStroneg reduced V/P/O catalysts were poorly selective to MA
development of a specific interaction with the unsaturated imerénd to PA, but the progressive increase in V oxidation state and

mediate and for the transformation to F28-26,35,36,41,42] the development of crystalline VPP led to a progressive increase
The development of surface layers of VOR®@er VPP suppress in the selectivity to the two compounds

the interaction between the latter and reactants or intermediates,
with a consequent lower rate for PA formation.

For what concerns the role of acidity, the comparison of data\cknowledgements
reported inFigs. 4 and 6ndicates that the strongest Lewis acid-
ity in less oxidized catalysts (samples ¥eeur and 1(0x)spent) Dr. Cristina Flego (EniTecnologie) is gratefully acknowl-
favours the reaction pathway which leads to the formation of PAedged for IR measurements.

Data reported in the present work demonstrate that th
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