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Abstract
The reactivity of vanadyl pyrophosphate, catalyst for the selective oxidation of n-butane to maleic anhydride, was examined under n-

butane-rich conditions, simulating a feed in which oxygen is the limiting reactant, and a process in which the unconverted n-butane is

recycled. A lower selectivity to maleic anhydride was found with respect to the hydrocarbon-lean conditions, due to the higher selectivity to

carbon oxides and to the formation of C8 by-products: tetrahydrophthalic and phthalic anhydrides. The latter compounds formed by a

consecutive reaction of maleic anhydride with the unsaturated C4 intermediates. This occurred under conditions of total oxygen conversion,

due to the decreased catalyst oxidizing property. A relevant contribution of radicalic, homogeneous reactions was also observed, which mainly

led to the formation of carbon oxides and olefins. This contribution decreased in the presence of the catalyst, which acted as a radical

scavenger, but nevertheless remained important at temperatures higher than 400 8C. When conditions were used under which the conversion

of oxygen was not total, olefins generated in the gas phase reacted at the catalyst surface yielding maleic anhydride. This homogeneously

initiated heterogeneous process led to an unusual effect, of a relevant increase of maleic anhydride yield over 400 8C.

# 2004 Elsevier B.V. All rights reserved.
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1. Introduction

One option for the improvement of the performance of

chemical processes is the increase of productivity (space–

time yield), achieved by increasing the partial pressure of the

limiting reactant in feedstock, and by adjusting reaction

parameters such as temperature and residence time in order

to obtain an acceptable conversion of the reactant [1]. The

improvement is possible provided the catalyst is able to

sustain high turn-over rates, and the active surface does not

saturate due to the higher gas phase concentration of the

reactant. A saturation of active sites would imply a decrease

of conversion, which might not be compensated by the
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increase in product concentration at the reactor outlet. This

aspect is even more delicate in the case of the selective

oxidation of hydrocarbons which operate with a redox

mechanism [2], where a suitable balance between (i)

oxidizing sites, which are in charge for hydrocarbon

transformation, and (ii) reducing sites, those which activate

molecular oxygen to replenish the anionic vacancies which

develop as a consequence of the O2� insertion on the

substrate, establishes. The rates of the two reactions which

constitute the redox mechanism depend on the concentration

of the oxidized and reduced sites at the catalyst surface.

Under steady conditions they are function of (i) the ratio

between the hydrocarbon (the reducing agent) and

molecular oxygen (the oxidizing agent) in the gas phase,

and (ii) the rate of ionic diffusional phenomena in the bulk of

the solid, the driving force for which is the development of
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concentration gradients of the ions between the surface and

the bulk.

One reaction consolidated at an industrial level since

many years is the selective oxidation of n-butane to maleic

anhydride, catalyzed by vanadyl pyrophosphate, (VO)2P2O7

[3]. It is carried out with different technologies, i.e., (i) fixed-

bed, (ii) fluidized-bed, and (iii) circulating-fluid-bed (CFB)

reactors. These differ in the partial pressure of n-butane in

feed, i.e., lower than 1.8% in the case of fixed-bed, around

4% for the fluidized-bed, and higher than 10% for the CFB.

In the case of the fixed-bed, the main problem which is met

when high partial pressures of hydrocarbon are used, is the

removal of the considerable heat of reaction which develops,

which would cause the formation of hot-spots, with the

associated problems relative to run-away events. Also,

higher hydrocarbon concentrations may render the gaseous

mixture flammable. This problem is overcome with the

fluidized-bed technology [4], while the CFB process

developed by DuPont [5–7] operates in a chemical-loop

fashion, by decoupling the two steps of the redox process.

The interest for operation with feedstocks richer in n-

butane is confirmed by the scientific papers which have

recently appeared [8–10]. In general, a poor performance in

terms of selectivity to maleic anhydride is reported,

attributed to the prevalent formation of carbon oxides.

The chemical–physical features of the vanadyl pyropho-

sphate were found to affect the catalytic performance under

hydrocarbon-rich conditions, even more than for the

reaction carried out at low concentration of n-butane [11].

Options for modifications which, when applied to the

vanadyl pyrophosphate, lead to an improvement of the

performance under n-butane-rich conditions, have been

described in works recently published [12–15]. For instance,

the dispersion of the vanadyl pyrophosphate over b-SiC, for

fixed-bed application, leads to a considerable improvement

of the maximum yield to maleic anhydride with respect to

the unsupported active phase [13].

In the present work, we describe the reactivity of a well-

crystallized vanadyl pyrophosphate, obtained by ageing the

catalyst in a pilot-plant reactor for several hundred hours,

when n-butane concentrations at the reactor inlet between

1.7 and 10 mol% are used. A special attention is given to the

contribution of homogeneous reactions and to the formation

of by-products other than maleic anhydride and carbon

oxides. These aspects are often neglected in papers dealing

with the reactivity under n-butane-rich conditions.
Fig. 1. Conversion of n-butane (~), selectivity to maleic anhydride (^)

and to CO + CO2 (&), as functions of temperature. Feed composition:

1.7 mol% n-butane, 17% oxygen, remainder He. W/F = 1.3 g s cm�3.
2. Experimental

The catalyst precursor, VOHPO4�0.5H2O, was prepared

by the ‘‘organic procedure’’, using isobutanol and benzyl

alcohol as the reducing agent for V2O5 in the presence of

H3PO4. The precipitate was filtered, washed with isobutanol

and dried at 125 8C overnight. After a spray-drying

conglomeration of particles into fluidizable material, the
compound was thermally treated to develop the vanadyl

pyrophosphate, and then the reaction was run in fluidized-

bed pilot reactor for 2 months. This procedure led to the

development of a fully equilibrated catalyst, and all the

standard characterization techniques evidenced the presence

of crystalline vanadyl pyrophosphate. Catalytic tests were

then carried out in a laboratory glass flow-reactor, loading

3 g of the equilibrated catalyst, diluted with inert material.

The products were analyzed by means of gas chromato-

graphy. A HP-1 column was used for the separation of C4

hydrocarbons, acetic acid, acrylic acid, maleic anhydride,

tetrahydrophthalic anhydride, phthalic anhydride. A Carbo-

sieve SII column was used for the separation of oxygen,

carbon monoxide and carbon dioxide.
3. Results and discussion

3.1. The reactivity under n-butane-rich conditions,

with total conversion of oxygen

Figs. 1 and 2 compare the catalytic performance under

n-butane lean conditions (which in our lab reactor are run

using 1.7% n-butane and 17% oxygen in feed), and under

hydrocarbon-rich conditions, respectively. In the latter case,

the concentration of oxygen at the reactor inlet was 17%,

while that of the hydrocarbon was 10 mol%. It is worth

mentioning that the latter feed composition is flammable,

and therefore operation with such feed should be

conveniently operated, at an industrial level, with a

fluidized-bed reactor, and by mixing the recycle feed (with

the desired amount of inert in it), and make-up reactants

separately, directly inside the catalytic bed. On the other

hand, with such a feed composition, operation can be

conveniently conducted so to keep the oxygen concentration

at the reactor outlet well below the MOC (maximum oxygen

concentration). Therefore, the feed composition here

employed might simulate the reactor inlet for a process in

which (i) oxygen is the limiting reactant, (ii) per pass n-

butane conversion is a function of the distribution of
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Fig. 2. Conversion of n-butane (~), selectivity to maleic anhydride (^),

CO + CO2 (&), acrylic + acetic acids (*), and tetrahydrophthalic + phthalic

anhydrides (*), as functions of temperature. Feed composition: 10 mol%

n-butane, 17% O2, remainder He. W/F = 1.3 g s cm�3.

Fig. 3. Selectivity to maleic anhydride (^), CO + CO2 (&), acrylic + acetic

acids (*), and tetrahydrophthalic + phthalic anhydrides (*), as functions

of residence time. Feed composition: 10% n-butane, 17% O2, remainder He;

temperature 400 8C.
products (the formation of which involves different

stoichiometries as regards oxygen consumption), and (iii)

a relevant concentration of inert is maintained in the recycle

loop.

Data of Figs. 1 and 2 show remarkable differences

between the two conditions. The conversion of n-butane

under hydrocarbon-rich conditions was lower than that

obtained under leaner conditions, especially at above 400 8C
(see also considerations concerning the productivity,

discussed in relation to data of Fig. 4); the conversion of

oxygen was total at 460 8C. Under rich conditions, the

increase of n-butane conversion from 380 to 460 8C was

relatively small (from 15 to 30%). This may be attributed

either (i) to a variation of the apparent activation energy

(possibly coming from a contribution of intra-particle or

inter-particle diffusional limitations to the rate-limiting

step), or (ii) to a change in the nature of the rate-limiting step

when the gas-phase composition is modified, or (iii) to a

relevant contribution of homogeneous reactions, which

typically differ from heterogeneous phenomena in regards to

variations with temperature. This aspect is further discussed

in Section 3.3.

The most important difference between the two feed

compositions, however, concerned the distribution of

products. Under hydrocarbon-lean conditions (Fig. 1), the

products obtained were maleic anhydride, CO and CO2.

Only traces of acrylic acid and acetic acid formed, with

selectivity lower than 1%, and there was no formation of

heavier by-products. As usual, the selectivity to maleic

anhydride declined for increasing reaction temperatures,

while that to COx correspondingly increased. Under

hydrocarbon-rich conditions, at 380 8C the selectivity to

maleic anhydride was lower than that obtained under leaner

conditions for the same temperature, mainly because of the

relevant formation of acrylic and acetic acid, the overall

selectivity of which was around 10%. The formation of the

latter products remained constant when the reaction

temperature was increased, while the selectivity to maleic

anhydride rapidly fell. This was due to the increased

selectivity to carbon oxides, and, even more remarkably, to
the formation of two C8 compounds, tetrahydrophthalic

anhydride and phthalic anhydride.

The formation of phthalic anhydride is also relevant when

the vanadyl pyrophosphate is used as the catalyst for the

oxidation of n-pentane [16,17]. This was attributed to an

acid-type condensation and dehydrocyclization between two

unsaturated C5 hydrocarbons, leading to the formation of a

C10 alkylaromatic, which is the precursor of the C8

anhydride. Thus, the well-known surface Lewis acidity of

the vanadyl pyrophosphate contributes to catalyze the

formation of condensation products. The two main products

of selective oxidation, maleic and phthalic anhydrides,

formed by parallel reactions from n-pentane.

The formation of heavy by-products is not observed in the

oxidation of n-butane under hydrocarbon-lean conditions,

due to the fact that an acid-catalyzed dimerization and

dehydrocyclization of two C4 olefins would not lead to the

formation of a cyclic aliphatic hydrocarbon having two

adjacent methyl groups (the possible precursor for the

formation of o-xylene and then of phthalic anhydride), but

rather to a compound which, when aromatized, would lead

to p-xylene [16]; if formed, this would finally be oxidized to

carbon oxides and to maleic anhydride [18]. Therefore,

under the hydrocarbon-rich conditions used in the present

work, the formation of phthalic anhydride through an acid-

catalyzed mechanism is not likely. Moreover, this mechan-

ism does not include the formation of tetrahydrophthalic

anhydride, which instead is one important product from n-

butane under rich conditions.

Another possible mechanism for the formation of the C8

by-products may consist in a cyclo-addition of intermediate

butadiene to maleic anhydride (Diels–Alder reaction), with

formation of tetrahydrophthalic anhydride. Even though

thermodynamically less favoured at high temperature, this

reaction might be shifted towards the formation of the

product by the consecutive, irreversible oxidative transfor-

mation of tetrahydrophthalic anhydride to phthalic anhy-

dride. This mechanism is supported by tests shown in Fig. 3,
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Fig. 4. Effect of n-butane concentration in feed on the rate of n-butane

conversion at 380 8C (^), and on the selectivity to maleic anhydride at 15%

n-butane conversion (&), and at 40–50% n-butane conversion (~). W/F

1.3 g s cm�3.
made at increasing residence times. Results evidence that: (i)

tetrahydrophthalic and phthalic anhydrides are secondary

products (while maleic anhydride is a primary product), and

(ii) the increase of selectivity to C8 compounds corresponds

to a decrease in the formation of maleic anhydride.

Whichever is the mechanism for the formation of the C8

by-products, either (i) an acid-catalyzed dimerization and

dehydrocyclization of intermediate C4 olefins, followed by

aromatization and oxidation, or (ii) a reaction between C4

diolefin and maleic anhydride, it is clear that the growing

selectivity to these by-products, for increasing reaction

temperatures, is due to a decreased ability of the catalyst

to give O-insertion on the intermediate unsaturated C4

compounds. Under conditions of total O2 conversion,

instead of being oxidized to maleic anhydride, these

intermediates undergo other transformations in the fraction

of catalytic bed which is exposed to the anaerobic condition.

This fraction of the bed increases when the reaction

temperature is raised.

The performance of the vanadyl pyrophosphate at high n-

butane partial pressure was first studied many years ago [19],

and it was established that one important factor, in order to

make the multi-step transformation of the alkane to maleic

anhydride feasible, is the surface availability of O-insertion

sites. Specifically, it was found that at relatively high

hydrocarbon-to-oxygen ratio, the scarce availability of these

sites makes the transformation of reaction intermediates

(i.e., butenes and butadiene) slower, and causes the

desorption of the latter into the gas phase; this leads to a

lower selectivity to maleic anhydride. The O-insertion

properties are also a function of the vanadyl pyrophosphate

morphology, and it is known that the preferential exposure of

peculiar crystallographic planes may lead to higher activity

and/or selectivity to maleic anhydride. This is confirmed by

results of Kamiya et al. [11], who found that the rose-petals

morphology, with a compound exhibiting the preferential

exposure of the (2 0 0) plane, was the most active catalyst at

5% n-butane concentration, as a consequence of an higher

vanadium reducibility and reoxidizability. Differences

between catalysts were much smaller at low n-butane

concentration.

The paper by Mallada et al. [10] points out that the

performance of the vanadyl pyrophosphate under ‘‘oxidiz-

ing’’ (2% n-butane and 20% oxygen) and ‘‘reducing’’ (10%

n-butane, 15% oxygen) conditions is very different.

Specifically, under reducing conditions the catalyst gave a

lower hydrocarbon conversion (but the productivity was

higher), and a lower selectivity to maleic anhydride. The

effect was attributed to the development of a defective

vanadyl pyrophosphate, as a consequence of the introduc-

tion of planar shear defects generated by the loss of lattice

oxygen, and to the formation of V3+ species. While in

proximity of the reactor entrance, where oxygen was still

available, the characteristics of the vanadyl pyrophosphate

were comparable under oxidizing and reducing conditions,

in the latter case and in the presence of decreasing
concentrations of oxygen along the reactor, a reduced

vanadyl pyrophosphate developed. The latter not only was

substantially unable to convert n-butane to maleic anhy-

dride, but also was responsible for the combustion of maleic

anhydride formed in the uppermost, oxidized catalyst layers.

Mota et al. [8,9] found that the progressive reduction of

the vanadyl pyrophosphate under n-butane-rich conditions

(16.6% n-butane and 10% oxygen) led to an increase of

hydrocarbon conversion and to a drastic fall of selectivity to

maleic anhydride. Also in this case, the behavior was

attributed to the development of a reduced catalyst surface

and to the formation of C deposits. The need was pointed out

for available O-insertion sites, and for an optimal V5+/V4+

ratio, in order to obtain the transformation of all reaction

intermediates to maleic anhydride. It was also found that the

doping of the vanadyl pyrophosphate with either Co or Mo

favoured the development of a higher V5+/V4+ ratio under n-

butane-rich conditions, and limited the formation of C

deposits [20].

Therefore, there is a general agreement that a strong

reduction of the vanadyl pyrophosphate is the reason for the

bad performance under hydrocarbon-rich conditions. The

main difference between the present work and results

reported by other groups concerns the nature of the by-

products which are responsible for the lower selectivity to

maleic anhydride. We demonstrate here that due to the lower

amount of O-insertion sites, a fraction of intermediate

olefinic compounds reacts preferentially with the already

formed maleic anhydride, giving rise to the formation of the

C8 by-products, and lowering the selectivity to maleic

anhydride.

Fig. 4 plots the value of the overall rate of n-butane

transformation, measured at 380 8C (that is under conditions

of low n-butane conversion), and the selectivity to maleic

anhydride at 15 and 40–50% hydrocarbon conversion, as

functions of the n-butane concentration in feed. Phthalic and

tetrahydrophthalic anhydrides formed only in tests carried

out with 10% n-butane in feed. Other effects were the

following:
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(a) T
Fig.

CO

phth

10 m
he rate of n-butane transformation reached a plateau at

4% hydrocarbon concentration in feed, suggesting a

surface saturation effect. However, the rate measured at

10% hydrocarbon was much higher than that one at

lower n-butane concentrations. This is strongly in favour

of a contribution from a homogeneous n-butane

transformation, which overlaps to the heterogeneous

mechanism at high n-butane concentration.
(b) A
t low conversion, the selectivity to maleic anhydride

was not affected by the hydrocarbon concentration in

feed, when the latter was between 1.3 and 4 mol%; the

decrease of selectivity at 10% n-butane was mainly due

to the higher formation of acrylic acid, acetic acid and

carbon oxides.
(c) A
t high conversion, instead, the selectivity to maleic

anhydride already began to decline at 2.5% n-butane

in feed, due to the higher formation of carbon oxides,

and became very low at 10% hydrocarbon concentra-

tion. In the latter case, the low selectivity was mainly

due to the formation of carbon oxides and to the

consecutive reactions occurring upon maleic anhy-

dride, yielding tetrahydrophthalic and phthalic anhy-

drides.
3.2. The reactivity under n-butane-rich conditions,

with incomplete conversion of oxygen

Results plotted in Figs. 2–4 indicate that under reducing

conditions, and specifically under conditions of total oxygen

conversion, two phenomena affect the catalytic perfor-

mance: (i) consecutive reactions upon maleic anhydride lead

to the formation of C8 by-products, and (ii) homogeneous

reactions contribute to n-butane conversion.

In order to confirm the role of oxygen on the distribution

of products, n-butane-rich tests were carried out using higher

oxygen concentration in feed. Fig. 5 plots the effect of

temperature on catalytic performance at 10% n-butane and

25% oxygen in feed. Under such conditions, the conversion
5. Conversion of n-butane (~), selectivity to maleic anhydride (^),

+ CO2 (&), acrylic acid + acetic acid (*), and tetrahydrophthalic +

alic anhydrides (*), as functions of temperature. Feed composition:

ol% n-butane, 25% O2, remainder He. W/F = 1.3 g s cm�3.
of oxygen was not total (at 460 8C, it was equal to 75%). The

main differences with respect to data reported in Fig. 2 are:
(a) A
 higher conversion of n-butane.
(b) A
 considerable decrease in the formation of C8 by-

products, the selectivity of which was now not higher

than 0.5 %. The selectivity to acrylic + acetic acid

instead was the same as that obtained with lower oxygen

concentration (Fig. 2). Therefore, when molecular

oxygen is available along the entire catalytic bed, the

rate of intermediate C4 olefins oxidation to maleic

anhydride becomes quicker than the rate of reaction

with maleic anhydride itself to yield the C8 by-products.

This confirms the importance of having a suitable

number of O-insertion sites on the catalyst surface, in

order to have a rapid transformation of the intermediates

to maleic anhydride.
(c) A
 quite unexpected effect was the minimum in the

selectivity to maleic anhydride, at 400 8C; in fact, at

above 400 8C, the selectivity to maleic anhydride

increased, reaching the 50% at 460 8C, for a n-butane

conversion equal to 46%. This gives the best yield to

maleic anhydride (23%) ever reported in literature for

operation under n-butane-rich conditions, with an

unsupported VPO catalyst (55% yield is claimed by

Ledoux et al. [13] for b-SiC-supported VPO, under

conditions similar to those employed in the present work).

The effect was completely reversible and reproducible,

when tests were repeated by changing the reaction

temperature from low to high, and vice-versa, and when

shifting the gas-phase composition from hydrocarbon-

rich to hydrocarbon-lean. This also indicates that coke

accumulation, likely occurring under n-butane-rich

conditions [8,21] did not cause a significant catalyst

deactivation, and a lack of reproducibility in catalytic

tests when the reaction conditions were changed.
The effect observed, of a minimum in the selectivity to

maleic anhydride, can be attributed to a change in the re-

action mechanism occurring at high temperature. It is worth

reminding that this phenomenon occurred in the presence of

(i) unconverted oxygen in the gas-phase, and (ii) high co-

ncentration of n-butane in feed. On the contrary, the effect

was not observed under hydrocarbon-lean conditions (Fi-

g. 1), or under hydrocarbon-rich conditions with total ox-

ygen conversion (Fig. 2). Therefore, it is possible that an

additional contribution to the formation of maleic anhydride

derives from the oxidation of C4 unsaturated intermediates,

the latter having been generated by the homogeneous rea-

ctions. This point is further investigated in the following

chapter.

3.3. The contribution of homogeneous reactions

Results obtained clearly indicate that at high n-butane

concentration the contribution of homogeneous reactions is
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Fig. 6. Conversion of n-butane and selectivity to the products as functions

of temperature for tests carried out in the absence of catalyst. Feed

composition: 10% n-butane, 25% O2, remainder He.
likely. In order to confirm the role of gas-phase reactions,

tests have been carried out by feeding the reactant mixture

containing 10% n-butane and 25% oxygen, either to the

empty reactor, or to the reactor filled with inert material

(steatite), while keeping the same flow rate as for tests

carried out in the presence of the catalyst. Fig. 6 summarizes

the results obtained.

At 360 8C the conversion of n-butane was close to 70%,

that is considerably higher than that achieved in the presence

of the catalyst under the same reaction conditions. This

means that at relatively low temperature the catalyst is able

to suppress, at least in part, the radicalic chain reaction

which is initiated in the gas phase. The same quenching

effect was not observed when the reactor was filled with

inert material, in place of the catalyst. Therefore, the ability

of the catalyst to interrupt the chain mechanism is related to

the property of active sites to adsorb the radicalic species,

and transform them to non-radicalic products (e.g., carbon

oxides).

The homogeneous conversion of n-butane drastically

decreased when the inlet concentration of oxygen was

lowered, or when the reaction temperature was increased (T

440 8C as compared to 360 8C, in Fig. 6). This is also typical

of homogeneous, radicalic-type processes, since the

reversible reaction:

R� þ O2 !ROO�

is thermodynamically less favoured at high temperature [1].

This also may explain why in Fig. 5 the conversion of

n-butane reaches a plateau, despite the availability of oxygen

in the gas phase.

Fig. 6 also reports the distribution of products: mainly

COx (especially CO) and olefins (butenes and butadiene),

with minor formation of acrylic acid, acetic acid,

crotonaldehyde and methylvinylketone (all included in

the term: oxygenated products). These are the products

typically obtained, together with maleic anhydride, in the

oxidation of butenes catalyzed by vanadyl pyrophosphate

[22].
The formation of the olefins occurs either via the

mechanism:

CH3�CH2�CH2�CH3 !CH3�CH2�CH��CH3

CH3�CH2�CH��CH3 þ O2 !CH3�CH¼CH�CH3
þ HO2
�

or by dehydrogenation, especially under conditions of low

residual oxygen concentration. The distribution of products

was not greatly affected by temperature, in the range exam-

ined. No maleic anhydride formed.

The presence of the homogeneous reactions explains the

phenomena observed in the presence of the catalyst, under

hydrocarbon-rich conditions:
(a) T
he rate of n-butane transformation at 10% hydrocarbon

in feed, higher than the expected one (Fig. 4).
(b) T
he formation of acrylic acid and acetic acid (Fig. 2),

which in part may derive from the reaction of radicalic

fragments with oxygen, either in the gas phase or at the

catalyst surface.
(c) T
he formation of C8 by-products at temperature higher

than 400 8C (Fig. 2), by reaction between olefins,

generated in the gas phase at high temperature, and

maleic anhydride, generated at the catalyst surface. This

reaction is relevant under hydrocarbon-rich conditions

only when the oxygen in the gas phase is totally

consumed (Fig. 2). Excess oxygen, instead, leads to the

disappearance of C8 by-products (Fig. 5), and to the

increase in the formation of maleic anhydride; therefore,

under these conditions the olefins generated in the gas

phase may react with the oxidizing sites at the catalyst

surface, yielding maleic anhydride. This mechanism

overlaps to the heterogeneous one, which instead leads

to the formation of maleic anhydride with a decreasing

selectivity for increasing reaction temperatures. The

combination of the two effects generates the minimum

in selectivity to maleic anhydride (Fig. 5). Since the

selectivity to olefins in the presence of the vanadyl

pyrophosphate is very low (traces of olefins were

obtained at high temperature only for tests carried out

with 10% n-butane and 17% oxygen), this further

confirms that the olefins produced are transformed by

reaction with the catalyst.
The scheme of reaction under hydrocarbon-rich condi-

tions, including both homogeneous and heterogeneous re-

actions, is summarized in Fig. 7. The relative contribution of

the two reactions at temperatures higher than 400 8C, lea-

ding either to the formation of the C8 by-products, or to

maleic anhydride, is a function of the oxygen concentration

in the gas phase. Strongly reducing conditions, due to the

total oxygen consumption, lead to the preferred formation of

the C8 by-products, by reaction between unsaturated C4

compounds and maleic anhydride (formed in the uppermost

fraction of the catalytic bed, where oxygen is still present),
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Fig. 7. Reaction scheme for n-butane oxidation catalyzed by vanadyl pyrophosphate under hydrocarbon-rich conditions. (a) Pathway preferred under

conditions of total oxygen conversion. (b) Pathway preferred under conditions of incomplete oxygen conversion.
either because the number of oxidizing V5+ sites is too low

[8–10,23], or because the oxidation of butenes to maleic

anhydride involves adsorbed O species [24,25], the forma-

tion of which requires the presence of gas-phase O2. Olefins

are generated by both the heterogeneous and the high-te-

mperature, homogeneous mechanism. In the presence of

excess molecular oxygen, instead, the reaction pathway

leading to the transformation of olefins to maleic anhydride

is kinetically preferred.
4. Conclusions

The oxidation of n-butane to maleic anhydride, catalyzed

by vanadyl pyrophosphate, was studied under hydrocarbon-

rich conditions, simulating a feed in which molecular

oxygen is the limiting reactant. Under these conditions, the

selectivity to maleic anhydride was considerably lower than

under n-butane-lean conditions; above 400 8C, this was due

to the higher selectivity to carbon oxides, and to the

formation of tetrahydrophthalic and phthalic anhydrides.

The latter compounds formed by consecutive Diels–Alder
reaction of maleic anhydride with intermediate butadiene;

however, this reaction became relevant only under condi-

tions of total oxygen conversion.

The contribution of homogeneous reactions was non-

negligible over the entire range of temperature examined,

and became important above 400 8C. Under conditions of

incomplete conversion of oxygen, the selectivity to maleic

anhydride increased when the temperature was raised above

400 8C; this has been attributed to the heterogeneous

oxidation of the C4 olefins’ generated in the gas phase by

homogeneous reactions.
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