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Abstract

The reaction network of the partial oxidation of n-butane to maleic anhydride on (VO),P,0, has been investigated using
steady-state and transient experiments in a Temporal-Analysis-of-Products (TAP) reactor under vacuum conditions to
identify by mass spectrometry possible intermediate products and in a tubular fixed bed reactor at atmospheric pressure to
derive information on the role of the detected and other potential intermediates in the reaction network. The oxidation of
butane, butadiene, tetrahydrofuran, dihydrofuran, and furan has been studied in the TAP reactor and, additionally to these
compounds, crotonaldehyde, crotonlactone, and malealdehydic acid were oxidized in the tubular flow reactor. From the
results obtained it can be concluded that the main reaction pathway from butane to maleic anhydride proceeds via the
intermediate products n-butenes, butadiene, crotonaldehyde, dihydrofuran, furan, and crotonlactone.
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1. Introduction

The conversion of n-butane to maleic anhy-
dride (MA) is a complex selective oxidation
reaction which includes the abstraction of 8
hydrogen atoms and the insertion of 3 oxygen
atoms into the C, molecule. Although it is
obvious that this reaction requires several reac-
tion steps, no intermediates have been observed
up to now during the oxidation of hydrocarbon
lean butane—air mixtures on selective and active
equilibrated catalysts under steady-state condi-
tions and atmospheric pressure [1]. This finding

* Corresponding author.

caused some authors to postulate reaction mech-
anisms in which the butane molecule is acti-
vated in the C, and C, position [2,3] and, after
cleavage of the respective C—H bonds, it is
anchored on the catalyst surface via one or two
oxygen bridges [2-5]. Thereafter, the reaction
runs without desorption of any intermediates to
MA which then finally desorbs. Only on
(VO),P,0, promoted with a lanthanum addi-
tive the detection of tetrahydrofuran originated
from such an intermediate structure was claimed
[2]. In contrast to these ideas on the reaction
mechanism, Pepera et al. [6] have shown by
oxidation of partly deuterated butane that butane
activation occurs mainly at the C, and C; meth-
ylene groups and, indeed, products of oxidative
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dehydrogenation of the butane molecule, the
butenes and butadiene resulting from such an
intermediate structure, could be determined un-
der particular reaction conditions [7,8]. Addi-
tionally, furan was identified as another possible
intermediate among the reaction products under
oxygen-deficient conditions at ambient pressure
[7], and at vacuum conditions in transient exper-
iments using the Temporal-Analysis-of-Products
(TAP) reactor [8].

Basing on these results, a reaction chain from
butane via butenes, butadiene and furan to MA
seems to be the most likely one. But some
questions remain unanswered, e.g., if tetrahy-
drofuran is really an intermediate product and
via which intermediates the reaction steps from
butadiene to furan and from furan to MA pro-
ceed. 2,5-dihydrofuran and crotonlactone (2-
butene-1,4-olid), respectively, have been dis-
cussed to be intermediates in these steps [1,9].
Up to now, only crotonaldehyde, a potential
intermediate in the step from butadiene to furan,
could be identified in a desorption experiment
as a product of the oxidation of butane on
(VO),P,0, catalysts [10]. Special TAP experi-
ments were carried out to detect dihydrofuran
using a pretreated catalyst but they were not
successful [9]. In the oxidation of butadiene,
however, the intermediate products mentioned
above were detected on a supported vanadium
oxide catalyst with short pores and low density
of the oxidizing sites [11]. Malealdehydic acid
( B-formylacrylic acid, 5-hydroxy-2-oxo-2,5-di-
hydrofuran) is known to be an oxidation product
of the liquid phase oxidation of furan and fur-
furol, respectively, with triplet or singlet dioxy-
gen [12]. In principle, the formation of this
product via insertion of oxygen from the cata-
lyst into a furan molecule could be possible and,
therefore, malealdehydic acid should be taken
into account for the step furan to MA in addi-
tion to crotonlactone.

It was the aim of the present work to eluci-
date oxygen insertion steps into the C, molecule
by identification of possible intermediates
studying the C, oxidation at steady-state and

transient conditions in vacuum with the TAP
reactor. Additionally, some possible intermedi-
ates were oxidized in a tubular catalytic fixed
bed reactor at atmospheric pressure to derive
information on their role in the reaction net-
work. Further, it was of interest to study if
phthalic anhydride is formed in the oxidation of
butane, analogously to its formation in the oxi-
dation of pentane [13].

Concerning other topics of butane oxidation,
e.g., the type of mechanism operating in the
different steps of the butane oxidation to MA
(redox mechanism or not) and the role of the
different valence states of vanadium (V** or
V>*) in the mechanism we refer to our previous
studies [14,15].

2. Experimental
2.1. Catalysts

The (VO),P,0, catalysts used in this work
were obtained from a sulfate containing precur-
sor VOHPO, - 0.5H,0 and a precursor
VOHPQO, - 4H,0. Both were prepared from
aqueous solution and, therefore, did not contain
any intercalated alcohol. For further details of
the synthesis of the precursors and their
physico-chemical properties see Ref. [16].

The conditioned catalyst specimen used in
the TAP studies was obtained by a short time
pretreatment of the fresh, ‘‘calcined”’
(VO),P,0, catalyst with a butane—air mixture
at a temperature at which the butane conversion
was nearly complete. Its average oxidation state
of vanadium was 4.022. The principle of the
pretreatment procedure of that fresh (VO),P,0,
catalyst which was prepared by calcining the
precursor in a stream of nitrogen at 480°C is
described in [16] (‘‘high-temperature short-time
pretreatment’”).

The catalyst for the flow reactor study was
prepared as a well crystallized (VO),P,0, by
calcining the VOHPO, - 4H,0O precursor in a
stream of nitrogen at 650°C and was used with-
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out any pretreatment procedure. Its average va-
lence state of vanadium amounted to 4.0.

2.2. Feeds

The following substrates were used in experi-
ments for oxidation and identification of inter-
mediate and side products:

n-butane, butadiene, tetrahydrofuran, dihy-
drofuran, furan, crotonlactone, and 18O:,_, all
were of more than 99% purity. Crotonaldehyde
was freshly distilled prior to the oxidation study.
Malealdehydic acid was synthesized according
to Schenck by photosensitized oxygenation of
furfurol [12].

The reactant mixtures for the TAP experi-
ments (organic substrates: n-butane, butadiene,
dihydrofuran and furan) were prepared in a feed
mixing vessel of the TAP apparatus. Neon was
usually used as internal standard (10%). The C,
compounds were oxidized under anaerobic con-
ditions or as mixtures with 16O2 and with 1802,
respectively (O,:C, substrate = 3.3-5.9:1).

The reactant mixtures for the steady-state
flow experiments at atmospheric pressure were
prepared as follows: Gaseous or volatile sub-
strates were mixed with N, and O, in suitable
steel bottles. Usually the concentration of the
substrate was 0.8—1.0 Vol% and the oxygen
concentration amounted to 20%. For standard-
ization, the concentration of the organic sub-
stances was determined by oxidizing them over
a Co;0, catalyst and measuring the amount of
CO, formed by infrared photometry.

Less volatile compounds like crotonlactone
and malealdehydic acid were dosed by saturat-
ing a stream of N, bubbling through the liquids
at given temperatures. After mixing the sub-
strate-containing N, stream with O, the partial
pressures of the substrates were estimated via
total oxidation as already mentioned. Malealde-
hydic acid is able to isomerize to fumaraldehy-
dic acid at elevated temperatures. Therefore, its
actual partial pressure was controlled using a
combination of total oxidation and IR photome-
try as mentioned above.

2.3. Reactors and experimental procedures

The TAP reactor system has been described
in detail by Gleaves et al. [17]. The principle of
the method and the conditions being of interest
for the present study are reported in [14]. There-
fore, only a short remark on the TAP procedure
is presented here.

In the TAP study two different modes of
operation were used. At ‘‘scan mode’’ pure
substrates or substrate-oxygen mixtures were
passed as a continuous flow over the catalyst
and scanned mass spectra were recorded. At
““pulse mode’’ small amounts of approx. 10'6
molecules of gas mixtures were pulsed to the
catalyst and the response signals to a single
m/e at the reactor outlet were recorded with
time. The reaction temperatures amounted to
420°C or 445°C (scan mode experiments) and
420°C (pulse mode).

For the steady-state experiments a conven-
tional tubular fixed bed reactor was used which
was made of stainless steel. The charge of
catalyst having granuled shape (1,25-2,5 mm)
amounted to 10-30 ml. The reaction products
were analyzed and identified by off-line and
on-line GC using packed columns of different
polarity (see also [18]).

3. Results

3.1. Steady-state and transient studies under
vacuum conditions

3.1.1. Anaerobic oxidation of butane: Reaction
intermediates and side products

n-butane was passed over the conditioned
catalyst specimen in the absence of gaseous
oxygen at 445°C to determine reaction interme-
diates and products. Fig. 1 shows a typical
scanned mass spectrum of the reaction products.
From this spectrum the presence of n-butane
(m/e = 58) and the formation of butene (m/e
= 56), butadiene (m/e = 54), furan (m/e =



246 B. Kubias et al. / Catalysis Today 32 (1996) 243-253

300000

58

200000

intensity

100000 -4

OL . M ! ,Jﬂ, ) i

0 5 10 15 20 25 30 35 40 45 S50 55 60

1000 — 5
800 {
2 600 ﬁ 98
g
£
£ 400 +
78
200 £° -
64 70 84 104
0 + ) Aot -~
60 65 70 75 80 8 90 95 100 105 110

Fig. 1. Scanned mass spectrum of the products of an continuous
flow anaerob butane oxidation experiment on a conditioned
(VO),P,0; catalyst at 445°C.

68), and MA (m/e = 98) can be concluded. In
case of m/e =54 and 56 corrections of the
intensities measured were necessary because

Table 1

these fragments are also present in the mass
spectra of other products [14]. Further, the total
oxidation product CO, is identifiable (m/e =
44) whereas the estimation of CO is difficult
due to the formation of fragments with m /e =
28 from most of the other reaction products.
Molecular ions and typical fragments of reac-
tion products are summarized in Table 1.

The small peak at m/e =70 might be at-
tributed to both the molecular ion of crotonalde-
hyde and the molecular ion of dihydrofuran. A
comparison of the mass spectra of the respective
pure compounds reveals that they are very simi-
lar. Only the fragments at m/e =27 and 42
could be used for discrimination but at these
m/e fragments of other reaction products ap-
pear, too. A small peak at m/e =72 was also
found which could be the molecular peak of
tetrahydrofuran. A comparison with the mass
spectrum of tetrahydrofuran shows that in the
mass spectrum of this compound at m/e =71 a
second peak of similar intensity occurs which,
however, was not observed. Considering the
fact that acrylic acid (molecular ion: m/e = 72)
is a well known side product of the selective
butane oxidation under steady-state conditions it

Molecular ions and fragments used for the identification of reaction products of the aerobic and anaerobic oxidation of butane, butadiene,

dihydrofuran and furan

Molecule Used molecular ions and fragments (m/¢) in case of
oxygen free or 80 containing
%0 containing molecules
molecules

n-Butane 54, 56, 58

Butenes 54, 56

Butadiene 54

Tetrahydrofuran 71,72 73,74

2,5- and 2,3-Dihydrofuran 70 72

Crotonaldehyde 70 72

Furan 68 70

Crotonlactone 84 86, 88

Malealdehydic acid 100 102, 104, 106

MA 98 100, 102, 104

co, 44 46, 48

Acrylic acid 72 74,76

Acetic acid 60 62, 64

Phthalic anhydride 104 106
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Table 2

247

Oxidation of butane, butadiene, 2,5-dihydrofuran and furan over a conditioned (VO),P,0, catalyst

Substrate Oxygen Mass spectrometric analysis, detected m/e

68 70 71 72 74 76 84 8 88 98 100 102 104 106
Butane - + + + + tr. + tr.
Dihydrofuran - + + + + + + + + + +
Butane %0, + tr. +
Butadiene 150, + tr. + tr. n.m tr. + +
Butane 0, + + + + . ot + + + + +
Butadiene 80, + + o + + + + + + + + + +
Furan 80, + + tr. + + + + tr + + + + n.m.

+ peak detected, tr. traces, n.m. not measured in this m /e region.

is probable that the observed peak originates
from this compound.

The small peak at m/e = 84 could be the
molecular ion of a compound with the formula
C,H,0,. No peak at m/e = 100 which could
be attributed to the molecular ion of malealde-
hydic acid was observed at the reaction condi-
tions chosen. The m /e = 104 might be the frag-
ment C,H,0O7 originated from the phthalic an-
hydride molecule by loss of CO, [19].

3.1.2. Aerobic oxidation experiments

In order to identify the m /e = 84 and 104 as
well as other interesting masses (m/e = 60, 64,
78) which can be related to mechanistic aspects
but could not be assigned to experiments were
carried out at 445°C using n-butane, butadiene,

intensity
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dihydrofuran, furan, 16O2 and 1802, respec-
tively, as reactants. The results of these experi-
ments are summarized in Table 2.

When passing a continuous flow of a mixture
of '°0, and butane at 420°C over the condi-
tioned catalyst, a small peak at m/e = 84 ap-
peared and a bigger one at this m /e ratio was
found in the oxidation of butadiene, dihydrofu-
ran or furan under the same conditions. Oxida-
tion with ]802 resulted in two additional peaks
with m/e =86 and 88 in the scanned mass
spectra of the products of the oxidation of bu-
tane, butadiene and furan as shown in Fig. 2.
Based on this finding it is strongly suggested
that a product with two oxygen atoms is formed
which could be crotonlactone or butenedial. The
occurrence of the three different m/e men-

1500
104
102
1000 + 100
98 106 ¢
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0 T T
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Fig. 2. Mass spectra m/e = 80-90 and m/e = 95-110 of the oxidation products of C, oxidation with 18O2 on a conditioned (VO), P,0,
catalyst, T = 420°C, feeds: butane / '#O, (A), butadiene / ¥ 0, (B), and furan/ '*O, (C). The spectra of the oxidation products of butadiene

and furan were shifted to higher intensities.
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tioned above is analogous to the formation of
MA molecules with the molecular ions m/e =
98, 100, 102 and 104 in which different amounts
of '*0 are inserted. Both possible intermediates,
crotonlactone and butenedial, show similar mass
spectra [19,22] and, therefore, cannot be dis-
criminated under the conditions applied. In all
these experiments with mixtures containing 16O2
no molecular ion of malealdehydic acid at m/e
=100 was observed in accordance with the
finding in the anaerobic oxidation of butane.

Concerning the m/e = 104, the oxidation of
butadiene, dihydrofuran and furan resulted in
distinct peaks at this m /e whereas in the butane
oxidation only traces of this fragment were
found. The mass spectra of oxidation products
obtained with '®O, as oxidant exhibited the
additional formation of the m/e = 106 corre-
sponding to a fragment in which the 0 is
substituted by O (Fig. 2). Therefore, this frag-
ment should be C,H,0" mentioned above as a
derivative of phthalic anhydride.

Oxidation of butane with '*0, resulted in the
appearance of a peak at m/e = 62 additionally
to m/e = 60 and in the increase of m/e = 64.
This finding probably originates from a frag-
ment or molecular ion containing two oxygen
atoms. Thus, it can be assigned to acetic acid.
Analogously, the formation of additional peaks
at m/e =74 and 76 supported the conclusion
that the peak at m/e = 72 may be attributed to

Table 3

acrylic acid. The peak at m /e = 64 is caused by
the loss of SO, from the SO~ containing
(VO),P,0, catalyst specimen as was confirmed
by the mass spectrum of the gaseous products
obtained by heating the catalyst in vacuum. The
peak at m/e = 78 should belong to a product
without any oxygen content because of the lack
of the masses 80 or 82 in case of the experi-
ments with '*0,.

3.1.3. Single pulse experiments

TAP response signals were recorded for the
m/e = 54, 56, 58, 68 and 98 in the anaerobic
oxidation of butane. The recording of the m/e
= 84 was given up due to the very small inten-
sity of this peak. In accordance with the results
described by Ebner et al. [8] the elution times of
the peak maxima of the different molecular ions
were in the sequence butane, butene, butadiene,
furan and MA. Additionally, the shapes of the
response curves were also similar.

3.2. Steady-state experiments at ambient pres-
sure: Oxidation of intermediates in the flow
reactor

To evaluate the role of possible intermedi-
ates, tetrahydrofuran, dihydrofuran, crotonalde-
hyde, crotonlactone, and malealdehydic acid
were oxidized at conditions of excess of oxy-
gen. Additionally, n-butane and the intermedi-

Oxidation of butane and of possible intermediates to MA over a (VO),P,0, catalyst with an average vanadium valence state of 4.0

Substrates ¢ Yuia max [Mol%] Tgge [°Cl Toge L8] Compounds observed Y max [Mol%]
Butane 43 460 1.60 - -
Tetrahydrofuran 49 355 1.50 ne.*? ne.
Butadiene 48 430 0.36 F® 8

CA® 0.7
2,5-Dihydrofuran 51 350 0.40 F 79
Crotonaldehyde 50 380 0.36 F 19
Furan 65 375 0.36 - -
Crotonlactone 54 370 0.39 - -
Malealdehydic acid 68 372 0.40 - -

® Not estimated, ® F = furan, ©

CA = crotonaldehyde, 4 0.8-1.0 vol% in air.

Yua maxs Yimax: Maximum yield of MA and intermediate product, respectively.

Togg: Residence time at 90% conversion at Tyyq,.
Tygq: Temperature of 90% conversion of the substrate at 7444,
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Fig. 3. Oxidation of crotonaldehyde and 2,5-dihydrofuran on (VO),P,0,: Conversion of the substrates and formation of MA and furan in
dependence on temperature. Catalyst: (VO),P,0,. Concentration of substrates: 1% in air, 7ggq: s. Table 2. M Xcionagenyges O

XDihydrofuran’ 14 YMA’ A YFuran'

ates butadiene and furan were converted to MA
to get a basis to compare reactivities and selec-
tivities.

The maximum MA yields, the temperatures
of 90% conversion of the substrates under com-
parable residence times and the yields of possi-
ble intermediates are listed in Table 3. The data
in this table reveal that both the MA yields and
the reactivities of the compounds differ remark-
ably and, therefore, these results may give hints
for the evaluation of the different reaction chains
which seem to be possible. Thus, the role of the
different intermediates in the reaction steps is
assessed as follows: The MA yield obtained in
the oxidation of an intermediate product should
be equal or higher than the MA yield from that
product which is thought to be the “‘precursor’
of the intermediate in the reaction chain. Fur-
ther, the temperature of 90% conversion of the
intermediate mentioned should be lower than
that one of the preceding precursor. These crite-

Xyas and Yags / Mol-%

(=

230 280 330 380
T/°C

ria are met by the intermediate products tetrahy-
drofuran, butadiene, crotonaldehyde, dihydrofu-
ran, furan and malealdehydic acid. Crotonlac-
tone does not seem to fulfil these requirements
for an intermediate of the step from furan to
MA but the change in the reaction system caused
by changing a substrate should also be taken
into account as it is discussed below.

For illustration, the conversion of dihydrofu-
ran, crotonaldehyde, crotonlactone and
malealdehydic acid and the yields of MA and,
in case of the two former substrates, of furan,
are depicted as a function of temperature in Fig.
3 and Fig. 4. As shown in Fig. 3, with increas-
ing degree of conversion of crotonaldehyde and
dihydrofuran the yields of furan run through
maxima pointing to the role of furan as an
intermediate product as it was found by other
authors in case of dihydrofuran oxidation, too
[23]. Furthermore, Fig. 3 illustrates that the
conversion of dihydrofuran is nearly complete

2100
3
S 75
]
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ERE
3 0 =
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Fig. 4. Oxidation of crotonlactone and malealdehydic acid on (VO),P,0,: Conversion of the substrates and formation of MA in dependence
on temperature. Catalyst: (VO),P,0,. Concentration of malealdehydic acid: 0.8-1.0% in air. Concentration of crotonlactone: 1% in air,

Too%: S- Table 2. @ XMalealdehydic acid? o XC!‘OtOnlaC[One’ 14 YMA‘
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at the comparatively low temperature of 350°C
under the reaction conditions chosen.

4. Discussion

4.1. The reaction steps from butane to MA:
Nature of the oxygen containing intermediates

It is concluded from the detection of the
m/e =54, 56 and 68 in the scan mode TAP
study and from the sequence of the elution
times of the peak maxima at these m/e ob-
served in the single pulse study that the reaction
chain butane — butene — butadiene — furan —
MA is the most probable one. In contrast, tetra-
hydrofuran could not be detected by mass spec-
trometry. Therefore, a reaction path from butane
to MA via tetrahydrofuran should be unlikely.
This assumption is supported by the results of
the flow reactor study: Tetrahydrofuran should
have been found in the scanned mass spectrum
of the butane oxidation because of its lower
reactivity compared with all other intermediates
(Table 3). Hence, tetrahydrofuran is ruled out
from the reaction mechanism considering the
fact that the experimental proofs of the exis-
tence of this intermediate presented in Ref. [2]
are described in such a way that a real evalua-
tion of these results is difficult.

4.2. Intermediates in the reaction step butadiene
- furan

From the results of the flow reactor experi-
ments listed in Table 3 it follows that both
dihydrofuran and crotonaldehyde could play a
role as intermediate products in the reaction step
from butadiene to furan. Therefore, it is dis-
cussed whether one or both of these compounds
are intermediates in this reaction step. This
question cannot be answered by the steady-state
vacuum method applied: The mass spectra of
dihydrofuran and crotonaldehyde differ so little
that it is impossible to distinguish between these

products. Therefore, transient experiments for
the identification of dihydrofuran or crotonalde-
hyde analogous to those carried out by Centi et
al. [9] were given up from the start.

Only crotonaldehyde was found among the
reaction products of the butane oxidation in a
stopped flow desorption experiment at a temper-
ature about 100°C higher than steady-state bu-
tane oxidation temperatures [20]. This finding
was interpreted by the authors assuming a possi-
ble role of crotonaldehyde as a precursor of the
formation of total oxidation products. Our ex-
perimental results, i.e., the high MA yield which
can be obtained from crotonaldehyde and its
high reactivity contradict this interpretation.
From the detection of crotonaldehyde men-
tioned and from the fact that dihydrofuran was
not identified as a product of the oxidation of
butane up to now, it might be concluded that
crotonaldehyde is the only intermediate. How-
ever, the fact that dihydrofuran was not detected
can be explained by the very high reactivity of
this compound: As it is demonstrated in Fig. 3
and from the result of a respective transient
experiment, too, 2,5-dihydrofuran is converted
into furan at very low temperatures. Further-
more, this compound was found among the
reaction products of the oxidation of butadiene
on the supported vanadium oxide catalyst with
special pore structure mentioned above beside
considerable amounts of crotonaldehyde [11].
This finding supports the assumption that the
reaction path from butadiene to furan proceeds
via dihydrofuran also on (VO),P,0, catalysts.
The formation of 2,5-dihydrofuran can be as-
sumed to occur via enolization of crotonalde-
hyde followed by intramolecular cyclization of
the intermediate 1,3-butadiene-1-ol with subse-
quent isomerization of the formed 2,3-dihydro-
furan. The consecutive oxidative dehydrogena-
tion step to furan proceeds so fast that dihydro-
furan cannot be detected under usual reaction
conditions. Analogous results were reported by
Centi et al. [23], too. Because of this very rapid
formation of furan, reaction pathways from di-
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hydrofuran to other intermediates, e.g. croton-
lactone, as suggested in [20] should rather play
a minor role in the reaction network but they
cannot be excluded on the basis of the results
described.

4.3. Intermediates in the reaction step furan —
MA

The TAP reactor experiments with mixtures
containing '*0, and different organic substrates
exhibited the formation of a reaction product,
being characterized by peaks at m/e = 84, 86
and 88 which contains two oxygen atoms and
which is formed also in the oxidation of furan.
The latter fact leads to the suggestion that this
product is crotonlactone because its formation
from furan should be more likely than the for-
mation of butenedial by opening the hetero-
cyclic furan ring. The assumption that croton-
lactone is the missing link in the step from furan
to MA is also confirmed by the detection of this
intermediate in the butadiene oxidation on a
supported vanadium oxide catalyst [11] and by
an IR spectroscopic investigation which re-
vealed the existence of a crotonlactone-derived
adsorbate structure in the oxidation of furan to
MA on a supported VPO catalyst [21]. From our
experiments at atmospheric pressure especially
the comparable reactivity of crotonlactone and
malealdehydic acid is significant. This is evi-
dent by the same degree of conversion under
similar conditions (Table 3). Thus, malealdehy-
dic acid should have been detected in the tran-
sient experiments performed, because of its
stronger acidity allowing it to desorb easier than
crotonlactone. Therefore, a reaction path from
furan to MA via crotonlactone seems to be the
more likely one. Discussing the finding that the
oxidation of crotonlactone did not result in a
higher MA yield in comparison to the oxidation
of furan (Table 3) it should be considered that
the kinetics of the oxidation of crotonlactone
and of furan should not be necessarily the same
and, therefore, the oxidation state of the catalyst
surface can be different. This could result in

different selectivity properties taking into ac-
count the remarkable influence of the oxygen
availability of the (VO),P,0, surface on MA
selectivity as shown by Schuurman et al. in a
TAP reactor study on butane oxidation [24].
Therefore, the additional experimental hints
given above referring to the role of crotonlac-
tone as intermediate product should be consid-
ered to a larger extent.

4.4. Side products in the oxidation of n-butane

The results of the transient studies presented
above show that phthalic anhydride is a side
product of the butane oxidation. It could be
formed analogously as in the oxidation of n-
pentane as discussed by Centi et al. [13]. Ac-
cording to these authors, after oxidative
dehydrogenation of pentane to cyclopentadiene,
the dimerization of two cyclopentadiene
molecules takes place followed by further oxi-
dation and degradation of the dimer to phthalic
anhydride. In case of butane oxidation Diels-Al-
der additions between the diene components
butadiene and furan and the monoene compo-
nents MA, crotonlactone, crotonaldehyde and
dihydrofuran seem to be possible. In the reac-
tions of butadiene with one of the activated
olefinic compounds consecutive oxidative dehy-
drogenation steps of the addition products
formed must be involved in order to form ph-
thalic anhydride. In contrast, after a reaction of
furan with one of the monoenes, an intramolec-
ular dehydration step of the intermediate en-
dooxide seems to be necessary in the reaction
chain to phthalic anhydride.

The other side products, acrylic acid and
acetic acid, might be formed by oxidation of the
intermediates butadiene, but-2-ene and furan,
respectively, with cleavage of the C~C double
bond. The peak at m /e = 78 found in the oxida-
tion of butane, butadiene and furan, is assigned
to benzene, a product which was also found in
the butadiene oxidation on the vanadium oxide
catalyst mentioned above [11].
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5. Conclusions

From the results presented it is conciuded
that the oxidation of butane to MA proceeds
according to the following scheme:

(— (—~(—=C—[D]—~
O—0—0

Crotonaldehyde, dihydrofuran and crotonlac-
tone are assumed to be intermediate products in
the main reaction path, additionally to the well
known butene, butadiene and furan intermedi-
ates. The reaction chain suggested is based on
the identification of compounds which could be
intermediate products for structural reasons and
because of their reactivity and selectivity prop-
erties derived from catalytic oxidation experi-
ments of these potential intermediates under
steady-state conditions. Therefore, the non de-
tected intermediate dihydrofuran is put in brack-
ets despite the fact that its formation is very
probable. However, parallel reaction routes cer-
tainly cannot be ruled out, e.g., a route from
crotonaldehyde via butenedial to MA, but such
a pathway was not supported by a doubtless
detection of the respective intermediate product.

Further research is necessary to find out addi-
tional proofs for the mechanism proposed above.
However, doing this it must be taken into ac-
count that in oxidation experiments utilizing
intermediate products under steady-state condi-
tions the problem must be overcome that in the
oxidation of each intermediate the kinetics is
different from that in the steady-state of the
butane oxidation. Therefore, such experiments
do not certainly allow to conclude whether the
respective intermediate is situated on the main
reaction path or on a parallel pathway of minor
importance. Transient experiments at ambient
pressure including the change from the steady-

state of butane oxidation to the steady-state of
oxidation of an intermediate should help to
answer these questions.
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