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The role of lattice oxygen species in the catalytic oxidation of n-butane to maleic anhydride has
been investigated using 8-VOPO, labeled with 0. The catalyst was prepared by stoichiometric
reaction of (VO),P,0, with 80, using solid state preparation techniques. The 8-VOPO,, "0,
was characterized using laser Raman and Fourier transform infrared spectroscopies: preferential
incorporation at P-O-V sites was observed. A pulse reactor was used to react n-butane, 1-butene,
1,3-butadiene, furan, y-butyrolactone, and maleic anhydride with the catalyst in the absence of gas-
phase O,. Incorporation of '®0 into the products was monitored by mass spectrometry. Specific
lattice oxygen sites could be associated with the reaction pathways for selective or nonselective
oxidation. The results of this study also indicate that the initial interaction of n-butane with 8-
VOPOQO, is fundamentally different from the initial interaction of olefins or oxygenated species. The
approach used in this research—referred to as Isotopic Reactive-Site Mapping—is a potentially

powerful method for probing the reactive lattice sites of other selective oxidation catalysts.
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INTRODUCTION

Transformation of relatively cheap—but
rather inert—paraffins to valuable chemical
intermediates has become attractive indus-
trially. The selective oxidation of n-butane
to maleic anhydride is one of the few large-
scale commercial processes currently utiliz-
ing this type of chemistry. The key to this
processing technology is the existence of
highly active and selective vanadium—phos-
phorus-oxide (V-P-0) catalysts. Although
a wide variety of V-P-O phases has been
discussed in the literature, phases such as
(VO),P,0, and B-VOPO, have been exten-
sively investigated (/-3). Of particular in-
terest have been the structure, stability, and
oxidation-reduction characteristics of the
catalysts (4).

Activation of n-butane over V-P-O cata-
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lysts appears to occur in a very specific man-
ner (5). While the initial activation of the
paraffin via hydrogen abstraction is a crucial
function of these catalysts, it is only the
first step of a complicated reaction pathway.
Additional hydrogen atoms must be ab-
stracted, while three oxygen atoms must be
inserted to finally produce maleic anhy-
dride. Several mechanisms have been pro-
posed for the selective oxidation route to
maleic anhydride (5-16), the most common
being n-butane — 1-butene — 1,3-butadiene
— furan — maleic anhydride (/7-21). Centi
and Trifiro (5) proposed a more complex
mechanism for which the major pathway to
maleic anhydride can be summarized as n-
butane — 1-butene — 1,3-butadiene — dihy-
drofuran — furan — maleic anhydride. The
specific catalytic sites involved in these re-
actions steps have yet to be identified. In
addition, nonselective reaction pathways
which produce CO, and H,O exist; the sites
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or adsorbed species involved in these con-
version also have not been conclusively de-
termined.

The role of lattice oxygen in the reaction
of n-butane with V-P-O catalysts has been
examined by several workers. Kruchinin et
al. (22) have demonstrated that lattice oxy-
gen is involved in the production of CO,
CO,, and maleic anhydride. This was ac-
complished by following the incorporation
of 180 from the gas phase into the products
in a closed recirculating system. The 0O
incorporation was gradual, indicating that
oxygen from the lattice was being directly
used to produce these products; oxygen up-
take from the gas phase into the lattice was
also shown to occur. A Mars—van Krevelen
mechanism in which the catalyst sequen-
tially undergoes reduction and oxidation
steps was believed to be appropriate. Pepera
et al. (23) have made a similar observation,
but they believe that the oxidation and re-
duction is limited to the near surface layers
of the catalyst. In their studies, the surface
of (VO),P,0, was equilibrated with '®0 and
reacted with n-butane; the incorporation of
80 into CO, was monitored. On the basis of
their observations and the consideration of
several reactions models, they concluded
that surface oxygen is in rapid equilibrium
with the gas phase (although no isotopic
scrambling was observed).

Additional studies (/8, 23-28) have also
investigated the importance of lattice oxy-
gen in the oxidation of n-butane to maleic
anhydride. Work by Gleaves et al. (29) has
suggested that both lattice and surface acti-
vated (adsorbed) oxygen are involved in the
complete reaction mechanism. On the basis
of experiments involving small pulses of re-
actants fed to a catalyst be held at high vac-
uum, a highly mobile—yet irreversibly ad-
sorbed—oxygen species was believed to be
responsible for n-butane activation and the
oxidation of furan to maleic anhydride. This
species was thought to be formed by strong
chemisorption of an electrophilic dioxygen
molecule at a V(+5) site. Intermediate oxi-
dation steps (1-butene to furan) apparently
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involve lattice oxygen at the surface, spe-
cifically allylic oxydehydrogenation and ox-
ygen insertion leading to ring closure to form
furan. Two sources of oxygen were believed
to exist for the formation of CO,: a ‘‘fast”
source identified as a highly reactive chemi-
sorbed oxygen and a ‘‘slow’’ source attrib-
uted to lattice oxygen. Centi (2) ef al. also
suggested that CO, can be formed from an
adsorbed dioxygen molecule, based on the
blocking of oxygen adsorption sites by NH;.

Although the experiments conducted by
Gleaves et al. (29) indicate that a strongly
adsorbed oxygen species is responsible for
n-butane activation, several researchers
claim that weakly adsorbed oxygen species
or oxygen atoms at defect sites are responsi-
ble (24, 30, 31). Other work has indicated
that weakly adsorbed, activated oxygen is
very electrophilic and produces nonselec-
tive cracking (32, 33). Centi and Trifiro (34)
ascribe weakly electrophilic sites to V=0
species. They postulate that V(+35)=0 is
responsible for oxygen insertion, while
V(+4)=0 or V(+4)-0O-P sites are respon-
sible for hydrogen abstraction.

In a previous report (35) we have de-
scribed a technique which permits the differ-
ent reactivities of lattice oxygen in 8-VOPO,
to be examined. In this method, which we
refer to as Isotopic Reactive-Site Mapping
(IR-SM), 0 is incorporated in specific oxy-
gen lattice sites through solid state synthesis
or surface-reduction techniques. The loca-
tion of the 30 is then determined using spec-
troscopic techniques. Finally, the labeled
catalyst is reacted with hydrocarbons, for
example, in a pulse reactor and in the ab-
sence of gas phase oxygen; the products are
monitored by mass spectrometry to deter-
mine the uptake of 'O into specific prod-
ucts. Our previous work (35) focused on
studies of *Q incorporation into maleic an-
hydride or CO, using n-butane feeds. In the
research reported here, these results have
been extended to other hydrocarbon feeds
which may be possible intermediates in the
conversion of n-butane to maleic anhydride.
New information concerning the role of spe-



REACTIVE OXYGEN SITES FOR g8-VOPO,

cific lattice oxygen sites in the reaction path-
way has been provided.

EXPERIMENTAL PROCEDURE
Synthesis of '®O-Enriched 3-VOPO,

80-enriched B-VOPO, was prepared by
the solid state reaction of (VO),P,0; with
'80,. Synthesis of the (VO),P,0; material
has been described previously (6). *0, ob-
tained from Merck, Sharp, and Dohme had
an isotopic enrichment of 97.8%. Powdered
(VO),P,0, (0.50 g) was charged to a 9-mm-
o.d. Pyrex tube which could be evacuated
and back-filled with a stoichiometric quan-
tity of '30,. The reaction tube was heated at
823 K for 24 h followed by cooling to 473 K
at a rate of 50 K/h. (This method was also
used to prepare 8-VOPO, using '°0,.)

Catalyst Characterization and Location of
B0 Incorporation

X-ray diffraction, laser Raman spectros-
copy, and Fourier transform infrared spec-
troscopy were used to characterize all cata-
lyst materials (6). All fresh catalysts were
single-phase materials.

Characterization of the '®O-enriched g-
VOPO, by laser Raman and Fourier trans-
form infrared spectroscopies revealed band
shifts due to the incorporation of the isoto-
pic label. The Raman spectra were obtained
with a Spex 1403 spectrometer using the
514.3-nm line of a Spectra Physics Model
2020-05 argon ion laser (100 mW at the
source). A Nicolet 1180E computer sys-
tem was used to accumulate 50 scans at 2
cm ! resolution with a scanning rate of 3.25
cm™!/s; peak intensities were integrated us-
ing a curve fitting routine available from
Nicolet. The infrared spectra were obtained
using a Nicolet 60SX Fourier transform in-
frared spectrometer. Data were obtained us-
ing KBr pellets; 2 cm ™! resolution and accu-
mulations of 200 scans were employed.

Reactor Studies and Mass Spectrometry
of Oxidation Products

Reactions of n-butane, 1-butene, 1,3-bu-
tadiene, furan, y-butyrolactone, and maleic

115

anhydride using the '8O-enriched catalyst
were performed in a pulse-reactor system
(36). The reactor was constructed from a
passivated 1/4 in stainless steel tube. For
each experiment, 0.2 g of catalyst was
pressed, crushed, and sieved to 10-20 mesh
before use in each experiment. After loading
the catalyst, the reactor was purged with a
helium flow of 50 cm?/min for 3 h and then
was heated from room temperature to the
reaction temperature (773 K for n-butane
and 723 K for other feeds). This temperature
was maintained for 1 h. Pulse studies were
performed at a rate of about 1 pulse per
minute for a total of at least 75 pulses. A
10-port Valco valve equipped with 0.5-ml
injection loops was used to introduce the
hydrocarbon pulses. The valve and injection
loops were maintained at 425 K.

The gas compositions were regulated by
Tylan mass flow controllers (Model FC260).
n-Butane, I-butene, and 1,3-butadiene
(Matheson, instrument grade) were diluted
with helium (Matheson, zero grade) to a hy-
drocarbon content of 2%. To provide low
(less than 1%) concentrations of furan (Ko-
dak), y-butyrolactone (Alfa), and maleic an-
hydride (Kodak), helium was fed to a satura-
tor (36) maintained at .temperatures
corresponding to vapor pressures of less
than 10 torr for each species. For the furan
studies, the saturator was placed in a dry
ice/acetone bath which was maintained at
195 K to provide a furan vapor pressure of
about 1 torr (about 0.1 mol%). For the vy-
butyrolactone studies, a feed of about 1%
hydrocarbon could be produced by main-
taining the saturator at 330 K. A saturator
temperature of 340 K was maintained for
maleic anhydride, which also produced a
concentration of slightly less than 1% hydro-
carbon,

Mass spectrometry was performed using
a UTI 100C precision quadrupole mass ana-
lyzer controlled by a PDP 11/23 computer.
The mass analyzer was interfaced with the
microreactor system by a glass SGE single-
stage molecular jet separator. The amount
of 0 in maleic anhydride, CO,, furan, and
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TABLE 1

Mass Spectral Ranges Scanned Every Fifth Pulse
and Species of Interest in Those Ranges

Range Species Number of
(mle) mass
spectrometer
scans/pulse
42-50 CO, 80
17-22 H,0 80
67-90 Furan and 20
y-butyrolactone
95-110  Maleic anhydride 30
50-60 n-butane, 40
1-butene,

1,3-butadiene

y-butryolactone was determined for the oxi-
dation of n-butane, 1-butene, 1,3-butadiene,
furan, y-butyrolactone, and maleic anhy-
dride. Because the experiments were con-
ducted in the pulse mode, it was not possible
to accurately monitor the entire mass spec-
tral region of interest (40-110 m/e). There-
fore, the mass spectrum was divided into
five ranges that could be monitored for each
pulse (Table 1). The entire spectral range
was examined, however, using an unlabeled
catalyst to ensure that all species were prop-
erly monitored. Any interferences (spectral
overlaps) between species in the mass-to-
charge ratios (m/e) were compensated for in
the final calculations.

In this work, the amount of '®0 present in
each species is expressed as a percentage of
the total oxygen present. The amount of #0O
in maleic anhydride is expressed as

3 I + Zlig + 21100

where I is the intensity of the indicated m/e
peak. For 1-butene and 1,3-butadiene feeds,
phthalic anhydride was formed, and the
peak intensity at m/e 104 was corrected.
The amount of 0 present in furan is ex-
pressed as

Slg+ 2L,
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Corrections were made for interference at
m/e 70 from a minor maleic anhydride frag-
ment. The amount of '*0 in CO, is expressed
as

pX0 DY RS N

Corrections were made by subtracting the
minor interferences at m/e 44 from n-butane
and background CO,. Low levels of CO
could also be observed, but the data were
significantly obscured by interference from
background N, and C'%0.

EXPERIMENTAL RESULTS

Catalyst Synthesis and Location of
BO-Labeled Sites

In Fig. 1 and Table 4, the Raman spectrum
of 0-enriched B8-VOPO, prepared by the
solid state reaction of (VO),P,0, with %0,
is compared to the Raman spectrum of 3-
VOPO, prepared in a similar manner using
1%0,. New bands decreased in intensity or
were slightly broader for the 'O-labeled
sample. 'O incorporation could be ob-
served in a band appearing at 886 cm~'; the
10 band at 896 cm ™! had a similar intensity.
Another weak band revealing '*0 incorpora-
tion was observed at 961 cm~!. The inten-
sity of this band, however, was only about
5% that of the corresponding band at 987
cm™!; correspondingly, the intensity of the
987 cm™! band was slightly reduced. The
band at 998 cm~' showed very little differ-
ence in intensity between the two catalysts.
Only a very slight broadening of the band at
1072 cm ™! could be observed for the *O-
labeled sample. A very small amount of un-
reacted (VO),P,0; was indicated by an ex-
tremely weak band at 923 cm ! in the spec-
trum of '®0-enriched 8-VOPO,. Reaction of
(VO),P,0, with %0, also produced g-
VOPO, containing a very small amount of
unreacted (VO),P,0,. (However, both of
these bands cannot be seen clearly unless
the intensity scale in Fig. 1 is expanded.)
Only very slight changes occurred in the
Raman spectrum of ®O-enriched 8-VOPO,
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Fi1G. 1. Laser Raman spectra of (a) 8-VOPO, and (b)
B0-enriched 8-VOPO,.

after reaction with hydrocarbons (up to 100
pulses). The amount of (VO),P,0; increased
very little, and the overall intensity of the
spectra decreased slightly.

The infrared spectra of the labeled and
unlabeled catalysts are shown in Fig. 2. The
characteristically broader band structure
which is observed with infrared techniques
makes identification of the band shifts some-
what less precise and intensity comparisons
very difficult. Two bands at 998 and 1055
cm™! do not appear to be altered by the
incorporation of '®O. However, the 952-
cm~! band position is shifted to 942 cm ™.
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Another band appears at 962 cm ™ !; the unla-
beled catalyst also has some broad band
structure present in this region (near 974
cm™"). The appearance of the band at 962
cm ! for the '®O-labeled catalyst may corre-
late with the reduced intensity in this region.
Quantification of the infrared peak intensi-
ties was not attempted.

Pulse Reactor/Mass Spectrometry Results

Relative product concentrations. Maleic
anhydride, furan, and CO, were produced
from all C,~hydrocarbon pulses. Represen-
tative data are shown in Table 2, although
there were variations in the amounts of
products produced during a series of pulses.
These differences are noted in the following
discussion.

n-Butane produced smaller amounts of
each product than most other feeds. The
olefins were much more reactive, producing
large amounts of maleic anhydride. 1-Bu-
tene pulses produced over 30 times as much
maleic anhydride, 5 times as much furan,

% TRANSMITTANCE

1200 1100 1000 900 800
WAVENUMBERS

F1G. 2. Fourier transform infrared spectra of (a) 8-
VOPO, and (b) '*0-enriched g-VOPO,.
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TABLE 2

Summary of the Relative Concentration (Per Pulse)
of Products from Various Feeds

Feeds Products
Maleic Furan Co,
anhydride
n-Butane 1 1 1
1-Butene 5 30 20
1,3-Butadiene 100 30 30
Furan 2 e 4
y-Butyrolactone 2 1 10
Maleic anhydride f 0.1 10

“f = feed.

Note. The concentrations for each product are nor-
malized to the corresponding level produced by n-bu-
tane. Variations depending on pulse number are de-
scribed in the text.

and 20 times as much CO, per pulse as did
n-butane. Maleic anhydride and CO, pro-
duction decreased 90% from pulse 1 to pulse
75 for 1-butene, while furan production re-
mained constant throughout the experi-
ment. After about 5 pulses, phthalic anhy-
dride could be detected. Maleic anhydride,
furan, CO,, and phthalic anhydride were
produced from all 1,3-butadiene pulses. 1,3-
Butadiene pulses produced over 30 times as
much maleic anhydride, 100 times as much
furan, and over 30 times as much CO, per
pulse as did n-butane. From pulse 1 to pulse
75, the production of maleic anhydride de-
creased 95%, the production of CO, de-
creased 80%, and the production of furan
remained unchanged.

Maleic anhydride and CO, were produced
from nearly all furan pulses. Maleic anhy-
dride was not detected in the first furan
pulse, but from pulse 2 to pulse 75, the pro-
duction level increased markedly. Eventu-
ally, furan pulses produced 2 times as much
maleic anhydride and 4 times as much CO,
per pulse as did n-butane. The CO, produc-
tion per pulse remained nearly constant.

Maleic anhydride, furan, and CO, were
produced from all pulses of y-butyrolac-
tone. The level of maleic anhydride produc-
tion initially was very low, but the amount
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increased to a final level which was approxi-
mately 2 times that produced from r-butane.
CO, was produced at a level 10 times greater
than that produced from rn-butane.The pro-
duction of CO,, however, decreased by 50%
from pulse 1 to pulse 75. Initially, furan was
produced from vy-butyrolactone at very low
levels, but the production eventually in-
creased to the same level observed from -
butane.

Furan and CO, were produced from all
maleic anhydride pulses. Maleic anhydride
pulses produced furan at about 75 the level
produced from n-butane while CO, was pro-
duced at about 10 times the corresponding
level.

8O incorporation into products. Repre-
sentative data for the incorporation of 80
into specific products are summarized in Ta-
ble 3. In most cases, the level of '*0 incorpo-
ration was nearly constant. Some variation
was observed for 1-butene, furan, and ma-
leic anhydride feeds, but the effects were
very small. No oxygen exchange was ob-
served to occur between furan and the cata-
lyst. Maleic anhydride fed to the reactor did
undergo some oxygen exchange. The 5%
180 incorporation did not change when the
partial pressure of the maleic anhydride feed
was reduced by about 30%.

DISCUSSION

Incorporation and Spectroscopic Location
of 80 Sites

The structure of 8-VOPO, (Fig. 3) con-
sists of VO, groups, frequently referred to
as irregular octahedra (although reference
to a pyramidal arrangement is also used),
which form corner-sharing chains through
V=0-V bonding (37); these chains are ar-
ranged to form sheets. The PO, tetrahedra
share oxygen atoms with four VO, octahe-
dra are bridged by corner sharing of oxygen
between the PO, groups in one sheet with
VO, groups in the next sheet; these oxygen
atoms are involved in P-O-V bonding. The
PO, tetrahedra also share corners with two
octahedra in the same octahedral chain.
These latter two oxygen atoms are crystallo-
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TABLE 3

Summary of O Content in All Products for Each Species Fed to 8-VOPO;;, 0, in the Absence of Gas
Phase Oxygen

Maleic anhydride Furan CO, y-Butyrolactone

(%) (%) (%) (%)
n-Butane 12 28 5 np*
1-Butene 14 13 10 np
1,3-Butadiene 14 13 9 np
Furan 10 0 7 np
y-Butyrolactone 12 22 5 3
Maleic anhydride 5 14 1 np

“np = (unlabeled and labeled) product not produced at detectable levels.

graphically distinct because of the displace-
ment of the vanadium atoms from the center
of the irregular octahedra. These oxygen
atoms are also involved in P-O-V bonding.
As shown in Fig. 3, these oxygen species
can be considered to be in the equatorial
plane of the VO, octahedra.

The synthesis of the'®O-labeled 8-VOPO,
was based on the solid state reaction

(VO)2P207 + % 1802 — 2 B'VOPsz l801/2.

This conversion route has been established
previously using '*0, in flow systems
(38-39) and in sealed-tube syntheses (36).
The temperatures used in the syntheses re-
ported in this research were lower than
those examined by Bordes and co-workers
(39), although the in situ Raman studies of
Moser and Schrader (38) indicated that sig-
nificant conversion to 8-VOPO, occurs in a
few hours at 550°C. A minimal loss of sur-
face area occurred at the lower temperature.
The reactants were used in stoichiometric
proportion as determined by solid
[(VO),P,0;] weight and gas ('®0,) volume,
and the extent of conversion could be moni-
tored using Raman spectroscopy. For some
samples, a very small amount of (VO),P,0,
was observable by an extremely weak band
present at about 923 cm~'. The extent of
conversion observed by this method was
independent of whether 0, or '°0, was
used.

The vibrational spectra of 8-VOPO, has

been reported by several research groups,
and discussions of the band assignments
have been provided by Bhargava and Con-
drate (40) and Moser and Schrader (6). In
their early study, Bhargava and Condrate
reported that a group factor analysis pre-
dicted that 42 bands should be active in the
Raman spectrum and 31 bands should be
active in the infrared spectrum. Since the
B-VOPO, crystal is centrosymmetric,
no coincidences should occur for the
Raman and infrared data. Bhargava and
Condrate reported the observation of 21
Raman bands and 11 infrared bands. Al-
though Bhargava and Condrate mentioned
the group factor approach, they presented
an empirical assignment of a few bands on
the basis of spectra of other orthophosphate
or related compounds. By using this analo-
gous spectral data, bands could be associ-
ated with ‘‘vanadium-oxygen’’ or ‘‘phos-
phorus—oxygen’’ bonds. However, it is

0
D ° = 9
0 l 0 |o/;\o 1 0
\V/O\V/ 0 \V/
o/i\o\’/o/i\o/f
— e i
o | 0 0
0

F1G. 3. Structure of 8-VOPO,.
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clear that the structure of 8-VOPO, is more
complex than this notation would imply. For
example, P-O-V bonding (rather than P-O
bonds) are present in the structure as shown
in Fig. 3. In considering generally vibra-
tional spectroscopy of the solid state, it is
recognized that there are many cases for
which an assumption that the atomic groups
(or polyhedra) associated with nearest
neighbor bonding environments (from
which the solid state structure may be con-
structed) vibrate independently of each
other is invalid. For example Tarte (4/) has
demonstrated that this condition is fulfilled
only under very special circumstances for
spinels. Ross (42) has pointed out that if the
vibrational frequencies of polyhedra around
particular atoms are similar in magnitude,
the interactions between the groups are
probably comparable to those within
groups; thus, the assignment of separate
sets of vibrations as being characteristic of
the distinct polyhedra (as in an approxima-
tion which would describe the spectra in
terms of PO;~ groups) becomes meaning-
less. Only in cases of radically different
bonding is it possible to make more specific
assignments. These observations have also
been made by Turrell (43), Nakamoto (44),
and Wilkinson (45). Bhargava and Condrate
(40) apparently recognized this in their men-
tion of a group factor approach, but they
clearly have chosen only an empirical de-
scription (a site group approach) in their
brief summary of the observed bands.

In considering the region of the vibra-
tional spectra reported here for 8-VOPOQ,,
the insertion of '®0O has different effects on
specific bands. Because of the distinct na-
ture of the bonding, the Raman and infrared
bands at 998 cm™' have been assigned to
the covalent bond V=0, spectral studies
of V,0; and other metal orthophosphates
stongly support this conclusion ((40) and
references within). No '*0 would appear to
be incorporated at these sites because of the
lack of intensity changes or shifts in either
vibrational spectra. The other vibrational
bands must be associated with P-O-V
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bonding. The Raman band at 1072 cm ™! ap-
pears to be unaffected by the insertion of
180 while other bands at 987 cm™! (some
reduction in intensity, new band at 961
cm~') and 896 cm~! (reduced in intensity,
new band at 886 cm ') clearly are. Similar
behavior is observed for the infrared bands
at 1055 cm ! (unchanged), 974 cm ! (shifted
to 962 cm™Y), and 952 cm ™! (shifted to 942
cm~ ). As discussed earlier, the structure
of B-VOPO, involves three P-O-V bond
distances. The spectra would indicate that
80 is incorporated preferentially at one
P-O-V site, with a smaller amount of '*O
present at another P-O-V site. The other
P-O-V site appears to incorporate no 0.

The O incorporation, in general, could
have proceeded otherwise: random distribu-
tion of ®0 in the lattice could have occurred
or complete incorporation of '*0 into all ox-
ygen sites for a limited portion or region of
the catalyst might have happened. How-
ever, the Raman and infrared characteriza-
tion show that these eventualities did not
occur.

Selective and Nonselective
Oxidation Pathways

By considering the reactor results com-
bined with the spectroscopic knowledge of
the nature of the 0 incorporation, it is pos-
sible first to develop a better understanding
of the sites that are involved in partial oxida-
tion (production of maleic anhydride) versus
complete combustion (production of CO,).
The oxidation of n-butane by '®O-labeled 8-
VOPO, resulted in the preferential incorpo-
ration of '®0 into maleic anhydride as com-
pared to CO,. The 'O content of maleic
anhydride was more than two times greater
than that for CO,; a relatively high level of
B0 incorporation into maleic anhydride was
also observed for I-butene reactions. For
both feeds, the '®0 content of maleic anhy-
dride was nearly 12-14% 0. To account
for this selective incorporation, a ‘‘pool’’ of
oxygen containing about 13% 30O must ex-
ist. If all oxygen atoms associated with
P-O-V bonding were closely similar in re-
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TABLE 4

Effect of 0 Incorporation on Laser Raman Peak
Intensities for 8-VOPO;;, 0,

Band Assignment 80 peak intensity/
Position total O and "#O
—_—_— peak intensity (%)
160 I80
band band
(cm™) (cm™)
1072 —_ P—0—V, 0
998 — V=0 0
987 961 P—O—V? 5
896 886 P—O—V? 40

¢ Two sites per PO, group.
b Qne site per PO, group.

activity, such a source of '*0O would exist,
based on the intensities of the Raman bands
(four P-O-V sites with the '*O incorpora-
tion as shown in Table 4). This equivalence
in reactivity may be enhanced if these sites
become more structurally similar at the cat-
alyst surface than in the catalyst bulk.

The O levels found in CO, indicate that
total oxidation products are likely produced
by more than one route. One pathway—the
combustion of maleic anhydnde to
CO,—has been shown to occur over -
VOPO, (46). CO, produced from maleic an-
hydride contains only about 1% ®3O.
Clearly, most reactions must occur at unla-
beled sites, such as the highly reactive V=0
sites needed for combustion of the relatively
stable maleic anhydride. CO, produced
from n-butane and other hydrocarbon feeds
(examined as possible intermediates) has a
considerably higher level of '80; this indi-
cates that direct combustion of these hydro-
carbons must also proceed (35). A possible
mechanism would involve electrophilic at-
tack at the carbon—-carbon bonds of n-bu-
tane and/or other hydrocarbon intermedi-
ates at V=0 sites. These sites have been
previously identified as being electrophilic
by Garbassi et al. (47). The “‘cracking’’ re-
actions which would proceed at these sites
would produce highly reactive C,—C; spe-
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cies capable of interacting with all available
oxygen sites to produce CO,. If complete
combustion proceeded exclusively on the
V=0 sites, the amount of 0 in CO, would
be low since the Raman spectra indicate that
no ®0 is incorporated at these sites. On the
other hand, if combustion occurred at all
P-O-V sites, an 30 level of 13% would be
observed. If the C,—C; species were suffi-
ciently reactive to interact with all oxygen
sites in the catalyst, an 8O level of 10%
would be observed. These levels are ap-
proached for 1-butene and 1,3-butadiene,
probably due to the greater reactivity of
these feeds. The lower level of '*O incorpo-
rated into CO, from n-butane (5%) is proba-
bly also related to the lower reactivity of
this feed.

Mechanistic Implications

It was also possible to relate the production
of partially oxygenated intermediates with
the reactivity of specific oxygen sites, The
use of a pulse reactor was attractive since
the transient nature of the pulse experiment
allowed possible intermediates to be de-
tected; the effects of catalyst reduction and
deactivation could also be minimized. The
latter may be especially important when one
is operating in the absence of gas-phase O,.
Less than 1% of the available surface oxy-
gen was consumed per pulse in the experi-
ments conducted in this study. It is interest-
ing, however, that most of the results
reported in this study were consistent with
those previously reported in the continuous
flow experiments (35).

A comparison of the '*O content of furan
produced from n-butane reveals that the ac-
tivation of the paraffin produces an ad-
sorbed intermediate which undergoes oxy-
gen incorporation only at some lattice sites
to produce an adsorbed furan-like species.
Small amounts of this species desorb as gas-
phase furan under the conditions of these
experiments, and the '®O content is very
high (28% '®0). Clearly, a pool of oxygen
with a high content of '*0 would be required.
Both the laser Raman and the infrared char-
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acterization indicate that such a concentra-
tion of '®O could exist. For example, '*0
incorporation affects the band at 896 cm™!
most dramatically (a 40% change in inten-
sity). In comparison the 0 levels observed
in furan formed from 1-butene and 1,3-buta-
diene were much lower (13%). This indi-
cates that furan produced from these feeds
is formed through a less specific interaction,
likely involving the range of P-O-V sites.
This is due in part to the greater reactivity
of 1-butene and 1,3-butadiene; clearly, both
of these feeds produce much furan, as
shown in Table 2.

1t should be pointed out that no gas-phase
olefins were observed when n-butane was
fed to the reactor. In general, if such olefins
are produced during n-butane oxidation,
they can be detected as desorption products
only by using special low-pressure reactor
environments (29) or by using low-surface-
area, low-activity phases (6). Therefore,
“free’” olefins are not likely intermediates
for n-butane oxidation; the dehydrogenated
surface species derived from n-butane are
apparently rather tightly bound. These sur-
face-constrained species could be expected
to react with specific oxygen sites in a much
different manner than gas-phase olefins. The
nature of the ®0 incorporation into interme-
diates formed from n-butane is, thus,
strongly influenced by the fact that the inter-
mediates are strongly adsorbed. Gas-phase
1-butene and 1,3-butadiene can react with a
broader range of oxygen sites.

The O content of maleic anhydride
formed from n-butane, 1-butene, and 1,3-
butadiene provides further mechanistic in-
formation about the next mechanistic step
which is frequently proposed: conversion of
the adsorbed furan-like species to maleic
anhydride. As mentioned previously, for n-
butane feeds the furan-like intermediate
contains about 28% '®0. To produce maleic
anhydride containing 12% '%0, additional
oxygen atoms would have to be derived
from sites containing approximately 5% '%0.
The Raman spectra indicate that there
are sites with relatively low amounts of *0
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(the 987 and 961 c¢m™! related bands). 1-
Butene and 1,3-butadiene produce maleic
anhydride with a slightly higher level of '*O
(14%). The conversion of these hydrocar-
bons to maleic anhydride would appear to
involve the addition of oxygen from all
P-O-V sites. Since both i-butene and 1,3-
butadiene produce considerable amounts of
furan in the reactor effluent, it would be
expected that the incorporation of 30 into
maleic anhydride would be more similar to
results for furan feeds, as discussed next.
As for the case of olefin intermediates, it
is likely that furan present in the gas phase
(free furan) may adsorb and react at differ-
ent sites than does an adsorbed furan-like
species produced from the oxidation of n-
butane. Furan is certainly more reactive
than n-butane with respect to both maleic
anhydride and CO, production (although it
is much less reactive than the olefins). The
levels of 0 incorporation into maleic anhy-
dride formed from a furan feed are near 10%;
this is lower than the 12% for n-butane or
the 14% observed from the olefins. Only two
oxygen atoms must be added to produce
maleic anhydride from furan, and oxygen
exchange was not observed to occur for fu-
ran. A pool of oxygen involving 13% "0
appears to be utilized, again similar to the
sites suggested to be involved in the conver-
sion of furan produced from 1-butene and
1,3-butadiene. Free furan is more likely to
be an intermediate for olefin oxidation than
n-butane conversion to maleic anhydride.
The products from y-butyrolactone feeds
were unusual since it was observed that both
addition of oxygen to form maleic anhydride
and loss of oxygen to form furan occurred.
At the same time, only small amounts (3%)
of the oxygen in y-butyrolactone in the reac-
tor effluent underwent oxygen exchange.
The 80 content of the maleic anhydride was
12%. If it is presumed that the lactone is
directly converted to the anhydride by the
addition of oxygen, then the main source of
this oxygen must contain a large amount of
180 (it is possible that some oxygen insertion
occurs also from other sites since the '*0O
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content of maleic anhydride is slightly low).
The O content of furan produced from v-
butyrolactone is remarkably high (22%).
Clearly, the exchange mechanism is un-
likely to produce these high levels of 1B0;
therefore, it is likely that y-butyrolactone
must undergo a loss of all oxygen before
adding oxygen at sites involving high levels
of 120.

Maleic anhydride detected in the reactor
effluent when maleic anhydride pulses were
fed contained low levels of 0 (5%), indicat-
ing that an oxygen exchange mechanism ex-
ists. The exchange could be the result of the
formation of maleic acid and the subsequent
dehydration to maleic anhydride. Maleic an-
hydride combustion experiments (46) and in
situ infrared spectroscopy studies (45—49)
indicate that maleic acid is formed at low
levels under these conditions. Incorporation
of 5% "0 is also observed for the 54 m/e
fragment of maleic anhydride, which retains
only terminal maleic anhydride oxygens
(50-51). Thus, all maleic anhydride oxygen
atoms undergo an equivalent exchange,
adding justification to a mechanism which
involves ring opening. To produce these *O
levels in the effluent the additional oxygen
required to form the maleic acid intermedi-
ate would have to be derived from a 20%
B0 pool. It is interesting to note that the
furan produced from maleic anhydride con-
tains relatively large amounts of '*0. This
indicates that the loss of oxygen must be
extensive.

An overview of the reaction mechanism
for n-butane conversion to maleic anhydride
is provided in Fig. 4. Activation of the paraf-
fin has been suggested by other workers to
involve V=0 sites, and the dehydrogenated
C,~hydrocarbon intermediate is proposed
to be strongly adsorbed and constrained in
such a manner that it reacts only at specific
P-0O-V sites. Further incorporation of oxy-
gen occurs at sites also involving P-O-V
bonding to produce maleic anhydride. In
considering the routes to combustion prod-
ucts (CO, and H,0), it is apparent that some
maleic anhydride combustion occurs, but
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Fi1G. 4. Active site proposed for the conversion of »-
butane to maleic anhydride.

mostly at V=0 sites. However, nonselec-
tive oxidation products are also produced
when highly reactive C,—C; cracking prod-
ucts are formed at V=0 sites, which are
capable of reacting with all available lattice
oxygen sites including the P-O-V sites in-
volved in the insertion of oxygen to produce
partially oxidized products. Thus, the selec-
tivity of specific sites is dependent on the
reactivity of the feed or intermediate. This
is indicated by the interaction of 1-butene
and 1,3-butadiene with different sites on the
surface, even though maleic anhydride can
also be produced from these feeds. It is also
apparent from these studies that although
adsorbed species formed from n-butane are
likely partially dehydrogenated and even
““furan-like,’” the fact that they are adsorbed
makes their interaction with the surface
quite different than that of gas-phase spe-
cies. The conversion of n-butane to maleic
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anhydride through these intermediates
clearly would appear to involve specific in-
teractions with only some P-O-V sites.

It should be pointed out that the tech-
niques used in this research emphasize the
reactivity of lattice (bulk) oxygen since no
gas-phase oxygen was present. Other re-
searchers (23, 29-33) have also addressed
the importance of surface or adsorbed oxy-
gen species. Under industrial reaction con-
ditions, a more complex interaction involv-
ing several types of oxygen species is
possible.

CONCLUSIONS

The techniques—referred to as IR-
SM—used in this research have provided a
valuable insight into the reaction of n-butane
with 8-VOPO,. Selective and nonselective
oxidation routes could be distinguished with
clear evidence for additional routes to CO,
rather than only the consecutive combus-
tion of maleic anhydride. In addition, new
information about the role of possible reac-
tion intermediates has been obtained. n-Bu-
tane is adsorbed and acitivated on 8-VOPO,
in an irreversible and specific manner re-
sulting in a highly constrained, partially de-
hydrogenated species. This species can then
react with P-O-V sites to form a furan-like
species. Further oxygen insertion at other
P-O-V sites produces maleic anhydride,
the majority of which then desorbs. Olefins
and furan, in the form of gas-phase species,
do not play a major role in this mechanism.
v-Butyrolactone is also not a likely interme-
diate.

The IR-SM technique is a potentially
powerful method for studying catalytic se-
lective oxidation reactions which involve
lattice oxygen. In implementing this ap-
proach, the following requirements must be
satisfied: (1) Incorporation of '*0 into the
catalyst must be localized in specific sites.
However, this must occur uniformly
throughout the catalyst sample. (2) The iso-
topic label in the catalyst must be “‘located”’
spectroscopically or by other techniques.
Laser Raman and infrared spectroscopies
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can be used to determine the location of '¥0
in labeled B-VOPO,. Other techniques have
also been shown to be useful for other ox-
ides (36). (3) The incorporation of the isoto-
pic label into selective and nonselective oxi-
dation products and possible intermediates
must be monitored, typically by using an on-
line mass spectrometer. Pulse-reactor stud-
ies are a particularly attractive approach, as
demonstrated in this and other research, but
in some cases, continuous flow experiments
are also informative (35).
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