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The Kinetic Significance of V°* in n-Butane
Oxidation Catalyzed by Vanadium Phosphates
George W. Coulston,” Simon R. Bare, Harold Kung,

Kari Birkeland, Gregory K. Bethke, Richard Harlow,
Norman Herron, Peter L. Lee

Maleic anhydride, a precursor to polyester resins, is made by oxidation of n-butane over
vanadium phosphate catalysts. This system is of general interest because it is the only
heterogeneously catalyzed, alkane-selective oxidation reaction in commercial use. Time-
resolved in situ x-ray absorption spectroscopy shows that when either «-VOPO,/SiO,
or (VO),P,0./Si0O, catalysts are exposed to n-butane, the rate of maleic anhydride
formation is proportional to the rate of decay of V5" species in the catalyst. Thus V°+
species are kinetically significant for the production of maleic anhydride and not just for
the production of by-products. The results also suggest that V®* species may play a role
in the initial hydrogen abstraction from n-butane, the rate-determining step in the reaction
sequence. V4" sites appear to be responsible for by-product formation.

Conversion of n-butane to maleic anhy-
dride, an important raw material used in
polyester resin production (1), is the only
heterogeneously catalyzed, alkane-selective
oxidation reaction in commercial use. This
oxide system has generated widespread in-
terest because better understanding of the
structure-property relations in the vanadi-
um phosphate (VPO) family of materials
could promote development of other selec-
tive oxidation processes. Selective oxida-
tion reactions on reducible metal oxides are
generally believed to follow the Mars and
van Krevelen (2) mechanism. The metal
oxide participates in a series of redox steps:
Oxidation of an adsorbed organic molecule
first reduces the metal cation, which is sub-
sequently reoxidized either directly by gas-
phase oxygen or by oxygen that has diffused
through the lattice of the catalyst. At steady
state, the oxide typically contains metal
cations in different oxidation states, and
each state plays a different role in the reac-
tion mechanism. For the case of n-butane
oxidation over VPOs, Bej and Rao (3) pro-
posed a mechanism based on the following
set of reaction steps:

CiHjo + 14V —

C,H,05 + 4H,0 + 14V
C4H10 + 26V4+ i

4CO, + 5H,0 + 26V**
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CH,0, + 12V —
4CO, + H,0 +12V**

O, + 4V — 4v#
OZ + 4v4+ —>4V5+

The above mechanism is grossly oversimpli-
fied not only because it ignores many of the
intermediates produced during n-butane
partial oxidation to maleic anhydride (4—
6), but also because it is not formulated
with elementary reaction steps. In any case,
inferring structure-performance relations
based on gas-phase kinetics alone is prob-
lematic because the catalyst kinetics have
not been determined.

The only detectable crystalline phase in
aged industrial catalysts is vanadyl pyro-
phosphate, (VO),P,0; (7), which contains
V#* cations. Nevertheless, VOPO, (V>*)
phases have been observed in working cat-
alysts through in situ laser Raman studies
(8, 9). Several authors (3, 10-12) have
speculated on the role of V>* centers in
maleic anhydride production. Others have
attributed significance to shear steps formed
at the surface of (VO),P,0, upon exposure
of the catalyst to n-butane (13). However,
in situ catalyst characterization under
steady-state conditions, even when com-
bined with reaction product analyses, is in-
sufficient to establish the kinetic signifi-
cance of an observed species. To claim a
species is kinetically significant, it must at
least be shown to react with a rate sufficient
to support the overall rate of reaction (14).
Such experiments require in situ monitor-
ing of the oxide catalyst with a technique
that is both fast (~1 s) and quantitative. In
situ, dispersive time-resolved x-ray absorp-
tion spectroscopy (TRXAS) meets both
of these criteria. In this report, we describe
our approach, which combines dispersive
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TRXAS, mass spectrometry (MS), dynamic
feed cycling, and principal components
analysis to relate maleic anhydride produc-
tion directly to the presence of V>* centers.

The TRXAS data of a,-VOPO,/SiO,
(15-22), Fig. 1, were collected at 320°C
after a step change in the gas composition
from 20% O,/He to n-butane. Singular val-
ue decomposition revealed that more than
99.998% of the variance in the data was
captured by two factors. The composition
profiles of V3% and V#* derived from those
factors, as described above, are provided in
Fig. 2A. The identification of the compo-
nents as V°* and V#* is based on the
position of the main absorption edge, as
well as on the position of the pre-edge
feature, in the corresponding reference
spectra. The spectra are essentially those
shown in Fig. 2D, based on analysis of data
from the same sample at 380°C and dis-
cussed below. The intensities of the pre-
edge features suggest V°* and V** are in

Fig. 1. Dispersive TRXAS
during reduction at 320°C.
The reactor feed concentra-
tion was changed from 20%
O,/He to n-butane at ~40 s
into the experiment. Ener-
gies are measured relative to
the first inflection in the K-
edge absorption spectrum
of V foil.

distorted octahedral environments. The
first derivative of the concentration profile
of V> is plotted in Fig. 2B, along with the
maleic anhydride MS signal. The maleic
anhydride signal and the V°* decay profile
are normalized to the respective peak rates
to allow for better comparison. Clearly, the
similarity between the two rate curves
shows that maleic anhydride production in-
volves the reaction of V>*. The results also
suggest that V> species may play a role in
the initial hydrogen abstraction from n-
butane, which is the rate-determining step
in n-butane selective oxidation. To see this,
consider the result of a slow V4" — V3*
reaction during hydrogen abstraction, fol-
lowed by a V°* + V3* — 2V** reaction
that is faster than the time resolution of the
experiment. Although this sequence would
yield only V#* species early in the experi-
ment, the V3™ concentration would be ex-
pected to increase toward the end of the
experiment as the V> species were deplet-

Fig. 2. Concentration pro- B
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ed. However, the absence of V3% near the
end of the experiments at 320°C suggests
such a sequence is not occuring. Nonselec-
tive reactions (such as production of CO,)
that compete for V°*, and lattice oxygen
diffusion limitations that would result in a
lower surface V>* concentration compared
to the bulk average, could explain the slight
deviation between the two response curves
in Fig. 2B.

The above experiment was also per-
formed at 380°C after reoxidizing the cata-
lyst in 20% O,/He for 30 min. In this case,
three factors were found to adequately rep-
resent the data. The composition profiles
and self-consistent reference spectra for this
data set are shown in Fig. 2, C and D. The
reference spectra suggest that V3* repre-
sented the additional factor. However, the
data do not rule out the possibility that an
isomorph of V** partially contributed to
the third factor, so the V3* concentration
may actually be lower than that shown in
Fig. 2C. The concentration profiles also
revealed that a small amount of V4* re-
mained after the initial reoxidation treat-
ment. As observed at 320°C, maleic anhy-
dride production ceased when V>* was ex-
hausted from the catalyst. Also note that
V37" appeared only after the V°* was ex-
hausted, suggesting that reaction on V**
sites may lead only to by-products. Laser
Raman spectroscopy (514 nm) was used to
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Fig. 3. Comparison of pre-edge (A) and main
edge (B) absorption features in principal compo-
nent spectra (O) to those in (23) (O). Energies are
measured relative to the first inflection in the K-
edge absorption spectrum of V foil.
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confirm that reoxidation of a similarly re-
duced catalyst yielded o-VOPO,,

We validated the self-modeling analysis
with two methods: (i) Comparison of the
positions of the pre-edge feature and the
main absorption edge in each of the spectra
generated from the self-modeling analysis
with the values of those features measured
for a series of vanadium oxide reference
materials (23); and (ii) Comparison of the
self-modeling composition profiles to those
generated by modeling the data as a set of
Lorentzians. As evident in Fig. 3, A and B,
the position of the pre-edge and edge fea-
tures correlated well with those collected
from the reference materials. In Fig. 2A, we
present the composition profiles deter-
mined for reaction at 320°C by modeling
the data as a set of Lorentzians. The Lorent-
zian analysis and the factor analysis agree
quite well. However, unlike the more tradi-
tional curve fitting, self-modeling analysis
does not require reference compounds (that
is, they are extracted from the data self-
consistently), and the large amount of data
collected in a transient dispersive XAS ex-
periment can be handled easily.

To confirm that the above results relate
to the (VO),P,O; phase, we conducted
similar experiments on the (VO),P,0,/
SiO; catalyst. The results obtained for re-
duction at 380°C in 10% C,H,,/Ar are
shown in Fig. 4. The profile for the decay o
the V°* concentration matches well that
for production of maleic anhydride, with
the reaction to more completely oxidized
products easily accounting for the mismatch
observed at longer times.
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Crustal Deformation from 1992 tb 1995 at the
Mid-Atlantic Ridge, Southwest Iceland,
Mapped by Satellite Radar Interferometry

Héléne Vadon and Freysteinn Sigmundsson

Satellite radar interferometry observations of the Reykjanes Peninsula oblique rift in
southwest Iceland show that the Reykjanes central volcano subsided at an average rate
of up to 13 millimeters per year from 1992 to 1995 in response to use of its geothermal
field. Interferograms spanning up to 3.12 years also include signatures of plate spreading
and indicate that the plate boundary is locked at a depth of about 5 kilometers. Below
that depth, the plate movements are accommodated by continuous ductile deformation,
which is not fully balanced by inflow of magma from depth, causing subsidence of the
plate boundary of about 6.5 millimeters per year.

The mid-ocean rift system is subaerial in
Iceland, and divergent plate motion across
the North American—Eurasian plate bound-
ary (Fig. 1, inset) can be observed there by
geodetic measurements, which were first
attempted in 1938 (1). Extensive projects of
distance measurements and precise leveling
were initiated in Iceland in the late 1960s
(2), and in recent years Global Positioning
System (GPS) geodesy has revolutionized
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crustal deformation monitoring in Iceland
(3). An area of special interest is the 50 by
25 km Reykjanes Peninsula in southwest
Iceland, as it is the direct onland structural
continuation of the Mid-Atlantic Ridge.
The Reykjanes Peninsula plate boundary is
oriented at an oblique angle to the spread-
ing direction, not at a right angle as are
typical divergent plate boundaries. The full
spreading vector there is 1.86 cm/year at
N103°E (4), whereas the average direction
of the plate boundary is ~N76°E. Predicted
strike-slip and opening components across
the boundary are accordingly 1.7 cm/year
and 0.8 cm/year. Volcanic systems along
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