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A Study of the Activity and Selectivity of Molybdenum
Crystallographic Shear Compounds in the
Oxidation of C, Hydrocarbons

Oxides which are catalysts in the selec-
tive oxidation of olefins are thought to form
crystallographic shear (CS) structures
(/-3). These structures can form as a result
of the removal of lattice oxygen which
leads to a change from corner to edge
sharing of some of the metal-oxygen octa-
hedra. Oxygen removal also results in re-
duction of some of the metal atoms to form
a mixed valence solid (¢). This work was
undertaken with the goal of illuminating the
role of these reduced molybdenum-oxygen
structures in selective oxidation. In particu-
lar, several molybdenum CS compounds
were studied and compared with MoO;.

Molybdenum and tungsten CS com-
pounds have been previously studied in
olefin oxidation (/, 5-8). The role of CS in
selective oxidation catalysis has also been
the object of theoretical studies (9). It has
been proposed that selective lattice oxygen
insertion into the organic molecule occurs
via shear structure formation (2, 9). In this
mechanism one oxygen atom is evolved
upon a change from corner to edge sharing
of two metal-oxygen octahedra. In the
experiments described here, several molyb-
denum CS compounds and MoOj;, which
reduces by shear structure formation (2, 9),
were studied in butene and butadiene oxi-
dation. The CS compounds studied were
Mo;30s; which contains shear planes within
the layers of an MoQ; substructure, MogO»;
in which the shear planes occur as ordered
domains of edge sharing octahedra in an
ReO; substructure, and two polymorphs of
Mo,40;, in which the shear planes are or-
dered domains of tetrahedrally coordinated
Mo atoms in an ReOs; substructure. The

effects of oxide structure and of Mo oxida-
tion state on selectivity were examined.

The CS compounds were synthesized by
solid state reaction of stoichiometric mix-
tures of MoO; and MoO, in sealed, evacu-
ated quartz tubes as described by Kihlborg
and Mangeli (/0-14) who also describe the
structures of these compounds. Repeated
homogenization was required to achieve
complete reaction. The MoO; used was
Fisher molybdic anhydride and the MoO,
was acquired from Alpha Products. The
products of the synthesis were identified by
X-ray powder diffraction and the powder
patterns were in close agreement with those
reported in the literature (15, 16). A Sie-
mans SRS 200 diffractometer and CuK« ra-
diation were employed. Laser Raman spec-
troscopy was used to detect the presence of
MoO;. BET surface areas were mcasured
using a Micromeritics 2100E Accusorb vol-
umetric surface analyzer with krypton as
the adsorbate. The surface areas of the
molybdenum oxides are listed in Table 1.
X-ray photoelectron (XPS) spectra were
obtained on an AEI 200B instrument using
AlK« radiation. All spectra were refer-
enced to a carbon 1s binding energy of
284.0 eV.

The maximum binding energies and full
widths at half-maximum observed by XPS
are listed in Table 2. Each spectrum was
analyzed using a curve-fitting program
called APES (analyzed photoelectron spec-
trum). APES smooths the data, adjusts the
baseline, corrects for inelastic scattering,
and fits a user-controlled number of com-
ponents to the corrected spectrum using the
method of nonlinear least squares. In per-
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TABLE 1

BET Surface Areas of the
Molybdenum Oxides

Compound Surface area (m?/g)
MoO; 0.40
MO]gO 52 0.34
MOgOzg 0.21
M04O“-mon 0.16
Mo,O;-orh 0.42

forming this analysis, the presence of dis-
crete, paramagnetic Mo’* ions was ruled
out because of the very low, positive values
of magnetic susceptibility observed for all
of these compounds (/7). This assumption
is supported by their lack of ESR signals
over a wide range of temperature (I8).
Consequently, the user-specified com-
ponents chosen in the curve-fitting analysis
were Mo®* and Mo*" or broadened com-
ponents. Component peak broadening may
be thought of as being caused by electron
delocalization which occurs in metal-
ligand-metal or mixed valence electronic
interactions (19).

Results of the curve-fitting analysis are
also listed in Table 2. The spectrum of
MosOs; was fit to one broad component
suggesting near electronic equivalence of
the Mo atoms. This idea is supported by the
decreased spin—orbit splitting, relative to
MoO;, which indicates a higher degree of
electron delocalization (19). It seems possi-
ble that the Mo atoms interact through
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Mo-0-Mo bonds at the shear planes where
the structure is most condensed because of
increased edge sharing between Mo/O oc-
tahedra relative to MoQj3. The XPS spectra
of the Mo,40O;; polymorphs exhibit low bind-
ing energy shoulders and were fit with two
slightly broadened components. The Mo®"/
Mo** ratios from this analysis lead to calcu-
lated average Mo oxidation states very
close to 5.50. This value is the same as that
calculated from stoichiometry and suggests
that in the Mo4O1, polymorphs the valences
are trapped or localized. The analysis indi-
cates that one-fourth of the Mo atoms are
present as Mo*". The decreased level of
condensation or edge sharing relative to
Mo0O; in ReOs-type structures may be re-
sponsible for the observed valence trap-
ping.

The XPS spectrum of MogO;; could not
be fit under the assumptions employed
here, possibly because of the presence of
Mo** or Mo®* ions as reported by others
(20). However, these ions were not ob-
served in ESR studies performed in our
laboratory (18). The MogO,; structure ex-
hibits less edge sharing than that of M0gOs;
but more than that in Mo,O;; and so a
situation intermediate between valence de-
localization and valence trapping might be
expected. The increased spin—orbit split-
ting relative to MoO; may also indicate that
some of the valences are trapped while
peak broadening appears to indicate some
degree of electron delocalization. The XPS
spectrum of a solid in which some of the

TABLE 2

Maximum Binding Energies, Full Widths at Half-Maximum (eV) and Curve Fitting
Resuits for Mo Oxide Photoelectron Spectra

Compound Ols Mo 3d;, Mo 3dsp Mo* /Mo**
MoO, 530.0 (1.84) 232.7 (1.59) 235.8 (1.49) —
Mo50s5, 529.8 (2.20) 232.4 (2.55) 235.3 (2.38) Single comp.
MogOys 529.8 (2.13) 232.1 (2.56) 235.3 (2.46) No fit
Mo,O;;-mon 530.1 (3.31) 232.4 (2.65) 235.3 2.39) 3.5
Mo,0;-orh 529.7 (2.46) 232.1 (2.35) 235.0 (2.05) 3.2
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valences are trapped while others interact
would be difficult to analyze using the
curve-fitting method employed here.

The selectivity for butene and butadiene
oxidation was studied in a i-in.-diameter
by 13-in.-long, fixed bed reactor at 500°C.
In preliminary, steady-state experiments
using Mo4O ;-orh and MogO,; to -oxidize
1-butene in air, nearly complete oxidation
of the initially reduced catalyst occurred.
The presence of MoQ; in the postreaction
samples was indicated by both Raman
spectra and X-ray diffraction (27). Rapid
oxidation of MogO» to MoOs in a steady-
state reactor at 500°C has been observed
before in studies of propylene oxidation (8).
To avoid complete oxidation of the reduced
oxides and to observe intermediate reaction
products, experiments were performed in
pulsed reactor mode. In order to compare
the activity of the various compounds, the
reactor was always loaded with the same
surface area of catalyst (0.10 = 0.01 m?).
The pulsed reaction experiment was per-
formed with helium as the carrier gas flow-
ing at a rate of 30 ml/min as metered by a
Tylon Model FC 260 mass flow controller.
Impurities in the helium were removed by
passing over a Cu catalyst and a silica gel
trap. A pulse of 0.5% hydrocarbon in air
was introduced first. After the products
were analyzed, this was followed by a
second pulse of 0.5% hydrocarbon in N,.
This pulse sequence was performed three
times for each catalyst using a fresh sample
and analyzing for different products in each
experiment by gas chromatography. Exper-
imental details are described elsewhere
21).

The overall conversion of butene or bu-
tadiene and the selectivities to CO,, bu-
tadiene (from butene), furan, and maleic
anhydride are shown in Fig. 1 for each
pulse. Nearly every experiment was re-
peated and the selectivities for these repli-
cations were within £4%. As an overall
check on the 1-butene reaction data, both
empty reactor and SiC-packed reactor runs
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were made at 500°C in air. The products
observed were trace amounts of CO, along
with cracking and isomerization products.
Conversions were less than 5%. No blank
runs were made with butadiene as the feed.

When butene was the reactant, CO,
formed only in the presence of O, and the
selectivity to this undesirable product was
highest over Mo4Oy;-orh at nearly 70%. All
other phases produced significantly less
CO, from butene with selectivities around
50%. The data for CO, formation from
butadiene are different. In this case, the
Mo,0O;, polymorphs produce more CO,
than MogO,; or MoOs;, but approximately
the same amount as MoOs. Interestingly,
Mo,O;-orh produces a small amount of
CO; from butadiene even in the absence of
gas-phase oxygen. The results suggest that
oxygen activation for complete oxidation
may be favored over surfaces containing
trapped valences.

As can be seen in Figs. la and 1b, the
oxidative dehydrogenation activity for con-
verting butene to butadiene was not sensi-
tive to oxide structure or to average oxida-
tion state. The only difference observed in
these experiments is that the selectivity to
butadiene was 46% in the presence of O,
and only 5% in the absence of O,. Other
studies have shown that molecular oxygen
does not participate in the rate-limiting step
of this reaction (/, 22).

By far the most interesting data are those
for the products of oxygen insertion. In
butene oxidation, oxygen-containing or-
ganic compounds were formed only in the
presence of O,. In butadiene oxidation,
however, oxygen insertion products were
observed even in the absence of O,. The
data for maleic anhydride formation indi-
cate a dependence on Mo oxidation state,
Maleic anhydride formation from butene
increased with degree of oxidation being
highest for MoO; at nearly 50%. In bu-
tadiene oxidation, MoQ; also produced the
most maleic anhydride and produced ma-
leic anhydride in the absence of molecular
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FiG. 1. Conversion and selectivity for (a) butene oxidation in air, (b) butene oxidation in N, (¢)
butadierie oxidation in air, and (d) butadiene oxidation in N,.
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oxygen. The formation of furan was ob-
served from both butene and butadiene in
the presence of O; and from butadiene in
the absence of O,. Significantly, more furan
was formed from butadiene than from
butene with a trend toward higher selecti-
vities over more oxidized phases; however,
Mo3O0s;, a reduced phase, produced the
most furan. Furan formation was unaffec-
ted by the absence of oxygen over this
solid. It is possible that Mo;30s, may con-
tain surface sites that insert oxygen into
butene and butadiene to form the furan ring
structure. This catalyst has the MoO; basic
structure and XPS results suggest that
butene or butadiene adsorption as a furan
precursor is favored over a slightly reduced
surface where there is some electron mobil-
ity between surface atoms. This situation
apparently occurs when CS structures form
in an MoO; layer as in Mo3Os;.

An explanation of these results is sug-
gested by the work of Volta and co-workers
(23). They have observed the formation of
MoO; crystallites with unusual crystal face
development on the surface of Mo;3Os; un-
der catalytic conditions. The crystallites
had highly developed (100) and (101) or
{101) faces and produced an increased se-
lectivity to acrolein in propylene oxidation.
Similar arguments can be used to explain
the results presented here. For example,
MoO; exhibited relatively high selectivities
for both complete oxidation and selective
oxygen insertion. Mo;3Os; exhibits de-
creased CO, formation and a high oxygen
insertion activity and may do so because
the surface reconstructs or oxidizes to pres-
ent specific MoO; crystal faces. The higher
level of CO, formation observed over the
more reduced phases such as Mo,O;; may
be accounted for by surface reconstruction
to expose MoOQs; crystal faces specific for
oxygen activation and complete oxidation
to CO,. The oxidative dehydrogenation of
butene to form butadiene is apparently not
sensitive to surface structure and is unaf-
fected by MoQ; crystal face development.
Raman specira acquired after the pulsed
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reaction studies were performed indicated
the presence of MoO; in all samples;
however, no studies yielding information
on crystal face development were con-
ducted.

In summary, the unusual coordination
geometries and surface structures that are
thought to be caused by the presence of CS
planes in molybdenum oxides produce sig-
nificant and interesting differences in the
selectivities observed in oxidation cataly-
sis. In particular, the high selectivity to
furan observed over Mo,3Os; indicates that
some structural feature of this compound is
important in the formation of furan without
further oxidation to maleic anhydride. The
structure of this compound may also en-
hance the formation of MoO; domains pos-
sessing surfaces specific to this reaction.
Maleic anhydride formation was favored
over the completely oxidized surface of
MOO3.
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