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Novel MoVSbOx-type catalysts for selective isobutane oxidation
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Abstract

A new sol–gel synthesis procedure is proposed for the preparation of MoVSbOx catalysts for the selective oxidation of isobutane.
Physico-chemical characterization of the materials calcined at 400◦C, showed essentially amorphous catalysts, with long-range order. Increase
of calcination temperature, however, resulted in the formation of small crystalline regions, confirmed through TEM. EPR measurements on
the calcined samples pointed to the presence of isolated and magnetically interacting V(IV) species. The reported catalysts proved to be much
more selective for partial oxidation compared to a literature reference catalyst. Furthermore, it is shown that this versatile synthesis recipe
forms an excellent start for high-throughput and combinatorial studies.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The direct selective oxidation of isobutane using air is
an attractive alternative for the production of methacrolein
and methacrylic acid to substitute the acetone cyanohydrine
process.

A large variety of catalysts have been studied for the direct
oxidation of isobutane to methacrolein and methacrylic acid.
The most extensively studied systems are the heteropolyacid
(HPA) catalysts[1–8]. Also, several catalytic systems based
on mixed oxides have been reported for the partial oxida-
tion of isobutane[9–11]. Driven by the demand for catalysts
with increased selectivity and yield, the search for new cat-
alyst formulations and synthesis procedures remains very
timely.

In this study a new synthesis procedure was developed to
yield highly selective MoVSbOx oxidation catalysts. These
catalysts showed increased selectivity for methacrolein and
isobutene, compared to a known literature reference catalyst.
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Furthermore, this synthesis method allowed easy automation
of catalyst preparation by high-throughput techniques. In
this way the sol–gel recipe used has already been applied for
the optimization of the MoVSbOx system[12]. On the other
hand, the versatility of the recipe allowed to combine many
other metal precursors to form several ternary composition
diagrams[13].

2. Experimental and methods

For the synthesis of the Mo8V2Sb90Ox catalyst, a modi-
fied acid-catalyzed sol–gel procedure (Eq. (1)) was applied,
based on the synthesis procedure for amorphous mixed ox-
ides[14]:

x M1(OR1)k + y M2(OR2)l + z M3(OR3)m

+ 65 solvent+ 0.20H+ → mixed oxides (1)

Metal alkoxide precursor solutions (0.5 M) were prepared
by solving commercially available metal alkoxides (vana-
dium (V) triisopropoxide, molybdenum (V) isopropoxide
5% (w/v) in isopropanol) and an anhydrous metal chloride
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(antimony (V) chloride) in isopropanol. For metal chlorides
in isopropanol, the solutions were flushed with argon in or-
der to remove the formed HCl vapors. The solvent used in
all cases was isopropanol, whereas proton acidity originated
from a 0.15 M acetic acid solution in isopropanol. After mix-
ing the precursors, the solution was allowed to gelate for
3 days. After drying at 60◦C, the resulting gels were cal-
cined at 250◦C for 5 h at a heating rate of 0.5◦C per minute
and at 400◦C for 8 h at a heating rate of 0.5◦C per minute.
Alternatively, this catalyst was calcined again at 600◦C in
order to examine the influence of the calcination tempera-
ture. The reference catalyst (Mo8.3V8.3Sb83.3Ox) used was
synthesized following the slurry procedure of Shishido et al.
[11].

Typically, catalytic tests were carried out at atmospheric
pressure in a gas-phase tubular flow quartz reactor be-
tween 325 and 450◦C. Catalyst of 2.0 g, pelletized to a
0.125–0.250 mm fraction and diluted with 1.0 g of SiC
of the same granule size, was packed between two layers
of quartz wool. Using calibrated mass flow controllers,
isobutane/oxygen/helium volumetric mixtures in a ratio of
15:5:10 were continuously dosed at a total feed flow of
40 ml min−1. The sol–gel catalysts calcined at 400◦C were
activated in situ prior to reaction at 400◦C in a flow of
20% oxygen in helium for 2 h, whereas the ones calcined at
600◦C were activated at 500◦C in a flow of 20% oxygen
in helium for 2 h. Feed and products were analyzed with
an on-line HP 5890 series II gas chromatograph equipped
with: (i) a CP WCOT Fused Silica column connected to
a methanizer and an FID, and (ii) a molecular sieve 5 Å
column connected to a TCD. This allowed determination of
carbon and oxygen mass balances.

The catalysts were characterized using TGA, BET, trans-
mission XRD, TEM and EPR. TGA was performed on a
Setaram TG-DTA 92 thermobalance. In a flow of helium
containing 20% oxygen, a sample of about 25 mg was
heated from room temperature to 800◦C with a heating
rate of 5◦C per minute. Nitrogen sorption measurements
were recorded with a Coulter Omnisorp 100CX at 77 K.
Prior to measurement, the samples (typically 2 g) were
outgassed at 100◦C under vacuum overnight. The XRD
characterization was carried out at room temperature using
a flat sample transmission Rigaku diffractometer. The TEM
analyses were performed on a Philips CM20 microscope,
operated at an accelerating voltage of 200 kV. X-band EPR
spectra were recorded at room temperature and at 120 K
with a Bruker ESP 300E instrument in a rectangular TE104
cavity. No qualitative difference in the spectral profile was
observed by comparing the spectra at these two tempera-
tures. For the simulation of the EPR spectra the Simpow
program[15] was used. Quantitative estimation of V(IV)
was performed by comparing the spectral intensity at 120 K
of each sample (which is the result of a double integra-
tion of the experimental first derivative spectrum) with
that of frozen aqueous VOSO4 standards of known spin
concentration.

3. Results and discussion

3.1. Synthesis and characterization

It has been shown[16] that amorphous microporous sil-
ica, titania, zirconia, and alumina with a narrow pore size
distribution can be synthesized by a specific sol–gel process
in the absence of organic templating agents[14]. These mi-
croporous materials form exclusively under acid-catalyzed
sol–gel conditions. By adopting this sol–gel process, we
have now succeeded in the synthesis of other homogeneous
mixed metal oxides (Eq. (1)).

Thermal degradation of the sol–gel prepared catalysts
showed a first significant weight loss of about 20% due to the
loss of water and isopropanol, which was essentially com-
pleted at 200◦C. At temperatures between 300 and 500◦C
there was a second significant weight loss of about 12%,
attributed to the loss of water from surface hydroxyl groups.

The porosity of the calcined materials was characterized
by nitrogen adsorption/desorption isotherms. All mixed ox-
ides calcined at 400◦C showed a substantial adsorption
in the P/P0 region indicating the presence of micropores,
whereas a remarkable hysteresis loop indicated the presence
of mesopores with a maximum near 40 Å[17]. The specific
surface area, calculated with the BET method, amounted to
39 m2/g. The effective micropore diameters, as determined
by the Horvath–Kawazoe method[18], were between 0.6
and 0.7 nm. It seems that the incorporation of organic prod-
ucts during gelation and their release during the slow and
careful drying of these materials is responsible for the pore
size and porosity of the final products. Calcining the sol–gel
synthesized sample at 600◦C resulted in change towards a
type II N2-sorption isotherm, which was similar to the one
of the reference catalyst. The isotherm for the latter two cat-
alysts showed a flat hysteresis curve in the 0.7 < P/P0 < 1
region. Furthermore, the specific surface area for the sol–gel
synthesized catalyst was twice as high as the one of the ref-
erence catalyst (respectively, 28 and 12 m2/g). The change
in type of sorption isotherms for the sol–gel synthesized
samples calcined at 400 and 600◦C, point out that the par-
allel wands of the slit-shaped pores were slightly distorted
by heat treatment.

X-ray analysis of the sol–gel synthesized Mo8V2Sb90Ox

catalyst, calcined at 400◦C, showed no sharp Bragg re-
flections, but revealed a long-range superstructure, evident
through the broad intense reflections on 1, 0.5 and 0.33 nm
(Fig. 1). These reflections immediately can be identified to
originate from a layer structure, with an average repetition
distance of≈1 nm. Next to the three strong broad reflections
due to the layer structure, the X-ray pattern also shows fea-
tures reminiscent of SbxOy. This indicates that the materials
at least in part are built from antimony oxides. For the cat-
alyst with the same elemental composition, but calcined at
600◦C, the crystalline phases became more pronounced and
have been identified as Sb2O5 (JCPDS 11-0690), Sb6O13
(JCPDS 33-0111) and Sb2O4 (JCPDS 36-1163). The phases
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Fig. 1. Transmission XRD pattern of a sol–gel synthesized Mo8V2Sb90Ox sample calcined at (a) 400◦C and (b) 600◦C.

arising from the reference catalyst were identified to orig-
inate from �-Sb2O4 and corresponded to those reported
by Shishido et al.[11]. Calcining the slurry synthesized
Mo8V2Sb90Ox catalyst at 400◦C, resulted in a mainly amor-
phous material and very little SbxOy crystallinity.

Comparison of the XRD patterns for the reference catalyst
and the sol–gel catalysts with the same elemental composi-
tion and both calcined at 600◦C, demonstrated the presence
of different crystalline structures and the absence of signif-
icant amorphous phases in the reference catalyst.

After a catalytic experiment, where the sol–gel syn-
thesized Mo8V2Sb90Ox catalyst calcined at 400◦C was
tested 24 h at 400◦C and under the mentioned oxy-
gen/isobutane/helium feed, the SbxOy crystalline phases,
corresponding to Sb2O5, Sb6O13 and Sb2O4 mentioned
above, became more pronounced.

TEM measurements of the sol–gel synthesized Mo8V2
Sb90Ox samples, calcined at 400◦C, showed clusters of par-
ticles with a size range between 500 and 2000 nm. For these
particles mainly a mixture of dominating amorphous and
nanocrystalline areas were detected. However, it was diffi-
cult to study these crystalline regions because the material
is highly sensitive to electron beam damage. For the sol–gel
synthesized Mo8V2Sb90Ox samples, calcined at 600◦C, par-
ticles with a size range between 5 and 10�m were detected.
The latter structures clearly showed distinctive plate-shaped
crystalline phases, fused with a bulk phase (Fig. 2). Compar-
ing the results from the X-ray diffraction experiments these
crystalline domains could be identified with antimony ox-
ides. The bulk phase had an amorphous character as evident
from the absence of sharp reflections in the electron diffrac-
tion pattern. Finally, the reference catalyst showed crystals
in the 0.5 and 2�m range. These structures could be iden-
tified to fully originate from�-Sb2O4.

After calcination at 400◦C in air, the Mo8V2Sb90Ox

sol–gel synthesized sample exhibited a typical V(IV) EPR
spectrum (Fig. 3a). Tetravalent vanadium (S = 1/2 and
3d1 electron configuration) displays quite a complex EPR

spectrum, due to the high number of hyperfine lines arising
from the interaction of the unpaired electron with the51V
nucleus (nuclear spin= 7/2) and to the anisotropy of both
g andA tensors. The experimental spectrum inFig. 3ahas
been reproduced by computer simulation (Fig. 3b) using
two V(IV) signals: (i) an axially symmetric signal with
g‖ = 1.934,A‖ = 206 G,g⊥ = 1.982,A⊥ = 70 G and (ii)
an isotropic signal with giso = 1.980 (hyperfine structure
not resolved). In line with the assignments of Paganini et al.

Fig. 2. Representative TEM image of a sol–gel synthesized Mo8V2Sb90Ox

sample calcined at 600◦C: the insert shows the electron diffraction pattern
of the plate-shaped crystalline phase.
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Fig. 3. (a) Experimental EPR spectrum (120 K) of the sol–gel synthe-
sized Mo8V2Sb90Ox sample calcined at 400◦C in air, (b) simulated EPR
spectrum (full line) with the isotropic contribution in dotted line.

[19], the axial and isotropic signals can be attributed to iso-
lated 5-/6-coordinated vanadyl species and to magnetically
interacting V(IV) ions, respectively. The latter study also re-
ported that the occurrence of V(IV) in an oxidized material
such as the calcined samples is typical of ternary samples.

For the Mo8V2Sb90Ox sol–gel synthesized sample cal-
cined at 600◦C, the hyperfine structure of the EPR spectrum
was less pronounced in comparison to the sample calcined
at 400◦C. This finding points at a decreasing fraction of
isolated V(IV) species upon increasing calcination temper-
ature. In the EPR spectra of both samples after catalytic re-
action, the hyperfine structure had almost fully disappeared
and only a broad isotropic signal remained. Finally, the EPR
spectrum of the fresh slurry synthesized catalyst calcined at
600◦C, did not show any hyperfine structure. This suggests
that isolated V(IV) species were absent in this sample.

Fig. 4. Product selectivities for the selective oxidation of isobutane at 400◦C for the sol–gel synthesized samples compared to the reference catalyst.

Quantitative estimation of the amount of paramagnetic
species for the sol–gel synthesized Mo8V2Sb90Ox sample,
calcined at 400 and 600◦C, yields 52 and 45% of V(IV)
of the total amount of vanadium, respectively. The latter
calculations are based on the assumption that the isotropic
signal is fully caused by V(IV) and not by Mo(V).

3.2. Selective isobutane oxidation

Comparison at 400◦C of the sol–gel catalyst calcined at
400 and 600◦C with the slurry phase catalysts with the same
composition and calcined at the same temperatures, shows
similar conversions (Fig. 4). The slurry phase catalyst with
literature composition shows enhanced conversion.

On the other hand, the COx selectivity at this conver-
sion, drastically decreases from 46 and 35% for the slurry
type catalyst to 33 and 18% for the sol–gel catalysts with
the same composition, calcined at 600 and 400◦C, respec-
tively. This decrease in COx selectivity is compensated for
by an increase in isobutene selectivity. The selectivity to
methacrolein remains approximately the same (between 28
and 30%) for both samples calcined at the same tempera-
ture. Particularly, for the sol–gel synthesized catalyst cal-
cined at 600◦C, the isobutene and methacrolein selectivity
amounts to 24 and 27%, respectively, whereas the values of
19 and 28% are achieved with the slurry phase catalyst of
the same composition. When the sol–gel synthesized cata-
lyst is only pre-calcined at 400◦C, the latter values increase
up to 30 and 43%, respectively, compared to 30 and 32%,
for the slurry phase catalysts. The enhanced activity of the
slurry phase literature reference catalyst[11] entirely stems
from an enhanced COx selectivity.

Time on-stream experiments[12] showed that for the
sol–gel synthesized catalysts calcined at 400 and 600◦C the
activity increased whereas the selectivity towards the par-
tial oxidation products slightly decreased. This decrease was
compensated by an increase in COx selectivity.
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4. Conclusions

The use of a new sol–gel recipe allowed to synthe-
size homogeneous multi-component oxides with particular
physico-chemical properties. Calcination of the samples at
400◦C resulted in a layered superstructure. Additionally, the
presence of a large amount of isolated vanadium (IV) sites
could be determined, which could not be found in the refer-
ence catalyst. The use of enhanced calcination temperatures
resulted in the appearance of new crystalline phases in the
catalysts and collapse of the layer structure. The enhance-
ment of the catalytic properties for both catalysts compared
to the reference catalyst, pointed to the importance of site
isolation and unique chemical composition of the samples.
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