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Abstract

Pure and silica-dispersed Nb-V, V-Sb and Nb-V-M @Sb, Mo) oxide systems were prepared by applying the less con-
ventional sol-gel methods and tested as catalysts in the oxidative dehydrogenation (ODH) of propane. All the prepared systems
were active in the propane ODH and selective to propene, particularly the 1:1:5 Nb-V-Si prepared via the non-hydrolytic
sol-gel method and the 1:1 Sb-V prepared via the hydrolytic route. Acrolein was detected among the reaction products when
working with higher reagents partial pressures and contact time.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction arises from their specific activity in the C—H bond
activation in paraffins, which is the rate-limiting step.
The discovery and improvement of heterogeneous Because a worthwhile ODH catalyst must be not only
catalysts active for the oxidative dehydrogenation sufficiently active but also selective, the reactivity
(ODH) of light alkanes is a particularly challenging of lattice oxygen to form C-O bonds with the ad-
matter in catalysis research. Much work has focused sorbed hydrocarbon intermediate must be taken into
on vanadium oxide-based systerfis2] and more great consideration in order to avoid complete oxi-
particularly, on V-Mg-O catalyst§3—7]. The supe-  dation of the alkanes to COIt has been suggested
rior performance of vanadium oxide-based systems that the reactivity of lattice oxygen is related to the
strength of the metal-oxygen bond, which can also
mpondmg author. Fax:32-10-472330. be .vieW(.ad in terms of the reducibility of the metal
E-mail addresses: pietro.moggi@unipr.it (P. Moggi), cations in the M-O-V bond$8]. V20s, which is
devillers@chim.ucl.ac.be (M. Devillers). characterized by easily reducible V-O-V bonds, is
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active in many reactions of partial oxidation, but the well-defined and adequately dispersed Nb-V oxide
selectivity to the desired product is often low. Since phases are required. In that respect, sol-gel methods
the Nb—O bond is stronger than the V-O bond, nio- are known to be particularly powerful to achieve a
bium oxide was also examined as catalyst in propane molecular scale dispersion in mixed oxides. As far as

ODH to see if it gave any improvement compared
to the vanadium compound9]. While Nb,Os was
found to exhibit low catalytic activity and high se-
lectivity to propene, an increase in the catalytic ac-
tivity without compromising the high selectivity to
propene was obtained by promoting niobium oxide
with vanadium[10,11] It was suggested that the ac-
tivity increase could be related to the formation of

surface V-O-V ensembles containing a more reac-

tive bridging oxygen than V—O—-Nb units (the former

being easier to reduce than the latter). The high se-

lectivity to propene may probably be related to the

presence of these V-O-Nb bonds. Further experi-

pure niobia is concerned, an extended sol-gel method
based on the hydrolysis of a modified Nb-alkoxide
precursor obtained from Nb(OEtand acetylacetone
was already reported to be an interesting method
to produce nanocrystalline mesoporous films of the
T-phase of NbOs [16]. The implementation of a
classical sol-gel route based on metal alkoxides to
prepare Nb-rich (NpV = 6 or 10) amorphous V-Nb
oxides displaying high surface areas was reported
recently [17]. Preliminary results dealing with the
development of a non-hydrolytic sol-gel route to
synthesize Nb-V and Nb-V-Si catalysts were also
previously reported by ugl8]. These materials were

ments on niobia-supported vanadium oxide catalysts tested in propane ODH, also in the presence of a po-

clearly confirmed that vanadium-containing active
sites were definitely necessary to provide a signif-
icant catalytic activity in propane ODH, while the

selectivity to propene strongly depended on the cat-

alyst nature, in relationship with the optimization of
the sorption properties of propene to prevent total
oxidation [12]. Multicomponent Nb-V-Mo oxides

prepared by different methods were also tried in the

tential promoter such as 804. The results obtained
demonstrated the feasibility of the non-hydrolytic
sol-gel route to prepare V-Nb mixed oxide cata-
lysts. Moreover, it seemed that interesting catalysts
for the ODH of propane could be obtained by re-
fining the preparation procedure and using suitable
promoters.

In the present work, hydrolytic sol-gel procedures

selective oxidation of ethane to ethene and acetic were extended to the preparation of a wider series

acid [13,14] In particular, temperature-programmed

of pure or silica-dispersed Nb-V, V-Sb and Nb-V-Sh

reduction measurements were carried out on severalsystems. In addition, since molybdenum oxide is a

Nb- or V-based catalysts to evaluate their reducibility,

fundamental component in catalyst formulations for

which was reported to decrease along the sequencethe oxidation of olefins and in some systems active

V205 > MogVgOy0 > M0O3 = NboM03011 >
Nb2Os > NbVO4 [14]. The very low reducibility of
the only Nb-V oxide reported in this series is related
to the fact that this compound is an already par-

in the oxidation of paraffins, a Nb-V-Mo system was
also prepared.

tially reduced phase obtained by heat treatment under2. Experimental

hydrogen up to 900C. Very recently, Chary et al.
investigated the influence of Ma(n the dispersion
of niobia-supported vanadium oxid¢s5] and con-

cluded that the presence of molybdenum resulted in

stabilizing thep-(Nb,V),0s phase, whose formation

2.1. Synthesis of the catalysts

Nb(QiPry, VO(QIiPr), Sb(OiPry, Mo(QiPr)
and Si(OEt) were the precursors adopted in the

is considered as being responsible for the decreasedhydrolytic sol-gel preparations. Except Nb(O#r)

reducibility of the catalysts. However, the question

which was synthesized from Nb£l (Aldrich),

whether pure Nb-V phases or phase mixtures are 2-propanol (Aldrich) and triethylamine (Fluka), all

responsible for the catalytic performances in partial
oxidation of light alkanes remains unsolved. To im-
prove the understanding of the catalytic role played

reagents were commercial products purchased from
Alfa Aesar (isoproxides) or Aldrich (TEOS) and
used as received. The hydrolytic syntheses were con-

by these phases, appropriate methods able to provideducted by adding mixtures of water and 2-propanol to
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stirred mixtures of the alkoxides in 2-propanol. Each
synthesis led to a stable sol, which turned into gel
within few days. The metal precursors were mixed in
order to obtain the following atomic ratios: 1:1 for
the binary systems V-Nb and V-Sb; 1:1:1, 1:2:1 and
1:1:5, respectively, for the ternary systems Nb-V-Mo,
Nb-V-Sb and Nb-V-Si. In addition, a binary system
Nb-V 1:1 and a ternary system Nb-V-Si 1:1:5 were
prepared via the non-hydrolytic sol-gel route. The
non-hydrolytic syntheses were conducted by adding
dropwise VO(OiPrj and/or SiCj and Si(OEt) to
stirred suspensions of Nb£in hexane (all reagents
purchased from Aldrich). By raising the temperature
to 100°C, limpid solutions were obtained, giving
after few hours green gels.

2.2. Catalysts characterization

All the obtained xerogels were activated in air at
550°C for 5h. The precursor gels were character-
ized by thermogravimetry (TGA) and the catalysts by
X-ray diffraction (XRD), Raman spectroscopy, scan-
ning electron microscopy (SEM) and surface area de-
termination (BET method). TGA analysis was carried
out with a Mettler Toledo TGA/SDTA 8Flanalyzer.
Raman spectra were recorded on a DILOR-JOBIN
YVON-SPEX Olympus DX 40 spectrometer using a
He—Ne laser X = 6328 nm). Powder XRD patterns
were measured on a Siemens D-5000 diffractometer
using the Cu k& radiation. SEM images were obtained
by a Philips XL30 instrument, at the LAMEL Insti-
tute (CNR, Bologna, Italy). BET surface areas were
measured with a Micromeritics ASAP 2000 analyzer
using nitrogen at 77 K.

2.3. Catalytic tests

Propane oxidation experiments were generally car-
ried out in a glass, tubular reactor at 450-560

79
3. Results and discussion

3.1. Physico-chemical characterization of the
catalysts

All the obtained xerogels were amorphous solids,
characterized by very broad IR bands in the region
1000-600 cmt. BET surface area measurements are
reported for the calcined catalystsliable 1 Observed
BET surface areas are rather low for all the samples,
with the only exception of the ternary 1:1:5 Nb-V-Si
and binary 1:1 Sb-V systems.

TGA analysis showed two weight losses associated
with two endothermal peaks at about T@) due to
the elimination of residual water and 2-propanol, and
200°C, related to the elimination of residual alkoxide
ligands for all the prepared xerogels.

The calcination at 550C of the 1:1 Nb-V binary
system prepared either via the non-hydrolytic method
or the hydrolytic one led to the formation of crystalline
NbVOs as evidenced by the XRD patterkig. la
shows the XRD pattern of the 1:1 Nb-V material af-
ter the thermal treatment, which matches exactly the
JCPDS file of NbVQ@ (46-0046). After the catalytic
runs, the NbgV4O0s5 phase was recognized in the
XRD pattern illustrated inFig. 1b It seems worth
mentioning that this phase does not result from partial
reduction of the metals, both Nb and V remaining in
their initial (V) oxidation state. The decomposition
of the NbVG; phase to the Nb-enriched hNY 4055
phase and YOs was hypothesized from the Raman
spectra, in which the characteristic pattern of micro-
crystalline \bOs (146, 290, 404, 480, 527, 702 and
994 cn 1) was recognized. However, there was no ev-
idence of crystalline YOs provided by XRD.

Table 1
BET specific surface areas of the catalysts calcined at 650r

and atmospheric pressure. The feed composition wassh

changed from 10% £Hg, 10% & and 80% He (to-

tal flow: 30mimim?) to 17% GHg, 17% & and
66% He (total flow: 18 ml minl). Experiments were
usually carried out with 0.5¢g catalyst, except in the
case of the more finely divided Sb-V and Nb-V-Si
(non-hydrolytic) materials, for which 0.3 g only were
used. The reaction effluent was analyzed by gas chro-
matography.

Catalysts Surface area g 1)
1:1 Nb-V non-hydrolytic 6.4

1:1 Nb-V hydrolytic 1.3

1:1 Sb-V 31

1:2:1 Nb-V-Sb 7.9

1:1:1 Nb-V-Mo 3.0

1:1:5 Nb-V-Si non-hydrolytic 146

1:1:5 Nb-V-Si hydrolytic 132




80 P. Moggi et al./Catalysis Today 81 (2003) 77-85
X
2 |
‘@
c
()
€ X XX X
: Jx . NMM ML J\MM J‘L.nl
0 10 20 30 40 50 60 70 80 90
@ 2-Theta
X
>
‘@
e
[}
£ X
0 10 20 30 40 50 60 70 80 90
(b) 2-Theta

Fig. 1. XRD patterns of 1:1 Nb-V (hydrolytic preparation): (a) after the calcination treatment &iC5%®ntaining the practically pure
NbVOs phase and (b) after the catalytic reactions, containingsMfOss.

The SEM image of the fresh 1:1 Nb-V catalyst
(Fig. 23 non-hydrolytic preparation) shows the amor-
phous texture of the sample, from which a rather uni-
form distribution of micrometer sized crystallites of
the NbVG; phase evolves after the thermal treatment
at 550°C, as evidenced by the SEM image reported
in Fig. 2h

In the case of the binary system 1:1 V-Sb, calci-
nation at 550C led to the formation of crystalline
SbVQO, as evidenced by the XRD pattern shown in
Fig. 3. Unlike the 1:1 Nb-V system, crystalline SbyO
was maintained even after the catalytic runs.

As far as the ternary system 1:1:1 Nb-V-Mo is
concerned, the NiMo3O141 and (Vp.07M0g.93)5014

1 The stoichiometry NiMo301; reported in the JCPDS file
(18-0840) is based on a paper by Trunov et[&B], in which

phases were detected by XRD after the thermal treat-
ment. Once again, the final composition based on the
crystalline materials presents a shortage in the over-
all vanadium content of the fresh catalyst. Similarly

to the 1:1 V-Sb material, the XRD pattern of the

1:1:1 Nb-V-Mo system was unchanged after the cat-
alytic runs. In the case of the ternary system 1:2:1

there is some confusion. The stoichiometry reported throughout
the text is NBMo3O14 (i.e. “3M00Os3-NbyOs”, containing only
Mo(VI) and Nb(V)) and only the caption offable 3 of this
paper refers to “3Mo@Nb,Os5” (i.e. NbM03011), which seems
therefore to be a wrong formulation. Another more recent paper by
Ekstrom[20] also refers only to the formulation “3MaNb,0O5”,

i.e. NbbMo3014. Basically, there is no reason, nor experimental
evidence that Mo is fully reduced into Mo(lV) in this phase. We
checked this point in the bulk by DR-UV-Vis spectroscopy and at
the surface by XPS.
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Fig. 2. SEM images of 1:1 Nb-V (non-hydrolytic preparation): (a) before and (b) after calcination a€550

Nb-V-Sh, besides SbV£) the NlygV 4055 phase was In the case of the ternary system 1:1:5 Nb-V-Si,
again evidenced. After the catalytic runs, only traces prepared either via the non-hydrolytic method or the
of Nb1gV40s5 were detected besides Sby,dndicat- hydrolytic one, the XRD spectra evidence a predom-
ing some structure modifications. Again, although no inantly amorphous structure, but with the presence of
evidence of crystalline ¥O5 was given by XRD, the  the NbVQ; phase. IrFig. 4, the XRD spectrum of the
characteristic pattern of X05 was recognized in the  non-hydrolytic sample after the activation treatment at
Raman spectrum. 550°C is reported. The characteristic pattern of0¢
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Fig. 3. XRD pattern of 1:1 Sb-V after the calcination treatment at®&500ntaining the practically pure Sb\{@hase (JCPDS file 16-0600).
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Fig. 4. XRD pattern of the 1:1:5 Nb-V-Si catalyst after calcination at 85@non-hydrolytic preparation).

was recognized in the Raman spectra of both systemsselectivity to propeneSc,;H,). selectivity to carbon
after the activation treatment. dioxide (Sco,) and yield in propeneXc,H,) are re-
ported. The last column refers to the propene yields
normalized with respect to the catalyst amount (ex-
pressed as micromoles of propene formed per unit
time and unit mass). These catalytic data were col-

3.2. Catalytic results

Catalytic performance data are reported in

Tables 2—4In Table 2 propane conversionX(c,Hg),

lected at the reaction temperature of 5@0) feed

Table 2
Catalytic results in propane ODH

Catalysts XcaHg (%) ScHe (%) Sco, (%) YegHe (%) rCaHe (Wmolgts™)
1:1 Nb-V non-hydrolytic 33 23 30 7 0.29
1:1 Nb-V hydrolytic 8 37 24 3 0.12
1:1 Sb-\# 34 38 39 13 0.89
1:2:1 Nb-V-Sb 33 23 30 7 0.29
1:1:1 Nb-V-Mo 27 25 20 7 0.29
1:1:5 Nb-V-Si non-hydrolytig 39 30 22 11 0.75
1:1:5 Nb-V-Si hydrolytic 31 20 20 6 0.25

Temperature: 500C; feed composition: 10% 4Eg, 10% & and 80% He;

aCatalyst loading: 0.3g.

amount of catalyst: 0.5g; total flow: 30 mImin
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Table 3
Catalytic results in propane ODH
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Catalysts XcgHg (%) ScaHg (%) ScaHa0 (%) Sco, (%) Yeghe (%) rcsHe (Rmolgts™)
1:1 Nb-V hydrolytic 9 44 6 14 4 0.16
1:1 Sb-\# 19 59 5 36 11 0.75
1:2:1 Nb-V-Sb 19 37 0 35 7 0.29
1:1:1 Nb-V-Mo 23 33 6 22 7 0.29
1:1:5 Nb-V-Si non-hydrolyti¢ 25 47 8 23 12 0.82
1:1:5 Nb-V-Si hydrolytic 28 29 0 20 8 0.33

Temperature; 500C; feed composition: 17% 4Bg, 17% G and 66% He; amount of catalyst: 0.5¢; total flow: 18 mIndin

aCatalyst loading: 0.3g.

composition: 10% gHg, 10% G, 80% He and space
velocity of 60 mimimtg~1. The 1:1 Sb-V and 1:1:5
Nb-V-Si systems only were tested at the different
space velocity of 100mIimintg—1. The catalysts
exhibit about the same conversion level of propane
(about 30%) with the only exception of the 1:1 Nb-V
catalyst prepared via the hydrolytic method that is
characterized by a significantly lower value (8%).
Propene selectivity is higher than 20% for all the
prepared systems, the 1:1 Nb-V prepared via the
hydrolytic method and 1:1 Sb-V catalysts being the
more selective ones (almost 40%). The 1:1 Sb-V
and 1:1:5 Nb-V-Si prepared via the non-hydrolytic
method give the best results in terms of propane
conversion and yield in propene. While the higher
conversion is in contradiction with the lower amount
of catalyst loading, the high yield in propene can
be explained by the lower contact time adopted dur-
ing the catalytic test, which preserves propene from
further oxidation to carbon dioxide. Moreover, a mi-
nor amount of catalyst favors a better control of the

Table 4
Catalytic results in propane ODH: propene productivity normalized
with respect to the surface area

Catalysts ICaHg? rCaHg”
(wmolm2s71)  (umolm2s71)

1:1 Nb-V non-hydrolytic ~ 0.045 -

1:1 Nb-V hydrolytic 0.095 0.126

1:1 Sb-V 0.029 0.024

1:2:1 Nb-V-Sb 0.036 0.036

1:1:1 Nb-V-Mo 0.096 0.096

Temperature: 500C.

aFeed composition: 10% 4Elg, 10% G and 80% He; total
flow: 30 mImin1.

b Feed composition: 17% 4Elg, 17% G and 66% He; total
flow: 18 mlmin1.

reaction thermal efficiency inside the catalytic bed,
reducing phenomena of complete oxidation due to hot
spots.

The 1:1:5 Nb-V-Si catalyst prepared via the
non-hydrolytic method was tested also at the higher
temperature of 550C. Propane conversion, propene
selectivity and yield in propene obtained at 500 and
550°C are compared ifrig. 5 At 550°C, propane
conversion is slightly lower than at 50C; that is
probably related to some catalyst deactivation. How-
ever, propene selectivity and consequently the yield
in propene are significantly higher than at 5@
These results achieved with the 1:1:5 Nb-V-Si cat-
alyst at 550C are remarkable since they match the
best propene productivity data reported in literature
for the V-Nb-O catalyst$5] with a value of 0.23kg
of propene per kilogram of catalyst per hour.

A second set of experiments was carried out with
increased reagents partial pressures and contact time.
Under these conditions, acrolein was detected for
almost all the catalysts. Ifable 3 propane con-
version (Xc,Hg), Selectivity to propeneSc,Hy), Se-
lectivity to acrolein (c;H,0), Selectivity to carbon
dioxide (Sco,) and yield in propeneX,H,) are re-
ported for those experiments. Catalytic data were
collected at the reaction temperature of 500 feed
composition: 17% gHg, 17% O, 66% He and space
velocity of 36 mImintg=1. The 1:1 Sb-V and 1:1:5
Nb-V-Si systems only were tested at the different
space velocity of 60 mmintg~1. The catalysts ex-
hibit a conversion level of propane of about 20%,
generally lower than the one of about 30% reported
in Table 2 The 1:1 Nb-V catalyst prepared via the
hydrolytic method shows again a significantly low
conversion value (9%), while the 1:1:5 Nb-V-Si pre-
pared via the hydrolytic method shows the highest
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Fig. 5. Catalytic data obtained for the 1:1:5 Nb-V-Si catalyst (non-hydrolytic preparation) at the reaction temperatures of 500@nd 550
feed composition: 10% 4£Hg, 10% G, 80% He; space velocity: 100 ml mihg=?.

conversion (28%). In relationship with the higher par- and tested as potential catalysts in the oxidative de-
tial pressures used, propene selectivities are higherhydrogenation of propane. The crystalline, practically
than those reported ifiable 2 all above 30%, the  pure phases NbV§and SbVQ were identified by
1:1:5 Nb-V-Si prepared via the hydrolytic method XRD in the silica-free 1:1 Nb-V and Sb-V catalysts.
showing the lowest value of 29%. The 1:1 Sb-V Mixtures of mixed oxide phases were detected in the
and 1:1:5 Nb-V-Si prepared via the non-hydrolytic 1:2:1 Nb-V-Sb and 1:1:1 Nb-V-Mo catalysts. The
method again give the best results with respect to systems containing silica were amorphous and char-
the other catalysts in terms of selectivity and yield acterized by quite high surface areas. All the prepared
in propene because of the minor amount of catalyst systems were active in the propane ODH and selec-
adopted during the test and the lower contact time. tive to propene, particularly the 1:1:5 Nb-V-Si pre-
In these experiments at higher contact time, acrolein pared via the non-hydrolytic sol-gel method and the
was often observed but only in small amounts. 1:1 Sb-V prepared via the hydrolytic route. Acrolein
For both sets of experiments, when considering the could also be detected among the reaction products
propene productivity data normalized per unit of cata- when working with higher reagents partial pressures
lyst mass, the Sb-V and Nb-V-Si (non-hydrolytic) cat- and contact time.
alysts tested under conditions of higher space velocity,
are found to be the most efficient ones. To take into
account the fact that the various catalysts compared in Acknowledgements
this work are characterized by very different specific
surface areas, it is also useful to look at the propene  This work was supported by MIUR (Ministero
productivity data of the non-silica-dispersed systems dell'|struzione, Universita e Ricerca, Rome) and the
normalized per unit surface aretaple 4. The Nb-V Belgian National Fund for Scientific Research (Brus-
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4. Conclusions
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