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Abstract

MoVTeNbO catalysts, prepared by hydrothermal synthesis, are active and highly selective in the ODH of ethane, especially t
a Mo–V–Te–Nb molar ratio of 1–0.15–0.16–0.17 and heat-treated at 600–650◦C. On the best catalyst, selectivities higher than 80%
ethane conversion levels higher than 80% have been obtained operating at relatively low reaction temperatures (340–400◦C). Thus, yields
of ethylene of ca. 75% have been obtained, which exceeds the best yield reported in the literature. Te2M20O57 (M = Mo, V, Nb) and
(V,Nb)-substitutedθ-Mo5O14, in addition to small amounts of the Te0.33MO3.33 (M = Mo, V, Nb) phase, can be proposed in the m
selective catalysts from XRD, SAED, and HREM results. However, the catalytic performance in ethane oxidation can mainly be
the presence of the multifunctional Te2M20O57 orthorhombic phase in cooperation with the Mo5O14-type phase. The nature of active a
selective sites is discussed.
 2004 Elsevier Inc. All rights reserved.

Keywords: Selective oxidation of ethane to ethylene; Mo–V–Te–Nb mixed metal oxide catalyst; Hydrothermalsynthesis; Catalyst characterization; X-ray
diffraction; SEM-EDX; SAED; HREM; XPS
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1. Introduction

Over the past two decades, research efforts in both a
emy and industrial laboratories have been devoted to
conversion of light alkanes to olefins and/or the substitu
of olefins by paraffins in well-developed industrial proces
[1–7]. The oxidative dehydrogenation (ODH) of short ch
alkanes is an interesting alternative way for olefin prod
tion [4–7], since it is thermodynamically favored, and it c
be carried out at lower reaction temperatures without c
formation.

Several catalytic systems have been proposed in the
decade, although the reaction conditions and the mechanis
involved strongly depend on the catalytic systems[4–17].
Nonreducible catalysts (i.e., alkaline earth metal-based
ides Li/MgO-type and related materials) present high sele

* Corresponding author. Fax: 0034-96-3877809.
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t

tivities and yields of ethylene, but they operate at reac
temperatures higher than 600◦C [4,5,8]. In this case, the ca
alyst is only involved in the heterolytic scission of a C–
bond forming the ethyl radical.

A great variety of reducible metal oxide-based ca
lysts have been tested in the last years[1–7,9–17], some
of them developed from combinatorial heterogeneous c
ysis [14–17]. They generally work at reaction tempe
atures below 600◦C and operate according to a red
(Mars–van Krevelen) mechanism. Within all of them, tho
containing vanadium, i.e., vanadium mixed metal oxid
vanadia supported on metal oxides, or V-containing
croporous/mesoporous materials[1–7,9], seem to be the
most promising catalytic systems. This is the case
Mo–V–Nb–O mixed metal oxide catalysts, which can o
erate at reaction temperatures lower than 450◦C with rela-
tively high efficiencies[10–14]. The incorporation of meta
oxide promoters allows a clearenhancement of its catalyt
performance[18,19]. Thus, the patent literature prese

http://www.elsevier.com/locate/jcat
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Sb-promoted Mo–V–Nb mixed oxides, which show etha
conversions of 73% with selectivity to ethylene of 71%[19].

Recently, it has been reported that MoVTeNbO mix
metal oxide catalysts are active and selective in the ODH
of ethane[20,21]. The catalyst, prepared by hydrothe
mal synthesis and heat-treated in N2 at high temperature
presents yields of ethylene about 75%[20], while Te-doped
MoVNbO catalysts present yields of ca. 12%[22].

In this paper, we report the catalytic performance
Mo–V–Te–Nb oxide, prepared by hydrothermal synthe
with different compositions. We will show that these ca
lysts are very active and selective in the oxidative dehyd
genation of ethane to ethylene, although the chemical c
position and the calcination temperature can modify b
activity and selectivity. In addition, the nature of active a
selective sites for the oxidative dehydrogenation of ethan
tentatively proposed.

2. Experimental

2.1. Catalyst preparation

Mo–V–Te–Nb–O catalysts have been prepared hydrot
mally from aqueous gels of vanadyl sulfate, niobium oxal
ammonium heptamolybdate, and telluric acid[23]. The gels
were autoclaved in Teflon-linedstainless-steel autoclave
at 175◦C for 60 h. The resulting precursors were filtere
washed, dried at 80◦C for 16 h, and heat-treated. Finall
the samples were generally heat-treated in N2 at 600 (sam-
ples HT-1 to HT-8) or 650◦C (sample HT-4-B) for 2 h. The
characteristics of catalysts are shown inTable 1.

2.2. Catalyst characterization

Powder X-ray diffraction patterns (XRD) were co
lected using a Philips X’Pert diffractometer equipped wit
graphite monochromator, operating at 40 kV and 45 mA
employing nickel-filtered Cu-Kα radiation (λ = 0.1542 nm).

The chemical composition was determined by EDS X-
microanalysis carried out on both a JEOL 2000FX elect
microscope supplied with a LINK analyser AN10000 an
PHILIPS CM20FEG Super Twin electron microscope s
plied with an EDAX analyser DX-4 (resolution≈ 135 eV
and Super Ultra Thin Window).

Selected area electron diffraction (SAED) was carried
on a JEOL 2000FX electron microscope. High-resolut
electron microscopy (HREM) was performed on a PHILI
CM20FEG Super Twin electron microscope. The samp
for electron microscopy were ultrasonically dispersed
n-butanol and transferred to carbon-coated copper grids

Photoelectron spectra (XPS) were recorded on a
Escalab-210 electron spectrometer using Mg-Kα radiation
(EMg-Kα = 1253.6 eV) of a twin anode in the constant a
alyzer energy mode, with a pass energy of 50 eV. Sam
were previously outgassed at 100◦C for 2 h in the prepa
ration chamber of the spectrometer and subsequently t
ferred to the analysis chamber. The pressure of the m
chamber was maintained at ca. 5× 10−10 mb. The binding
energy (BE) scale was regulated by setting the C1s transition
at 284.6 eV. The accuracy of the BE was±0.1 eV.

2.3. Catalytic tests

The catalytic experiments were carried out under stea
state conditions using a fixed-bedquartz tubular reactor (i.d
20 mm, length 400 mm), equipped with a coaxial th
mocouple for catalytic bed temperature profiling, work
at atmospheric pressure. The flow rate (25–100 ml min−1)
and the amount of catalyst (0.5–2.0 g, 0.3–0.5 mm pa
cle size) were varied in order to achieve different eth
conversion levels. The feed consisted of a mixture
ethane/oxygen/helium with molar ratios of 9/6/85 or 30x/
70−x (x = 10–30). Experiments were carried out in the 3
to 425◦C temperature range. Reactants and reaction p
ucts were analyzed by on-line gas chromatography, u
two columns:

(i) Porapak QS (2.0 m× 1/8 in) to separate hydrocarbo
and CO2 and partial oxidation products;

(ii) Carbosieve-S (2.5 m× 1/8 in) to separate O2 and
CO [14].

Blank run experiments have been carried out at the low
total flow used (25 ml min−1) with an ethane/oxygen/helium
molar ratio of 30/x/70− x (x = 10–30) and using an ine
material (SiC) instead of thecatalyst. No ethane conversio
was observed at 400◦C, and a conversion of ethane of 0.14
was only observed at 500◦C. So, the presence of homog
neous reaction can be neglected.

3. Results

3.1. Oxidative dehydrogenation of ethane

The catalytic results for the oxidative dehydrogenation
ethane on MoVNb-based catalysts, prepared by hydro
mal synthesis and heat-treated at 600–650◦C, are presente
in Table 2. Ethylene, CO, and CO2 were the main reac
tion products. Oxygenated products other than carbon oxide
(CO and CO2) were not observed.

According to the results ofTable 2, high selectivities
to ethylene are achieved on MoVTeNbO catalysts. In
way, a space–time yield (STY) of ethylene of ca. 275 gC2H4

kg−1
cat h

−1 has been obtained at 380◦C and a C2H6/O2/He
molar ratio of 30/10/60 on the most active catalyst. Howe
the catalytic performance of these catalysts strongly dep
on both the V/Mo ratio of synthesis gel and the catalyst co
position.

Sample HT-1, without vanadium, is practically inacti
in the ODH of ethane to ethylene, while V-containing sa
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0.22
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Table 1
Characteristics of MoVTeNbO catalysts

Sample SBET

(m2 g−1)

Mo–V–Te–Nb ratio

Gel compositiona Bulk compositionb XPS compositionc

HT-1 1.0 1–0.0–0.17–0.12 1–0.0–0.69–0.86 1–0.0–0.45–0
HT-2 nd 1–0.12–0.17–0.17 1–0.08–0.17–0.17 nd
HT-3 nd 1–0.20–0.17–0.08 1–0.14–0.18–0.07 nd
HT-4 9.1 1–0.20–0.17–0.17 1–0.14–0.19–0.17 1–0.11–0.19–
HT-4-B 4.0 1–0.20–0.17–0.17 1–0.15–0.16–0.17 nd
HT-5 11.8 1–0.40–0.17–0.17 1–0.39–0.16–0.17 1–0.31–0.16–
HT-6 nd 1–0.60–0.17–0.17 1–0.24–0.15–0.19 nd
HT-7 nd 1–0.20–0.17–0.34 1–0.14–0.25–0.42 nd
HT-8 20.8 1–0.22–0.0–0.17 1–0.10–0.0–0.21 nd

a Gel composition as determined by atomic absorption spectroscopy.
b Chemical composition of heat-treated samples as determined by atomic absorption spectroscopy.
c XPS of heat-treated samples.
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Table 2
ODH of ethane on Te-containing catalystsa

Sample Temperature
(◦C)

Conversion
(%)

Selectivity (%) STYC2H4
b

C2H4 CO CO2

HT-1 420 0.2 10.3 10.0 79.7 0.1
HT-2 340 2.1 97.6 1.0 1.4 15.1

380 6.3 95.9 2.5 1.6 44.5
HT-3 340 14.5 96.6 2.1 1.3 103

380 28.2 92.1 4.6 3.3 191
HT-4 340 10.3 96.9 1.9 1.2 73.5

380 29.0 94.5 3.4 2.2 202
HT-4-B 340 19.7 97.1 1.7 1.2 141

380 36.5 96.3 2.2 1.5 259
HT-5 340 20.2 97.1 1.9 1.0 145

380 39.8 93.9 3.8 2.3 275
HT-6 340 4.3 95.4 2.4 2.2 30.2

380 12.5 94.5 3.4 2.1 87.0
HT-7 340 1.5 84.2 4.1 11.7 9.3

380 4.0 87.4 5.5 7.1 25.8
HT-8 340 1.8 78.9 13.2 7.8 10.2

380 5.6 75.8 17.1 7.1 31.3

a Ethane/O2/He molar ratio of 30/10/60; contact time, W/F,
38.0 gcath mol−1

C2H6
.

b Rate formation of ethylene per unit mass of catalyst, STYC2H4 (space–

time yield), in gC2H4 kg−1
cat h−1.

ples are active in ethane conversion. On the other hand
containing samples (HT-2 to HT-7) show high selectivit
to ethylene at high ethane conversions, whereas the Te
sample (HT-8) shows relatively low selectivity to ethylen

Fig. 1presents the variation of the ethane conversion
the space–time yield of ethylene with the V/Mo atomic ra
tio in the synthesis gel (Fig. 1a) or in the catalysts (Fig. 1b).
Both the catalytic activity and the formation rate of ethylen
per unit mass of catalyst (STYC2H4) increase initially with
the V content, presenting a maximum for a V/Mo atom
ratio of ca. 0.4 (Fig. 1a). However, the catalytic activit
strongly decreases on the catalyst prepared from synt
gels with V/Mo atomic ratios higher than 0.4.

If we compare the V/Mo atomic ratio in the synthesis g
with those obtained in the corresponding heat-treated s
ples (Table 1) it can be concluded that a poor incorporat
-

e

s

-

(a)

(b)

Fig. 1. Variation of the ethane conversion (") and the space–tim
yield of ethylene per unit mass of catalyst per unit time, STYC2H4 (in

gC2H4 kg−1
cat h−1), (Q) with the V/Mo atomic ratio of the synthesis gel (

or the V/Mo atomic ratio of catalysts (b) obtained during the oxidation
ethane at 340◦C on MoVTeNbO catalysts. For comparison the catalytic
sults of sample HT-6 (!,P) have also been included.

of vanadium occurs in catalysts prepared with high V/Mo
tios in the synthesis gel (sample HT-6). However, the res
presented inFig. 1bsuggest a linear correlation between c
alytic activity and ethylene formation with the V/Mo rat
in the catalyst, except in the sample HT-6 which prese
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a lower catalytic activity than the corresponding sample p
pared with a lower V/Mo ratio in the synthesis gel. Acco
ing to these results, V sites can be proposed as the active
in the oxidative activation of ethane, although a linear co
lation between ethane reactivity(or ethylene formation) an
vanadium content cannot directly be concluded from the re
sults of Fig. 1b. As it will be discussed below, the resu
obtained could be explained by considering different ty
of V sites in these catalysts[23] as a consequence of the fo
mation of different crystalline phases[23–26].

Figs. 2 and 3present the variation of the selectivity to t
main reaction products with the ethane conversion obta
on catalysts with different compositions. Small differenc
in the selectivity to ethylene are observed at low ethane
versions on MoVTeNbO catalysts. In this way, it can
noted that selectivities to ethylene higher than 90% were
tained on the main Te-containing catalysts, while the Te-
sample showed the lowest value.

On the other hand, the selectivity to ethylene slowly
creases and the selectivity to CO and/or CO2 increases a
high ethane conversions. According to these results, the
lowing reaction network can be proposed:

ethane
k1

k2

ethylene

k3

CO+ CO2

.

Ethylene is the most abundant primary product during
oxidation of ethane on Mo–V–Te–Nb–O catalysts, while C
and CO2 come from the deep oxidation of both the alka
and the corresponding olefin. This reaction network has
been reported on previous vanadium-containing cata
[5–7,9–14]. However, the relatively deep oxidation of etha
and ethylene strongly dependson the catalyst composition
Te-free catalysts present not only the lowest selectivity
ethylene at low ethane conversion levels but the highest
oxidation of ethylene at high ethane conversions, then
senting the lowestk1/k2 and k1/k3 ratios. However, the

Fig. 2. Variation of the selectivity to ethylene with the ethane convers
obtained during the oxidation of ethane on Te-free and Te-containing
alysts: HT-2 (2); HT-3 (1); HT-4 (P); HT-4-B (!); HT-5 (a); HT-7 (");
HT-8 (Q).
s

(a)

(b)

Fig. 3. Variation of the selectivity to CO (a) and CO2 (b) with the
ethane conversion obtained during the oxidation of ethane on Te-free
Te-containing catalysts: HT-2 (2); HT-3 (1); HT-4 (P); HT-4-B (!); HT-5
(a); HT-7 ("); HT-8 (Q).

Fig. 4. Variation of the yield of ethylene with the ethane conversion
tained during the oxidation of ethane on Mo–V–Nb–Te catalysts: HT-31);
HT-4 (P); HT-4-B (!); HT-5 (a).

highest selectivities to ethylene (and also the highestk1/k2
and k1/k3 ratios) correspond to samples HT-4, HT-5, a
HT-4-B.

Fig. 4shows the variation of the yield of ethylene with t
ethane conversion under different reaction conditions on



432 P. Botella et al. / Journal of Catalysis 225 (2004) 428–438

een
cata
8–

am-

the
ane

ver-
ined
yl-

king
e,
ld

re-

ed
to

on
to

ur-
han
-

, the
esis
ined
gh-
ore,
ence
the
t in-

d);

her

by
ple
n),

es
t tel-
res-

e-

9,

e of

d-

mic
rre-
for
ted

yn-

.4
Table 3
Catalytic performance during the ethane oxidation at 400◦C on HT-4-B
catalyst

C2H6/O2/He
molar ratio

W/Fa Conversion
(%)

Selectivity (%) STYC2H4
b

C2H4 CO CO2

30–10–60 87 48.8c 88.8 6.9 4.3 139.5
30–20–50 87 59.4 89.3 7.0 3.7 170.7
30–20–50 174 70.1c 80.3 12.0 5.3 91.1
30–30–40 174 80.9 79.2 13.6 7.7 103.7
9–6–85 238 87.2 84.4 10.1 5.5 86.6

a Contact time, W/F, in gcath mol−1
C2H6

.
b Rate formation of ethylene per unit mass of catalyst, STYC2H4 (space–

time yield), in gC2H4 kg−1
cat h−1.

c Total oxygen consumption has been observed.

best catalysts. Yields of ethylene of 60 to 75% have b
achieved at ethane conversions higher than 80% on
lysts with Mo/V/Te/Nb atomic ratios of 1/0.14–0.39/0.1
0.25/0.17–0.19.

Table 3presents the catalytic results obtained on s
ple HT-4-B by using different C2H6/O2 ratios. Total O2
consumption can be achieved by working at high C2H6/O2
ratios and high ethane conversion levels. Therefore,
C2H6/O2 ratio should be optimized depending on the eth
conversion to be reached, although lower C2H6/O2 molar
ratios should be used in order to obtain high ethane con
sions. In this way, the best catalytic results were obta
on sample HT-4-B, which presents a selectivity to eth
ene of ca. 84.4% at a ethane conversion of 87.2%, wor
with a C2H4/O2/He molar ratio of 9/6/85 and a contact tim
W/F, of 238 gcath mol−1

C2H6
. These results represent a yie

of ethylene of ca. 75% and a space–time yield, STYC2H4,
of 86.6 gC2H4 kg−1

cat h
−1 at 400◦C. This yield of ethylene is

higher than those previously reported by Union Carbide
searchers on undoped[10,18]and Sb-doped MoVNbO[19]
catalysts.

From an industrial point of view, it has been propos
that ethylene yields between65 and 70% are required
compete with the steam-cracking process[17]. According
to our results, the oxidative dehydrogenation of ethane
MoVTeNbO catalysts could be a competitive alternative
the actual industrial process in ethylene production.

3.2. Catalyst characterization

Table 1shows the characteristics of catalysts. Low s
face areas have been obtained in all cases. On the other
the chemical composition of calcined samples strongly de
pends on the composition of the gel. As a general trend
higher the vanadium or the niobium contents in the synth
gel the higher the amounts of these elements in the calc
samples. However, a V/Mo ratio of about 0.4 was the hi
est incorporation of vanadium in our catalysts. Theref
the preparation conditions seem to have a strong influ
of the incorporation of each element in the solid during
hydrothermal synthesis. On the other hand, no apparen
-

d,

Fig. 5. XRD patterns of catalysts: HT-3 (a); HT-4 (b); HT-4-B (c); HT-5 (
HT-6 (e).

fluence of the V or Nb content on the incorporation of ot
elements can be proposed.

Fig. 5 shows the XRD patterns of samples prepared
hydrothermal synthesis. The XRD pattern of the sam
without vanadium, i.e., sample HT-1 (pattern not show
suggested the presence of Nb0.09Mo0.91O2.80 and 3MoO2-
Nb2O5 [23]. However, no Te-containing crystalline phas
were observed. On the other hand, the sample withou
lurium, i.e., HT-8 (pattern not shown), suggested the p
ence of (V0.07Mo0.93)5O14 and/or (Nb0.09Mo0.91)O2.80 and
small amounts of MoO2 [14].

The XRD patterns obtained for the V-containing MoT
NbO catalysts show diffraction maxima at 2θ(◦) = 7.6,
8.6, 12.2, 13.8, 16.4, 22.1,23.5, 24.8, 26.3, 26.6, 26.
28.3, 30.5, 31.4, 34.8, and 45.0 (Fig. 5, diffractograms
(b)–(e)). Although they are rather complex, the presenc
(V0.07Mo0.93)5O14 and/or (Nb0.09Mo0.91)O2.80, Te0.33MO3.33
(M = Mo, V, Nb) and TeMo5O16 has been suggested in a
dition to a new Te-containing phase[23], which could be
associated with the orthorhombic Te2M20O57 (M = Mo, V,
and Nb)[24–26].

In the case of samples prepared with high V/Mo ato
ratios in the synthesis gel (i.e., sample HT-6), the co
sponding diffraction pattern is similar to that observed
samples with lower V contents, although the maxima rela
to the Te0.33MO3.33 phase (i.e., at 2θ(◦) = 22.1, 28.2, 36.2,
45.2, and 50.0) show higher intensities (Fig. 5e). Therefore,
the incorporation of higher amounts of vanadium in the s
thesis gel could favor the formation of Te0.33MO3.33 phase,
while the use of gels with a V/Mo atomic ratio of 0.2–0
could favor the formation of Te2M20O57.
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Fig. 6. Model structures of Te2M20O57 (a), Mo5O14 (b), and Te0.33-
MO3.33 (c) crystalline phases.

Provided the structural similarities for some of the co
stituent crystalline phases, there are several diffraction m
ima which are coincident, and estimation of their relat
amounts cannot be made with acceptable precision.
this reason, the nature of the different crystalline pha
in MoVTeNbO catalysts has been further analyzed in
tail by electron microscopy. The careful observation of
samples allowed us to show that the multicomponent
alyst is constituted by the so-called Te2M20O57 (M = Mo,
V, and Nb) phase as the main component; crystals of
Mo5−x (V,Nb)xO14 type phase are also found, this phase
ing considered as the second one in abundance in this m
rial. Finally, a small amount of the Te0.33MO3.33 (M = Mo,
-

Fig. 7. SAED patterns of Te2M20O57 crystal taken along [001] (a)
[010] (b), and [110] (c) zone axes.

V, and Nb) phase was found to be the third componen
this multiphase catalyst.

The Te2M20O57 phase, isostructural with Csx (Nb,W)5O14
[27], presents orthorhombic symmetry (a = 2.71,b = 2.16,
c = 0.39 nm) and exhibits a quite complex network of MO6
octahedra forming hexagonal channels as well as pentag
nal and heptagonal ones (Fig. 6a). The pentagonal channe
are occupied byM cations, formingMO7 pentagonal bipyra
midal groups. Tellurium atoms are located in the hexago
channels, which are fully occupied for a Te/M ratio equal
to 0.1. Higher Te/M ratios would imply location of the extr
tellurium atoms inside the heptagonal tunnels.

The chemical analysis of the crystals has been perfor
by means of EDS X-ray microanalysis. The Te/M atomic
ratio (M = Mo + V + Nb) was found to change in th
range 0.10–0.12 (±0.01) in all the Te2M20O57-like crys-
tals investigated. An increasing/decreasing tellurium qu
tity does only originate a lower average oxidation sta
which is related to a modulated Mo/Nb ratio. Howev
independently of the tellurium amount, crystals show
ways a vanadium content close to 10% of theM posi-
tions of the skeleton. These results would lead to the
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erage composition Te0.57(Mo0.72Nb0.13V0.14)5O14 based on
the Te2M20O57 phase stoichiometry.

Fig. 7a shows the selected area electron diffract
pattern (SAED) along the [001] zone axis. The diagr
identifies the phase unit cell parametersa ≈ 2.7 nm and
b ≈ 2.1 nm. Fig. 7b and 7ccorrespond to the [010] an
[110] reciprocal lattice projections, respectively. The recon
struction of the three-dimensional reciprocal lattice was u
to confirm the crystal structure. The metric of the unit ce
was estimated from the electron diffraction patterns to b
a = 2.7, b = 2.16, c = 0.39 nm, in agreement with prev
ously reported values[24–26].

At this point, it is worth noting that crystals showin
the ab projection are quite unusual and when appea
present a typical square-shape morphology and very s
size (< 100 nm). Most of the crystals of Te2M20O57 grow,
however, as relatively thin and long needles (> 500 nm) in
theac orientation.

Fig. 8ashows the high-resolution image correspond
to the [100] zone axis. As previously noted, the so-orien
crystals present very small particle sizes and considerab
thicknesses, thus making it difficult to obtain resolved
tice images. Because of the poor quality of the image,
difficult to distinguish the main features of the Te2M20O57
structure. Only the contrast of the unit cell periodicity can
observed. In order to investigate the occupancy of tellur
in the 6- and 7-sided tunnels, image simulations shoul
performed but the poor resolution of the lattice images
tained in this projection did not allow us to compare betw
experimental and simulated images with success. At
point, it is important to note that Lundberg et al. did p
form HREM image calculationsin the isostructural cesium
niobate Csx (Nb,W)5O14 [27], for different occupancy ratio
showed that it was not possible to determine, from the c
trast in the HREM images, whether or not some Cs ions w
present in the 7-sided tunnels.

As noted above, most of the crystals of the Te2M20O57
phase grow with the axis perpendicular to the needle-
crystal axis and, therefore, HREM images like those sh
in Fig. 8b and 8c([010] and [011] zone axes, respective
are the most frequently found. In these unit cell projectio
it is not possible to distinguish between empty and/or oc
pied 7-sided tunnels. Then, we assume 6-sided chann
be fully occupied and the excess of tellurium allocated in the
heptagonal cavities, as previously proposed for Te-[23–26]
and Sb-containing[28] MoVNbO catalysts.

The second type of crystals corresponds to the Mo5O14-
type structure. The tetragonal unit cell (a = 2.296, c =
0.394 nm) can be described as a network built up by oct
dral MoO6 and MoO7 pentagonal bipyramids mutually co
nected by sharing corners and edges. The pentagonal b
mids share their edges with five MoO6 polyhedra, forming
pentagonal groups (Fig. 6b). Mo5O14 tolerates the incorpo
ration of considerable amounts of different 5 and 6 transi
metals like vanadium, tungsten, niobium, and/or tanta
[29–32]. It is well known that the incorporation of these e
l

o

-

Fig. 8. HREM images of [100] (a), [010] (b), and [011] (c) zone axes of

Te2M20O57 crystal.
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Fig. 8. (Continued).

ements leads to stabilization of the structure. Niobium and
vanadium have been seen to incorporate in the Mo5O14-type
structure, as revealed by EDS X-ray microanalysis. Ab
15–20% of molybdenum substitutes for vanadium and nio
bium in all the investigated crystals; vanadium and niobi
relative amounts slightly vary from crystal to crystal, but t
Nb/Mo ratio is always close to 0.1. The average composi
corresponds to (Mo0.83Nb0.1V0.06)5O14.

Fig. 9ashows the SAED pattern of a Mo5O14-type crystal
in the [001] reciprocal projection. The corresponding HRE
image (Fig. 9b) clearly illustrates the pentagonal column
The micrograph has been taken at a defocus value clo
Scherzer condition so the black spots can be interprete
projected columns of heavy metal atoms.

The third type of crystals corresponds to the Te0.33MO3.33
(M = Mo, V, and Nb) structure (Fig. 6c). As noted below,
this phase appears only in a small quantity. EDS X-ray
croanalysis showed the composition of these crystals t
very homogeneous and corresponding to the average
position Te0.33Mo0.7(V,Nb)0.3O3.33 in agreement with ou
previous data[33,34]. The microstructural details and th
Te/M distribution in the unit cell of these phases have b
already reported in Ref.[34].

4. Discussion

The results presented here show that MoVTeNbO mi
metal oxide catalysts are active and selective in the oxida
of ethane, as previously reported for the selective oxida
Fig. 9. (a) SAED pattern of Mo5O14-type crystal taken along [001] zone axis; (b)corresponding high-resolution micrograph.
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of propane[23–26,28], although the catalytic behavior o
these catalysts depends on the alkane fed. Thus, prope
low propane conversions) and acrylic acid (at high prop
conversions) are mainly observed during the oxidation
propane on MoVTeNbO catalysts[23–26,28]. However, and
independently of the ethane conversion, ethylene is the m
reaction product obtained during the oxidation of ethane
addition, it must be noted that the selectivity to ethylen
higher than the selectivity to partial reaction products
tained from propane. This can be explained by conside
ethylene as a relatively stable reaction product and/or a
reactivity of ethylene on these catalysts.

The fact that ethylene is onlyobserved from ethane whi
partial oxygenated products are achieved from prop
has also been observed in other catalytic systems. Th
the case for VPO[35–38] or pyridine exchanged molyb
dovanadophosphoric acid[39] catalysts, in which partia
oxidation products, i.e., maleic anhydride or acrylic ac
were obtained during the oxidation ofn-butane[35,39] or
propane[36,39], respectively, while ethylene was main
obtained during the oxidation of ethane on VPO[37–39].
However, it can be noted that the selectivity to ethyl
obtained on MoVTeNbO catalysts is higher than that
ported previously on VPO[35–38] or pyridine-exchange
molybdovanadophosphoric acid catalysts[39]. So, the mos
selective MoVTeNbO catalysts present a very low reacti
in the oxidation of ethylene.

The hydrothermal synthesis of MoVTeNbO catalysts
vors the formation of new crystalline phases, which are
completely observed in the corresponding ternary syste
In addition, it is clear that the composition of the ca
lysts determines their catalytic performance. In this way
the catalytic activity of these catalysts seems to be
lated to the V content of the catalyst, as previously
served during the oxidation of propane on similar ca
lysts [23,26]. According to this, V5+ species should b
the active sites in alkane activation, as proposed previo
by several authors in V-containing catalysts[1–7], includ-
ing MoVTeNbO mixed metal oxides[23–26,28,40–43]. Al-
though the influence of Mo species is still unclear, the p
ence of Mo–O–V-bridging bonds could be responsible
the high activity with respect to those observed on o
V-containing catalysts. On the other hand, the role of
could be related to both the formation of selective phase
and the elimination of nonselective Mo- and V-contain
crystalline phases proposed previously to be present in s
MoVNb catalysts. This is the case for MoO2, normally ob-
served in partially reduced Mo-containing catalysts, wh
is active but unselective in alkane oxidation[5,12].

In addition to the chemical composition of the catalys
the catalytic behavior of MoVTeNbO samples depends
on the calcination temperature[20]: samples calcined at low
temperatures (in which amorphous material is mainly
served by XRD) present lower activity and selectivity th
samples calcined in the 550–650◦C temperature range (i
which crystalline phases are observed by XRD). So, it
at

.

been proposed that the ethane conversion and the selec
to ethylene could increase with the calcination tempera
in a parallel way to the formation of the main crystalli
phases[20,22].

The best catalytic results reported here could be rel
to the presence of a Te2M20O57 phase. However, the hig
yield of ethylene of the sample calcined at 650◦C cannot
be directly related to the XRD results. In fact, the sam
heat-treated at 650◦C (sample HT-4-B) presents a surfa
area lower than that heated at 600◦C (sample HT-4) and
similar XRD pattern, thus suggesting that the behavio
these catalysts could only be partially related to the na
of crystalline phases being present, which change with
calcination temperature.

Although the XRD results are not completely decis
concerning the nature of crystalline phases, SAED
HREM results confirm that the Te2M20O57 phase is mainly
observed in the most selective catalysts, although o
crystalline phases, i.e., (V,Nb)-substitutedθ -Mo5O14 and
Te0.33MO3.33 (M = Mo, V, and Nb), are also present in va
able amounts.

Sample HT-4-B, heated at 650◦C, shows the same m
crostructural features of the corresponding catalyst calc
at 600◦C; particle size and growth orientation follow th
same patterns as described before. However, big cry
(several micrometers in size) of MoO3 are also observed
probably formed as decomposition product due to the
crease in calcination temperature.

The high efficiency of MoVTeNbO catalysts in the OD
of ethane could be related to the presence of the Te2M20O57
phase, which has also been proposed as active and s
tive in the partial oxidation[23–26,41,44]and the ammoxi
dation of propane[26,27,43]. The main structural feature
of Te2M20O57, which seem to be associated with its c
alytic performance, concern the pentagonal bipyramid s
(with Nb5+ ions preferentially located in the pentagonal s
[25,26]) and the Te-containing hexagonal tunnels.

The first characteristic is a common feature with
(V,Nb)-substitutedθ -Mo5O14 (seeFig. 6), whose forma-
tion is also favored in the 600–700◦C temperature rang
[14,29–32,45]. In the V- or Ta-substituted Mo5O14-type
phases, vanadium seems to be statistically distributed[45],
whereas Ta is exclusively located in the pentagonal bip
mid [31,32]. Since the pentagonal units are frequen
observed as structure-building elements in niobium c
pounds[31], it is reasonable to think of Nb5+ as pref-
erentially located in the pentagonal sites of Mo5O14, as
suggested in Te2M20O57 [26,27]. Provided this similarity
between both structures it is important to note that
Te2M20O57 phase crystallizes from a Mo–V–Te–Nb–O p
cursor mixture only when the Nb/V atomic ratio is 1
higher, thus allowing us to consider the high niobium c
tent as a possible driving force for the formation of
Te2M20O57 orthorhombic phase[34].

Mo5O14-type oxides have been proven to be good c
didates for the active and selective catalytic activity
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partial oxidation reactions. For example, V/Nb-contain
Mo5O14-type oxides have been proposed as active and
tively selective in the ODH of ethane[11–14], although the
presence of other crystalline aggregates, i.e., MoO2 [11,12],
can have a negative effect on the selectivity to ethylene
Te-free MoVNbO catalysts.

It has been observed that when tellurium is only inc
porated on the catalyst surface, the yield of ethylene doe
not exceed 12%[22]. So, the catalytic results present
on Te-containing catalysts cannot be explained by the
corporation of tellurium on the catalyst surface but by
formation of active and selective Te-containing phases, i.e
Te2M20O57, and the elimination of nonselective crystalli
phases as MoO2.

The second structural feature, i.e., the Te-contain
hexagonal tunnels, is a common characteristic with
Te0.33MO3.33 (M = Mo, V, and Nb) phase. It is assume
that this phase is efficient in propene (amm)oxidation,
it is inactive in propane oxidation[46]. This crystalline
phase is only present as a minor component in the m
active and selective catalysts, while it is favored in sa
ple HT-6 which presents a low catalytic activity. So, it c
be concluded that the catalytic behavior of Mo–V–Te–Nb
catalysts is mainly related to the presence of the multifu
tional Te2M20O57 orthorhombic phase in cooperation wi
the (V,Nb)-containing Mo5O14-type phase.

5. Conclusions

MoVTeNbO catalysts, prepared by hydrothermal synt
sis, are active and highly selective in the ODH of etha
especially those with a MoVTeNb molar ratio of 1–0.1
0.16–0.17 and heat-treated at 600–650◦C in N2. On the best
catalysts, selectivities above 80% at ethane conversion le
higher than 80% can be obtained operating at relatively
reaction temperatures (340–400◦C) and atmospheric pres
sure, which are the best yields reported at this mom
Therefore, a highly crystalline MoVTeNbO catalyst is
alternative way for the ethylene synthesis using a low-c
feedstock such as ethane. This behavior is different than
described during the selective propane oxidation on the s
catalysts, in which acrylic acid (formed by the selective ox
idation of propene) rather than propene is the main reac
product obtained at high alkane conversions. So, the g
catalytic performance observed on our catalysts is du
both the high activity in the oxidative activation of etha
and the relative inactivity in ethylene oxidation.

Te2M20O57 (M = Mo, V, and Nb) and (V,Nb)-substitute
θ -Mo5O14, in addition to small amounts of the Te0.33MO3.33
(M = Mo, V, and Nb) phase, can be proposed in the m
selective catalysts from XRD, SAED, and HREM resu
although the catalytic performance in ethane oxidation
be related to the presence of the multifunctional Te2M20O57
orthorhombic phase in cooperation with the Mo5O14-type
phase, which is selectively formed by using hydrother
t

synthesis. The appearance of the Te0.33MO3.33 (M = Mo, V,
and Nb) phase could favor a lower catalytic activity in etha
conversion, in the same way as that proposed in the sele
oxidation of propane.
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