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Abstract

The preparation of bulk MoVTe(Sb)Nb mixed oxide catalysts using a traditional slurry method, results in highly active catalysts for oxidative
dehydrogenation of ethane to ethene. Several major phases including orthorhombic M1, hexagonal M2 or MoxM1−xO2.8 (M = V or Nb) have
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een detected in the catalysts from characterization results such as X-ray diffraction (XRD), SEM and EDX analyses. Ethane con
ield to ethene increase with increasing content of the M1 phase in the catalysts. The maximum yield of ethene (ca. 87% sele
a. 90% conversion, STYC2H4 of 176 g kg−1

cat h
−1) has been obtained with a MoV0.31Te0.2Nb0.14 mixed oxide catalyst, calcined at 873 K un

itrogen, containing almost pure orthorhombic M1 phase and small amounts of unidentified impurity phases, operating at a rela
eaction temperature of 673 K. The orthorhombic M1 phase has been shown to be the most active in ethane activation and the m
or ethene formation. The hexagonal M2 phase is relatively inactive in ethane activation and less selective for ethene formation. T
hases such as Sb4Mo10O31 and MoxM1−xO2.8 (M = V or Nb) show the lowest selectivity to ethene.
2005 Elsevier B.V. All rights reserved.

eywords:Ethene; MoVTe(Sb)Nb mixed oxide catalyst; Selective oxidation of ethane; Slurry method; ODHE

. Introduction

The current abundance and low cost of short chain alkanes
akes them ideal feedstocks for the oxidative dehydrogena-

ion (ODH) of alkanes as an attractive alternative route to
ight olefins. In particular, the ODH of ethane to ethene
ODHE), which is usually obtained by a highly endother-
ic thermal pyrolysis. It is known that the catalytic dehy-
rogenation of ethane to ethene is prone to coking which
esults in a short catalyst life-time[1]. In contrast, ODHE
ould overcome the thermodynamic limitation in the direct
ehydrogenation reaction by coupling the dehydrogenation
nd hydrogen oxidation steps. The presence of oxygen lim-

ts coking and extends the catalyst life-time. A few stud-
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ies on ODHE over different kinds of catalysts have b
reported in both patents and academic literature[1–11].
These studies have mainly involved non-reducible cata
(i.e. Li/MgO based[1–4], fluoride-containing rare/alkalin
earth-based[5,6] and LiCl/sulfated ZrO2 [7]) with reaction
temperatures of more than 873 K and reducible metal o
catalysts (e.g. Mo and/or V-based[1,2], MoV-based[8] and
MoVNb-based[9–12]) with reaction temperatures of le
than 823 K. Wang et al.[7] have reported a non-reducib
Nd-doped LiCl/sulfated ZrO2 catalyst which gives 97% co
version of ethane and 84% selectivity to ethene at a rea
temperature of 923 K. However, a short catalyst lifet
was observed. In contrast, Mo–V–Nb based reducible m
oxide systems seem more promising catalysts with lo
reaction temperatures and higher yields of ethane. In p
ular, 73% conversion of ethane and 71% selectivity to et
has been obtained over a Mo0.61V0.26Nb0.07Sb0.04Ca0.02Ox
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catalyst at a reaction temperature of 673 K[10]. Recently,
Nieto et al.[11,12] reported the hydrothermal synthesis of
MoVTeNb mixed oxide catalysts for ODHE and the cat-
alytic activity is strongly influenced by the heat-treatment
temperature. They obtained an 88.5% conversion of ethane
and 81% selectivity to ethene at a reaction temperature of
673 K over the MoVTeNb mixed oxide catalyst heat-treated
at 923 K. The catalytic performance in ethane oxidation could
be related to the presence of the orthorhombic Te2M20O57
(M = Mo, V or Nb) phase in cooperation with the Mo5O14-
type phase.

In this study, the catalytic performances of MoV-based
mixed oxide catalysts, modified with Te(Sb) and Nb for
ODHE, prepared using a traditional slurry method[13–17],
are reported. Circa 90% conversion of ethane and ca. 87%
selectivity to ethene have been obtained at a reaction tem-
perature of 673 K over a MoVTeNb mixed oxide catalyst,
calcined at 873 K under nitrogen, containing the orthorhom-
bic M1 phase and small amounts of impurity phases. The
active phase and catalytic centers for ODHE have also been
discussed.

2. Experimental

2.1. Catalyst preparation
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CO, etc. Conversion, selectivity and yield were defined as
follows:

conversion of ethane

= (moles C2H6 consumed/moles C2H6 charged)× 100,

selectivity to product

= (moles product/moles C2H6 consumed)

×(mole number of carbon atoms in a mole product/2)

×100,

yield to product

= (selectivity to product× conversion of ethane)/100

The main reaction products e.g. ethene, CO and CO2 were
detected. Carbon balances were always more than 99%
under the reaction conditions. Appropriate blank test exper-
iments using an empty reactor and an empty reactor filled
with quartz wool were carried out at 733 K under the
studied atmosphere. No ethane conversion was observed,
demonstrating that the contribution of a homogeneous reac-
tion could be neglected under the studied reaction condi-
tions.

2.2. Catalyst characterization
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A series of bulk Mo1V0.3Te(Sb)0.2Nb0.1, Mo1V0.32
e0.5Nb0.1, Mo1V0.32Te0.33Nb0.1 and Mo1V0.31Te0.2Nb0.14
ixed oxide catalysts with various concentrations of
rthorhombic M1 phase[18–20]were prepared respective
y the traditional slurry method, as follows:

Ammonium metavanadate was dissolved in 70 ml dist
ater at 353 K to give a yellow solution. Telluric acid a
mmonium heptamolybdate were added to form an or
olution to the desired molar ratio (or antimony trioxide
mmonium heptamolybdate were added at 353 K with
ing for 12 h to get a blue solution). The solutions were co
o room temperature (RT) and an aqueous solution of
ium oxalate was then added to each one with stirring
0 min. The suspensions were evaporated by a rotary e
ator under vacuum (less than 0.08 MPa) at 323 K and
t 393 K. The solids obtained were calcined at 793 and 8
espectively for 2 h under flowing nitrogen.

MoOx, Mo1V0.3 and Mo1V0.3Nb0.1 mixed oxide catalyst
ere also prepared as a comparison based on the above

ation procedure.
Catalytic testing was performed in a tubular fixed

ow quartz reactor (i.d. 5 mm) under atmospheric pres
t a reaction temperature of 673 (or 713)K using 500 m
atalyst, GHSV = 600 h−1. The feed composition was C2H6,
2 and N2 in the molar ratio 1/1/1.3. The mixed feed a

he reaction products were analyzed on-line by gas c
atography equipped with TCD detection. A Porapa

olumn was used to separate CO2, C2H6 and C2H4, etc. A 5Å
olecular sieve column was used to separate O2, N2, CH4,
-

X-ray diffraction (XRD) patterns were recorded on
igaka Rotflex D/Max-C diffractometer using Cu K� radi-
tion (λ = 0.15418 nm) at 40 kV× 30 mA in Bragg’s angle
2θ) 5–60◦.

Nitrogen adsorption and desorption isotherms (BET) w
ecorded on an automate Micromeritics Tri-Star3000 a
atus at 77 K.

The chemical compositions were determined by E
arried out on a TECNAI F30 high-resolution transmiss
lectron microscope (point resolution 0.2 nm) equipped
n EDAX analyzer. SEM images were captured usin
ESEM LEO-1530 scanning electron microscope opera
0 kV.

Photoelectron spectra (XPS) were recorded on a Q
um 2000 Scanning ESCA Microprobe electron spectrom
sing Al K� radiation with a pass energy of 46.95 eV. T
inding energy (BE) scale was regulated by setting the

ransition at 284.6 eV. The accuracy of the BE was±0.1 eV.

. Results and discussion

BET surface areas of samples b–e are shown inTable 1.
ow surface areas (4–10 m2/g) are observed in all case
he results of quantitative EDX and XPS analyses g

n Table 1indicate that bulk chemical compositions of
alcined samples are close to their corresponding the
al compositions. In contrast, higher molar ratios V/Mo
b/Mo are observed for surface chemical composition
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Table 1
Characteristics of samples a–e calcined at 793 K under nitrogen

Sample Specification SBET (m2/g) Mo/V/Te/Nb molar ratio

EDX composition XPS composition

a MoOx – – –
b Mo1V0.3Ox 4 1/0.23–0.6/0/0 1/0.4/0/0
c Mo1V0.3Nb0.1Ox 10.3 1/0.24/0/0.09 1/0.37/0/0.18
d Mo1V0.3Sb0.2Nb0.1Ox 8.1 1/0.2/0.15/0.1 1/0.26/0.21/0.11
e Mo1V0.3Te0.2Nb0.1Ox 4.3 1/0.28/0.19/0.12 1/0.2/0.17/0.09

SBET: BET surface area; EDX composition: the chemical composition determined by EDX analysis; XPS composition: the chemical composition determined
by XPS analysis.

the MoV and MoVNb mixed oxide catalysts, relative to their
theoretical compositions.

XRD patterns at 2θ = 5–60◦ of samples a–e calcined at
793 K under nitrogen show that no phase changes occur in
the samples d and e (MoVTe(Sb)Nb mixed oxides) before
or after testing (patterns before testing are not shown), indi-
cating that the structures of the samples d and e are very
stable during the studied reaction conditions. However, some
changes of phases occur in the samples a–c (MoOx, MoV
and MoVNb mixed oxides) after testing.Fig. 1shows XRD
patterns at 2θ = 5–60◦ of the samples a–e after testing. After
testing the MoO3 phase is dominant in MoOx. Mo sub-oxides
such as Mo8O23 (or Mo9O26), MoO3 and (VxMo1−x)5O14 as
major phases are observed in sample b without Te or Nb.
(MxMo1−x)5O14 (M = V or Nb) as a major phase and small
amounts of MoO3 phase are present in the sample c without
Te. Moreover, Sb4Mo10O31 and (MxMo1−x)5O14 (M = V or
Nb) as major phases and small amounts of MoO3 are present
in the sample d (MoVSbNb mixed oxides). The XRD pat-
tern obtained for samples e (MoVTeNb mixed oxides) show
diffraction peaks at 2θ (◦) = 7.9, 9.0, 13.0, 13.9, 14.6, 22.1,
23.4, 24.9, 26.2, 26.6, 26.9, 27.2, 28.2, 29.2, 30.5, 31.4, 35.3,
36.2, 45.2, 50.0 and 54.2 associated with the presence of small
amounts of MoxM1−xO2.8 (M = V or Nb) and new complex
crystalline phases namely M1 and M2, which correspond to
orthorhombic TeM O (M = Mo, V or Nb) and hexagonal
T ,
4 f-
f tural
m

Fig. 1. XRD patterns of samples a–e calcined at 793 K in nitrogen
after testing. 1: Te2M20O57 (M = Mo, V or Nb) (M1 phase[18–27]); 2:
Te0.33MO3.33 (M = , V or Nb) (M2 phase[18–27]); 3: MoO3 (JCPDS
#35–0609); 4: Mo sub-oxide such as Mo8O23 (JCPDS #05–0339) or Mo9O26

(JCPDS #05–0441 or 12–0753); 5: (MxMo1−x)5O14 (M = V or Nb) (JCPDS
#31–1437 or 27–1310); 6: Sb4Mo10O31 (JCPDS #33-0104).

According to the report, the compositions of the hexago-
nal phase and the orthorhombic phase are Mo6Te2VO20 and
Mo7.5V1.5NbTeO29, respectively.

The reaction results of samples a–e calcined at 793 K
in nitrogen and sample f–i calcined at 873 K in nitrogen
are summarized inTable 2andFig. 4, respectively. Ethene,
CO and CO2 are the main reaction products. Oxygenated
products other than COx have not been observed during the

T
T

S SC (%) SCO2 (%) SCO (%) Conv. (%) STYC2H4

(g kg−1
cat h

−1)

R / / / / /
a 52.1 47.9 0.0 0.13 0.15
b 57.9 31.6 10.5 9.4 12.4
c W) 58.0 28.2 13.8 36.1 47.6
d ) (S) 61.9 26.6 11.5 45.6 64.2

e Nb) 91.9 6.4 1.7 65.0 135.8

C using a feed of composition C2H6/O2/N2(1/1/1.3); GHSV 600 h−1. S: selectivity; conv.:
c

2 20 57
e0.33MO3.33 (M = Mo, V or Nb) (2θ (◦) = 22.1, 28.2, 36.2
5.2 and 50.0), respectively[21–27]. However, there are di

erences in the details of the compositional and struc
akeup of the phases, reported by Grasselli et al.[18–20].

able 2
esting results of samples a–e

ample Phases detected by XRD

eactor + quartz wool /
MoO3

Mo8O23, Mo9O26, MoO3 and (VxMo1−x)5O14

(MxMo1−x)5O14 (M = V or Nb) (S) and MoO3 (
Sb4Mo10O31 (S), (MxMo1−x)5O14 (M = V or Nb
and MoO3 (W)
M1 (S), M2 (W) and (MxMo1−x)5O14 (M = V or
(W)

atalyst weight 500 mg; reaction at 713 K and atmospheric pressure
onversion; C : C2H4; (W): weak; (S): strong.
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reaction. It has been shown that MoOx is inactive for ODHE
(0.13% conversion and 52% selectivity). Ethane conversion
and selectivity to ethene increase a little by adding V into
MoOx (Table 2, row 3). A further increase in conversion
and surface area (shown inTable 1) are observed by adding
Nb into MoV mixed oxides, while selectivity to ethene does
not change (Table 2, row 4). The XRD patterns b and c in
Fig. 1 show that (MxMo1−x)5O14 (M = V or Nb) is present
as the major phase in the MoV and MoVNb mixed oxides,
respectively. It is therefore proposed that the (MxMo1−x)5O14
(M = V or Nb) phase is effective on ethane activation during
the catalytic reaction and also on the deep oxidation of ethane
to COx. The ethane conversion increases further, when Sb is
added into the MoVNb mixed oxides. At the same time, the
selectivity to ethene increases a little (Table 2, row 5). The
XRD pattern for sample d inFig. 1 shows that MoVSbNb
mixed oxide catalyst contains several main phases, such as
(MxMo1−x)5O14 (M = V or Nb) and Sb4Mo10O31, the struc-
tures of which are known to be isomorphous to that of the
hexagonal Te0.33MO3.33 (M = Mo, V or Nb) phase[22,27].
This indicates that the Sb4Mo10O31phase in cooperation with
an amount of (MxMo1−x)5O14 (M = V or Nb) phase appears
to be more effective on activation of ethane and selective
formation of ethene during ODHE than the (MxMo1−x)5O14
(M = V or Nb) phase. It’s noteworthy that the conversion and
selectivity to ethene significantly increase (Table 2, row 6)
w ead
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t
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F after
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unidentified impurity phases are present in the sample
f (Mo1V0.32Te0.5Nb0.1Ox). The orthorhombic M1 phase
and small amounts of unidentified impurity phases are
present in the sample i (Mo1V0.31Te0.2Nb0.14Ox). The
orthorhombic M1 phase, the hexagonal M2 phase and small
amounts of other minor phases are present in samples
g (Mo1V0.32Te0.33Nb0.1Ox) and h (Mo1V0.3Te0.2Nb0.1Ox),
respectively. M1/(M2 + M1) molar ratios in the samples g and
h are estimated to be ca. 30 and 75%, respectively[18]. SEM
images (Fig. 3) of the samples show that the morphology

Fig. 3. (a) SEM image of sample i (M1 phase); (b) SEM image of sample f
(M2 phase); (c) SEM image of sample h (a mixture of M1 and M2 phases).
hen Te is added into the MoVNb mixed oxides inst
f Sb. Moreover, no change in yield of ethene after 72
eaction (catalyst life-time) is observed, indicating that
oVTeNb mixed oxide catalysts are very stable during

eaction. XRD pattern for sample e shows that the sa
ontains several phases such as orthorhombic M1 and
mounts of hexagonal M2 and MoxM1−xO2.8 (M = V or Nb).
his indicates that the presence of the orthorhombic M1 p

n the sample results in higher conversion of ethane and s
ivity in ethene.

XRD analyses of the samples f–i (Fig. 2) show
hat the hexagonal M2 phase and small amount

ig. 2. XRD patterns of samples f–i calcined at 873 K in nitrogen
esting. 1: Te2M20O57 (M = Mo, V or Nb) (M1 phase); 2: Te0.33MO3.33

M = Mo, V or Nb) (M2 phase).
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Fig. 4. Catalytic performances of samples f–i calcined at 873 K under
nitrogen for ODHE. Catalyst weight 500 mg; C2H6/O2/N2(1/1/1.3); GHSV
600 h−1; reaction temperature at 673 K (a) conversion of C2H6 and yield to
C2H4 vs. content of M1 phase in the samples and (b) selectivity to C2H4 vs.
conversion of C2H6 over the samples with various contents of M1 phase.

of the M1 phase is needle-like, while the M2 phase crys-
tallizes in platelets. A mixture of the needle-like M1 phase
and platelet-like M2 phase is observed in the sample h. The
observations are consistent with earlier reports[18,28]. Local
EDX analyses for the needle-like and platelet-like crystals
show that the compositions of the crystals are homogeneous
and respectively close to average compositions Te2M20O57
and Te0.33MO3.33 (M = Mo, V or Nb) reported by Millet et
al. [22,27].

Catalytic performances of samples f–i with various M1
contents for ODHE are shown inFig. 4. Fig. 4(a) shows
that a good catalytic performance of MoVTeNbO catalysts
for ODHE can mainly be related to the presence of the M1
phase. Conversion of ethane and yield to ethene increase with
increasing the content of the M1 phase in the sample. Very
low conversion of ethane is obtained over the sample f con-
taining almost pure M2 phase. The maximum conversion of
ethane and yield to ethene are obtained over the sample i con-
taining almost pure M1 phase.Fig. 4(b) shows that very high
selectivities to ethene are obtained over the samples h and i,
especially for the sample i containing almost pure M1 phase.
The hexagonal M2 phase presents relatively lower selectiv-
ity in formation of ethene. Therefore, it can be reasonably
concluded that the orthorhombic M1 phase is the most active
phase for ethane activation and the most selective phase for
ethene formation.

ive
a lic

acid and acrylonitrile by selective oxidation and ammoxi-
dation of propane[13–22,27,28]. Catalytic centers of the
catalysts in the ammoxidation are multimetallic and multi-
functional. The orthorhombic M1 phase is catalytically the
most effective for the conversion of propane to acryloni-
trile (or acrylic acid)[13–22,27,28], where a V5+ surface
site (V5+ = O↔ 4+V•–O•) is associated with paraffin activa-
tion by abstracting a methylene-H from propane, a Te4+ site
with the methyl-H abstraction (from paraffin) or�-H abstrac-
tion once the olefin has formed, and a (Mo6+)2 site with the
NH insertion. Four Nb5+ centers, each surrounded by five
molybdenum octahedral, stabilize and structurally isolate the
catalytically active centers from each other[18]. The hexag-
onal M2 phase is ineffective for paraffin activation because
it does not contain any V5+ centers. However, it is known to
be effective for the conversion of olefins[18–22,27,28]. The
behavior for ODHE is different to that described above on the
same catalysts. A V5+ surface site (V5+ = O↔ 4+V•–O•) in
the orthorhombic M1 phase is thus proposed to be associated
with ethane activation by abstracting a methyl-H from ethane.
Because ethene is known to be more stable than ethane, the
good catalytic performance observed on the catalysts is due
to both the high activity in the oxidative activation of ethane
and relative inactivity in ethene oxidation.

4

rry
m gen,
p the
p
( hase
f acti-
v
a c-
t nce
o tivity
i vity
i O
c eed-
s ched
o M1
p n and
e

A

the
N hina
( ina
( also
g Har-
g

It is well known that MoVTeNbO catalysts are effect
nd will most likely be used in industry for producing acry
. Conclusions

MoVTeNbOx catalysts, prepared by the traditional slu
ethod, calcined at a temperature of 873 K under nitro
resent highly selective and active for ODHE due to
resence of the orthorhombic M1 phase. The Te2M20O57
M = Mo, V or Nb) phase represents the most selective p
or ethene formation and the most active phase for ethane
ation. The Sb4Mo10O31, Te0.33MO3.33 (M = Mo, V or Nb)
nd MoxM1−xO2.8 (M = V or Nb) phases are relatively ina

ive in the ethane activation. The good catalytic performa
bserved on the catalysts is due to both the high ac

n the oxidative activation of ethane and relative inacti
n ethene oxidation. An effective crystalline MoVTeNbx
atalyst, for the production of ethene using a low-cost f
tock e.g. ethane, should contain the exclusively enri
rthorhombic M1 phase, in particular pure orthorhombic
hase, to ensure an extremely high ethane conversio
thene selectivity.
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