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Abstract

Mo—V-Nb—-O mixed metal oxides, obtained by heat-treatmenpiatM25°C, have been studied as catalysts in the oxidative
dehydrogenation of ethane. They present higher catalytic activity, while maintaining the same selectivity to ethylene, than
the corresponding metal oxides calcined under air. Both amorphous and crystalline phases are present on active and selective
catalysts. The implications of the presence of these phases as well as their physicochemical characteristics on the nature of
active and selective sites are discussed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction The influence of both the preparation procedure and
the composition of MoVNDb catalysts on the ODH of
High reaction temperature is generally used in the ethane have been studied in the last yg&+8]. How-
selective oxidation of short chain alkanes, especially ever, some discrepancies exist with respect to the na-

ethane, as a consequence of their low reactf\titys]. ture of the crystalline phases in tested catalysts as well
For this reason, more active catalysts are required in as on the active and selective sites for this reaction.
order to decrease the reaction temperatures. Mo>+t—0 and VWt—0 are potentially the active sites

V-containing catalysts have been widely used in inthisreactiorf4-9]. Thus, small amounts of acetalde-
the oxidative dehydrogenation (ODH) of alkanes hyde were only formed on M@®11-MoOs, whereas
[1-3]. Mo—V-Nb mixed oxides have been proposed acetic acid was mainly observed on ¥@n the other
to be the most active and selective catalysts in the hand, MoQ is itself very active but unselective for
ODH of ethane at relatively low reaction tempera- the formation of acetic acid. Thus, an improvement
tures (300—400C) [4-8]. However, the synthesis of of the preparation of these catalysts would consist in
acetic acid from ethane can also be favored by op- avoiding the MoQ-like phases formation.
erating at low reaction temperature and/or with the ~ On the other hand, the amount of ffe-O and
incorporation of promoterfs,6,9]. V4t—0 species in the catalyst could be modified by

applying changes in the catalyst composition and/or
" Corresponding author. Tel+34-96-38-77-808; during the heat-treatment step. Accordingly to liter-
fax: +34-96-38-77-809. ature reports, the catalysts are generally prepared by
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at 400°C [1-8]. However, active and selective cata- Diffuse reflectance UV-Vis spectra were collected
lysts can also be achieved when the heat-treatment ison a Cary 5 equipped with a ‘Praying Mantis’ attach-
carried out in an inert atmospheig6]. ment from Harrick under ambient conditions.

In this paper we present, the influence of both  Electron paramagnetic resonance (EPR) spectra
the composition and the calcination conditions of were recorded at 77 K with a Bruker ER-200 spec-
Mo-V-Nb—-O mixed oxides catalysts on their cat- trometer working at the X-band and calibrated with a
alytic behavior in the ODH of ethane. We will show DPPH standardg = 2.0036.
that the heat-treatment ino)Nan also be used for the
preparation of active and selective catalysts. 2.3. Catalytic tests

The catalytic experiments were carried out in a
fixed bed quartz tubular reactor (i.d. 20 mm, length
400 mm), working at atmospheric pressure in the
340-400C temperature ranggl0]. Catalyst sam-

The catalysts have been prepared from an aque_ples (0.3-0.5mm _particle _size) were.i_ntroduceq in
ous solution of ammonium heptamolybdate, vanadyl the reactor and d!“:ted_w'th, 89 of S|I|ckon carbide
sulfate and niobium oxalate. The aqueous solution (0.5-0.75mm particle size) in order to keep a con-

was evaporated in rotavapor. The solids were dried at sr:ant volume f'n thle catalyst bE_’d('j The ;IOW rateh_and
100°C overnight and, finally, heat-treated at 425 ;; amoun:]o catalyst were lva”? mhorf erdto ac !ev%
in N during 4 h. Sample C was also heat-treated in 9 erent ethane conversion levels. The feed consiste

N, at 600°C for 2 h (sample C-6N) or calcined in air of a mixture of ethane/oxygen/helium with a molar

at 400°C for 4 h (sample C-4A)Table 1presents the ratio of 30/10/60. Reactants and reaction products
composition of the catalysts. were analyzed by on-line gas chromatograph§].
A blank run showed that the homogeneous reaction

could be neglected under our reaction conditions.

2. Experimental

2.1. Catalyst preparation

2.2. Catalyst characterization

N> and Ar adsorption isotherms were obtained in an
ASAP 2010 instrument at 77 and 87K, respectively, 3. Resultsand discussion
after degassing the samples33x 10~2 Pa) at 400C,
overnight. 3.1. Catalyst characterization
X-ray diffraction (XRD) patterns were collected
using a Philips X'Pert diffractometer equipped with Small differences in the surface area were observed
a graphite monochromator, operating at 40kV and for samples heat-treated iNabout 20-30 rhg™1).
45 mA and employing nickel-filtered CudKradiation However, the sample calcined in air presented a sur-

(» = 0.1542 nm). face area (14.3 Ag~1) lower than the corresponding
Table 1
Characteristics and catalytic properties of MoVNb catafysts
Catalyst MoVNb atomic ratio Conversion of ethane (%) Yield of ethylene (%) Selectivity (%)

CoHg CcO CQo
A-4N 1-0.6-0 1.1 0.8 74.8 17.3 7.9
B-4N 1-0.3-0.12 11.4 7.3 64.0 27.1 8.9
C-4N 1-0.6-0.12 21.5 13.0 60.5 29.2 10.3
D-4N 1-0.9-0.12 15.7 7.2 45.9 41.2 12.9
E-4N 1-0.6-0.24 22.7 10.9 47.8 38.1 14.1
C-6N 1-0.6-0.12 5.8 3.4 58.0 27.2 14.8
C-4A 1-0.6-0.12 17.6 12.1 68.6 23.2 8.2

@Reaction conditionsW/F = 20.5 gcath moIE%; T = 400°C.
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the crystalline phase could be different for each cat-
LJ‘M alyst. However, in many cases it is difficult to assign
the nature of these crystalline phases since both V-
_—f\‘—'M\_M and/or Nb-containing crystalline phases could give
rise to very similar XRD patterns.
W The XRD patterns of MOVNbO samples with dif-
LJM ferent Mo/V atomic ratio are comparatively shown
in Fig. 1 (spectra b—d). At low V/Mo ratio, Mo®
[JCPDS, 5-508] can be observddd. 1b. In addition
W to this, both M@V gO40 and MqVgOys5 are observed.
W The intensities of the corresponding peaks increase
with the V/Mo ratio Fig. 109.
\L._,.A‘MLW Fig. 1fshows the XRD pattern of sample C-4A (cal-
cined at 400C in air). This sample shows a XRD
. - L - ; pattern similar to that observed in the corresponding
10 20 3 40 50 sample heat-treated in)NFig. 19 although the inten-
2 theta sities of the most important peaks were lower in the
Fig. 1. XRD of MOVNb catalysts: (a) A-4N; (b) B-4N; (c) C-an:  Sample calcined in air.
(d) D-4N; (e) E-4N; (f) C-4A; (g) C-6N. Fig. 1g shows the XRD patterns of sample C-6N
(heat-treated at 60@ for 2h in Nb). In addition to
the reflections observed for the sample heat-treated at
sample heat-treated inoN31.2 nf g—1). On the other 425°C (seeFig. 19 new reflections are observed at
hand, the sample heat-treated at 600presented a 20 = 7.6, 8.6, 12.2, 13.8, 15.4, 16.4, 23.2, 23.5, 24.8,
low surface area<10n? g~1). 27.4,27.9, 28.2, 31.4 and 38.9, which corresponds to
Since small differences have been observed during the formation of (\j.07M00,.93)5014 [JCPDS, 31-1437]
oxidation—reduction cycles of MoVNb oxidg¢4—6], and/or (NB.ogM0g.91)O2.80 [JCPDS, 27-1310]. How-
the characterization of catalysts was carried out after ever, the formation of a Mg, (V/Nb), O14 crystalline
the catalytic tests. phase cannot be completely ruled dai. So, the
The Nb-free sample shows the presence of MoO amorphous phase observed in samples heat-treated at
[JCPDS, 32-671] (reflections av2= 26.3, 36.6 425°C could be the precursor of some of these crys-
and 53.8), in addition to a broad reflection &t= talline phases.
4.0-39A (20 = 22-226°) (Fig. 19. The broad peak Fig. 2 shows the diffuse reflectance UV-Vis spec-
can be related to the formation of a low crystalline tra of samples after the catalytic tests. Important dif-
Mo,V-containing phase and/or suboxides of MpO ferences can be observed depending on the compo-
[4,5]. sition and/or the heat-treatment conditions. All sam-
The incorporation of Nb increases the intensity of ples present two broad bands. The first band, in the
the reflection at 4.0 ARig. 19. In addition, new re- 200-450 nm region, can be related to the presence of
flections are observed aff 2= 14.4, 24.7, 26.7 (broad ~ Mo®*, V>t and NI®* species with different environ-
peak), 28.15, 29.5, 32.65, 33.65, 44.7, 48.3, and 48.8 ment[11,12] The second band, in the 500—-700 hm re-
in sample C-4N Fig. 19. This could correspond gion, is related to the presence of Ro(550-590 nm)

to MogVgOso [JCPDS, 34-0527] and M¥sO025 and V* (600-650 nm)[11]. In addition, a band at
[JCPDS, 34-0530]. However, the intensities of these 400 nm increases with the v/Mo ratio. This can be as-

reflections decrease at higher Nb/Mo ratiegy( 16. cribed to \P+ species in an octahedral coordination
According to the literaturg4—8], different V- and/or [13].
Nb-containing suboxides of MofOcan be achieved. Moreover, the intensity of the band at 650 nm in-

The fact that the intensities of the peaks observed in creases with the Nb/Mo ratid~{g. 2d. This could
Fig. 1 (spectra ¢ and e) change with the Nb/Mo ratio correspond to the reduction oV species with ox-
suggests that the amount of V or Nb incorporated in alate anions during the catalyst preparation. Accord-
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in distorted octahedral environmerts4]. Superim-
posed on that signal, it can be observed the presence
of sharp features, most likely arising from the hyper-
fine structure of minor isolated 4/ species present

in that sample. The relatively large widths of the
signals and the absence of a clear resolution of hyper-
fine features in them indicates that the paramagnetic
centers are immersed into magnetically active envi-
ronments where they are subjected to relatively strong
spin—spin interactions. Quantitative determination of
the amount of paramagnetic species in these spectra
yields values of 181.5 and 3QuInol g~ for samples
A-4N and C-4N, respectively.

At

3.2. Ethane oxidation

200 400 600 800
nm

Table 1shows the catalytic results obtained dur-
ing the oxidation of ethane at 40C. Ethylene, CO
and CQ were the main reaction products. Acetic acid
Fig. 2. Diffuse reflectance (UV-Vis) spectra of MoVNb catalysts: 35 also observed, as traces, at high conversion levels.
(a) B-4N; (b) C-4N; (c) D-4N; (d) E-4N; (€) C-4A; (f) C-6N. These results suggest that the conversion of ethane in-
creases initially with the V-content, presenting a max-

ingly, the amount of reduced species is low when the Imum for sample C-4N (MgVo,6Nbo.12). On the other

amount of oxalate anions employed during the sample han.d, thg Nb-containing samples showed highgr cat-
synthesis is low. alytic activity than the Nb-free sample. Thus, it ap-

Fig. 3shows the EPR spectra of the samples A-4N Pears that the catalytic activity is related to the pres-
(Fig. 39 and C-4N Fig. 31. The spectra are mainly ence of V-atoms, although the incorporation of Nb

constituted by axial signals with, — 1.979-1962 presents a positive effect on the catalytic activity.
and g, = 1.895-1890 with varying average line Fig. 4 shows the variation of the selectivity to ethy-

widths. The EPR parameters and spectral shapeslene with the ethane conversion obtained during the
observed are consistent with attribution of these sig- ©Xidation of ethane at 340-400 on samples with

nals to M&* (in the oxomolybdenum form) species  different V- (Fig. 49 or Nb-contents Kig. 4. In
all cases, the selectivity to ethylene decreases with

the ethane conversion, although sample C-4N presents
both the highest initial selectivity to ethylene (at low
ethane conversions) and the lowest ethylene decom-
a x1.8 position (at high ethane conversions).
Fig. 5 shows the variation of the selectivities to
the main reaction products achieved on samples C-4N
/ x 14 and C-4A. It can be seen that both samples present
b 1.965 similar selectivities to ethylene. However, as it can
be observed irFig. 6, the sample heat-treated i, N
\1.890 (C-4N) presented a relatively higher yield of ethylene
. . . ) than the corresponding sample calcined in air (C-4A),
2000 3000 4000 5000 at the same reaction conditions.
Magnetic field (G) It appears that the atmosphere qsed during the
heat-treatment step can slightly modify the catalytic
Fig. 3. EPR spectra of A-4N (a) and C-4N (b) samples. activity of these catalysts. Although both catalysts




P. Botella et al./Catalysis Today 78 (2003) 507-512 511

90

Selectivity to C,H, (%)
<
Selectivity to C,H, (%)

30 !
0 5 10 15 20 25
(a) Ethane conversién (%) (b)

20

70

50

30

0 5 10 15 20 25
Ethane conversion (%)

Fig. 4. Variation of the selectivity to ethylene with the ethene conversion during the oxidation of ethane on Mo—-V-Nb catalysts with

different V- (a) or Nb-contents (b). Symbols: A-4Nllj; B-4N (A); C-

present similar XRD after the catalytic tesid. 1), it
should be indicated that Mawas scarcely observed
after the calcination in air while it was not observed
during the heat-treatment in oN So, the calcina-
tion in air could favor the achievement of undoped
Mo-oxides with higher crystallinities, which could
lead to a lower catalytic activity. These results are
apparently in trouble with those previously reported
[4,5], who appointed that the materials heat-treated in
N> presented lower catalytic performance than those
calcined in air. At this point, one should consider that
differences in the catalyst preparation and elemental
composition (especially V-content) can also influence
the formation of Mo—V—Nb-containing phases during
the heat-treatment step.

80f
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Fig. 5. Variation of the selectivity to the main reaction products,
i.e. ethylene ©, @), CO (A, A) and CQ (v, ¥) with the ethane
conversion obtained during the ODH of ethane on C-4N @,

v) and C-4A @, A, V) catalysts.

4N (O); D-4N (V); E-4N (#).

On the other hand, the results presenteéigs. 4
and 5suggest that the effects of catalyst composition
on catalyst activity and selectivity could be explained
in terms ofScheme lin agreement to previous papers
[1-3,15] Ethane can be transformed either through
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Y
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Fig. 6. Variation of the yield of ethylene with the contact tirkéF
(in geath molg%), obtained during the ODH of ethane at 4@
on C-4N ©) and C-4A @) catalysts.

N e

CO + CO,

Scheme 1. Reaction network in ODH of ethane.
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