Available online at www.sciencedirect.com

ELSEVIER Catalysis Today 91-92 (2004) 247-250 ———————
www.elsevier.com/locate/cattod

AVQOL|

CATALYSIS
TODAY

Selective oxidation of propane and propene on MoVNbTeO catalysts
Effect of chemical composition in catalysts prepared by slurry
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Abstract

Mo-V-Te and Mo-V-Te-Nb mixed oxide catalysts, with different Mo/Te, Mo/V and Mo/Nb atomic ratios have been prepared from aqueous
solutions of the corresponding salts, dried at 12@&nd heat-treated at 600 for 2 h in a N stream. They have been characterised by several
physico-chemical techniques (AAS:eT, XRD, DRS-UV-Vis) and tested in the selective oxidation of both propane and propene. Low specific
surface areas have been obtained in all cases. However, both the nature of crystalline phases and the catalytic performance depend strongl
on the catalyst composition. All the catalysts were active in propene oxidation but only some of the Mo-V-Te-Nb-O catalysts were also active
and selective in the oxidation of propane to acrylic acid. The nature of active and selective Mo-V-Te-Nb-O crystalline phases is also discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In this paper we present a comparative study of the in-
fluence of the chemical composition of catalysts on both

Acrylic acid is an important intermediate for the prepara- physico-chemical and catalytic properties. The catalysts
tion of fibres, synthetic rubbers, synthetic resins, Ef. It have been prepared from slurries of different composition.
is currently produced by a two-step gas phase oxidation of The results presented here show how the composition is a
propene. Increasing research effort is being directed towardskey element in the preparation of these catalysts. In addition,
the study of the possibilities for direct oxidation (one stage) the nature of active and selective sites for the oxidation of
of propane since it is a lower-cost feedstock than propene propane and propene to acrylic acid is tentatively proposed.
[2,3].

Mo-V-Te-Nb catalysts seem to be one of the most promis-
ing catalytic systems in the direct oxidation of propane
to acrylic acid[3-12] Generally, they are prepared from
aqueous slurriegl,6-8], although they can also be obtained
by hydrothermal synthesi$,6]. The improvement of their
catalytic performance goes through a better knowledge o
the structural aspects of the catalyst that characterise its
specific ability in the selective transformation of propane.
In this way, one of the main questions to be resolved is
the nature of active and selective sites (and the crystalline
phases involved in the reaction) and the optimal preparation
conditions of catalysts.

2. Experimental

Mo-V-Te, Mo-Te-Nb and Mo-V-Te-Nb mixed oxide
fcatalysts have been prepared according to a previously de-
scribed method4]. The aqueous solutions comprising the
corresponding metal ions, i.e. ammonium heptamolybdate,
ammonium metavanadate, telluric acid, and niobium ox-
alate, in the appropriate atomic ratios, were rotaevaporated
until complete dryness. The resulting solids were dried at
120°C overnight. Finally, the solids were heat-treated at
600°C for 2h in a N-stream. The resulting catalysts were
pressed and sized to 0.42—0.59 mm for testing.

Elemental analyses of mixed metal oxides were obtained
* Corresponding author. Tek:34-96-3877808; fax:34-96-3877809. DY atomic absorption spectrophotometry after dissolution
E-mail addressjmlopez@itq.upv.es (J.M. pez Nieto). in an acid solution. X-ray diffraction patterns (XRD) were
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collected using a Phillips X'Pert-MPD diffractometer pro-
vided with a copper monochromator, operating at 40 kV and
20 mA and employing nickel-filtered Cudradiation ¢. =
0.1542 nm). Diffuse reflectance UV-Vis spectra (DRS) were
collected on a Cary 5 equipped with a ‘Payting Mantis’ at-
tachment from Harric under ambient conditions.

The catalytic activity tests were performed in a fixed bed
quartz tubular reactor (i.d. 20 mm, length 400 mm), working
at atmospheric pressure, in the range of 340-=420with
mixtures of propane (propene)/oxygen/water/helium with
molar ratios of 4/8/30/58 (2/8/30/58), and a total flow of
50 to 200 crd min—1. Reactants and reaction products were
analysed, on-line, by gas chromatogragbly

3. Results and discussion

3.1. Catalyst characterisation

The characteristics of the catalysts are comparatively

shown inTable 1 In all cases, this preparation method pro-
vides materials with a low specific surface are# (n?/g).

The XRD patterns of catalysts are shown Hig. 1
(Table ). Mo-Te-V series is characterised by the presence
of peaks at 2 = 221°, 28.2, 36.2, 44.7 and 50.0,
suggesting the presence of ag3eMO333 (M = Mo and
V) bronze phasd9-11] TeMosO16 (JCPDS, 31-874) in
samples with high Mo/Te ratios and VOM@QJCPDS,
18-1454) in samples with high V/Mo ratios were also
observed.

Tep.33MO333 (M = Mo, V, and Nb) bronze phases have
also been detected in the XRD pattern of Mo-Te-V-Nb-O
catalysts, especially in those with low Mo/Te atomic ratio,
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Fig. 1. XRD patterns of Nb-free and Nb-containing Mo-V-Te mixed oxide
catalysts: (a) Cat-1; (b) Cat-3; (c) Cat-5; (d) Cat-6; (e) Cat-7; (f) Cat-8;
(g) Cat-9; (h) Cat-11: M) Tep3sMOsz33 (M = Mo/V or Mo/V/NDb);

(*) TeaM200s7 (M = Mo, V, and Nb); ) VOMoOy; (O) TeMosOgs;
Mos_(VIND);O14 (V).

although the intensity of the most important peak (at
20 = 28.1) decreases when the Mo/Te ratio increases. In
addition to this, new crystalline phases have been observed
depending on the catalyst compositiong3§MO333 and
TexM 20057 phases (M= Mo, V, and Nb) are observed in the
XRD pattern of sample Cat-7, in agreement to previous re-
sults[6—8,10] However, the presence of (M&3V0.07)5014
(JCPDS, 31-1437) and/or M@leo,ogOz,go (JCPDS,
27-1310) cannot be ruled out, especially for catalysts with
both high Mo/Te ratio and high V-content. On the other
hand, VOMoQ was also observed on some Mo-V-Te-Nb-O
catalysts (Cat-8 to Cat-11). We must indicate that the
XRD patterns of V-free MoTeNb catalyst (sample Cat-12)

Table 1

Characteristics of catalysts prepared by a slurry method

Sample Chemical composition Sger (MP/Q) Catalytic activity Crystalline phases detected by XRD

Mo/Te Mo + Te/VINb Propene oxidation Propane oxidation

Cat-1 2 1.2/0.3/0 <1 0.8 0 Te.33(M0/V)O333

Cat-2 4 1.2/0.3/0 <1 1.3 0 T©433(MO/V)03'33; TeMo5016

Cat-3 2 1.2/0.6/0 <1 35 0 Te.33(M0o/V)O333; TeMosO16; VOM0O,

Cat-4 4 1.2/0.6/0 <1 8.2 0 Te.33(M0/V)O3.33; TeMosO16; VOM0O,

Cat-5 6 1.2/0.6/0 35 9.3 0 7&3(Mo/V)O3.33; TeMosO16; VOMOO4

Cat-6 2 1.2/0.3/0.12 1.3 0.5 0.29 o83(Mo/VIND)O3 33

Cat-7 4 1.2/0.3/0.12 5.4 6.4 1.40 2M20057 + Tep 33(Mo/VIND)O3 33

Cat-8 6 1.2/0.3/0.12 5.0 26 0.96 ol&3(Mo/VIND)O3 33; Mos_,(V/ND),O14;
TexM 20057, VOM0O4

Cat-9 2 1.2/0.6/0.12 24 3.7 0.08 ol&(Mo/V/Nb)O3 33; VOM0O4

Cat-10 4 1.2/0.6/0.12 Nd 14 0.48 Te.33(Mo/V/Nb)O3 33; VOM0O,; TezM 0057

Cat-11 6 1.2/0.6/0.12 Nd 37 0.14 Te 33(M0/VIND)O3 33; VOMO0Oy,;
Mos_(V/ND), O14; Te2M200s7

Cat-12 2 1.2/0/0.42 2.0 7.4 - 3MaeMIb,0s5

aCatalytic activity in (1¢ molgh™1) (reaction conditions in text).

b Te;M200s7 (with M = Mo, V, and Nb); M@_(V/Nb),O14 is (M0o.g3V0.07)5014 and/or Ma.g1Nbo,0602.60.

¢Not determined.
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presented only the corresponding peaks of 3pdD,05 Te-O-Mo-O-Te and/or V-O-Mo-O-Te sites are responsible
(JCPDS, 18-840]5,6], suggesting that the formation of of the high selective activation of propene.
Tep.33MO3.33 bronzes is only carried out in the presence of  No propane oxidation was observed neither in the V-free
V ions. MoTeNb sample nor in the Nb-free Mo-Te-V catalysts, al-
The DRS spectra of Mo-V-Te-O samples (not shown here) though, in these cases, the catalytic tests were carried out at
presents three broad bands at about 300, 350 and 580 nmelatively high contact timesi{/F = 2000 gth mol~1 Ca)
The bands at 300 and 350 nm could be related to the pres-and high reaction temperatures (4Z5). Propane was easily
ence of M&t and \P*, respectively, in octahedral coordi- transformed into partial oxidation products on Mo-Te-V-Nb
nation, while the band at 580 nm is related to the presencecatalysts Table 1), although the highest catalytic activity
of Mo®+/Mo®t specieq9]. In addition to these, a band is was achieved on the catalyst with Mo/Te and Mo/V molar
also observed at 420 nm in Mo-V-Te-Nb-O catalysts which ratios of 4 and 3.2, respectively. The low catalytic activ-
can be assigned to octahedrat\species in a different en- ity of Mo-V-Te-Nb samples with high V-content (samples
vironment than that in Mo-V-Te-O catalysts. According to Cat-8 and Cat-11, with a Mde ratio of 6) with respect to
the DRS results presented here, and in agreement to previthose with a lower V-content (samples Cat-7 and Cat-10,

ous EPR resultfs], it can be concluded that M&/Mo®*, with a Mo/Te ratio of 4) could be related to the presence of
V5, Nb>+ and Té+ (formed during the heat-treatment) are  VOMOj in catalysts with high V-contents. So, the presence
mainly present in our catalysts. of this phase seems to have a negative effect on catalytic

activity in propane oxidation.

On the other hand, propene, acrylic acid and carbon ox-
ides were the main reaction products during the oxidation
of propane on Mo-Te-V-Nb catalysts, although acetic acid

3.2. Catalytic results and nature of active sites

Table 1 shows the catalytic activity of catalysts ob- g it )
tained during the oxidation of propene at 38 and a and acrolein were also detected as minority produts. 3

contact timeW/F of 400 g.ath mol-2. In all cases, the cat- shows the selectivities to the main partial oxidation prod-

alytic activity increases with both the Mo/Te ratio and the UCtS. i-€. propene and acrylic acid, obtained at 38@nd
V-content, with the Nb-free catalysts presenting catalytic & Propane conversion of 20%. The highest selectivities to

activities lower than the corresponding Nb-containing cata- acrylic acid were achieved on samples with Mo/Te ratio
lysts. On the other hand, acrolein, acrylic acid and carbon higher than 2, especially on catalysts with high Mde/V

oxides were mainly observed during the propene oxidation, 'atios of 4 (Cat-7) can be observethble . In thi§ way, it
Fig. 2 presents the selectivity to the main partial oxidation €an be noticed that a yield of acrylic acid of 30% has been
products, i.e. acrolein and acrylic acid, obtained at¥g0  Obtained at 380C and a propane conversion of 65% on this

and a propene conversion of 30%. Acrolein was mainly catalyst.

obtained on Nb-free Mo-Te-V catalysts, while acrylic acid ~ 1N€ catalytic activity in propene oxidation seems to be
was mainly obtained on Nb-containing catalysts. Since the related to the Mo-content of the catalysts while highest cat-

V-free sample (sample Cat-12) was also active and se-alytic activities in propane oxidation were achieved on cat-
lective in the oxidation of propene to acrylic acid, it can &ySts with a Mo/Te ratio of 4 (samples Cat-7 and Cat-10)
be concluded that the presence of Nb ions seems to pe(Table ). So, it can be concluded that different active sites

related to the oxidation of propene to acrylic acid, while @ré involved in the activation of propane and propene, in
agreement to previous reported res{fits8]. When consid-

ering the XRD results of Cat-7, two crystalline phases were
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Fig. 2. Selectivity to the main reaction products (at a propene conversion
of 30%) of Nb-free and Nb-containing Mo-V-Te mixed oxide catalysts Fig. 3. Selectivity to the main reaction products (at a propane conversion
obtained during the oxidation of propene at 380 Catalysts as iffiable 1 of 20%) of Nb-containing Mo-Te-V mixed oxide catalysts obtained during
Experimental conditions in text. the oxidation of propane at 38C. Catalysts as iffable 1
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observed: Tg33M0O3.33 and TeM2¢Os57 (M = Mo, V, and The different catalytic behaviour of these catalysts
Nb). The presence of at least two phases have also been proeould be related to the presence of different crystalline
posed previously5—10], although the role of each phases is phases: (a) T&3(Mo/V/Nb)O3 33, which is active and se-
still under discussion. lective in the oxidation of propene to acrolein (Nb-free
Tep.33MO3 33 bronzes type phase was mainly observed in MoVTe mixed oxides) and acrylic acid (Nb-containing
Mo-Te-V catalysts but also in Mo-V-Te-Nb catalysts with MoVTe mixed oxides); (b) TeM200s7 (M = Mo, V, and
low Mo/Te ratios. In all of these cases, they were inactive in Nb), which is active and selective in the oxidative acti-
propane oxidation and active and selective in the oxidation vation of propane to propene and/or acrylic acid. Other
of propene to acrolein (Mo-Te-V catalysts) or acrylic acid crystalline phases were also observed depending on the
(Mo-V-Te-Nb catalysts). So, they should only be involved catalyst composition, being some of them responsible
in the propene oxidatiofi1] and could be considered as the of the different catalytic performance observed in our
phase M2 proposed by Ushikubo et [} catalysts.
Orthorhombic TeM»00s57 (M = Mo, V, and Nb) phase
has been mainly observed in the most active and selec-
tive catalysts for the oxidation of propane to acrylic acid A cknowledgements
(Table 1. This crystalline phase is characterised by the

presence of M@ pentagonal bipyramids, with all of their Financial support from DGICYT, Spain (Project
five equatorial edges in common with M@ctahedra asin  ppQ2000-1396) is gratefully acknowledged.
06-Mo5014, with hexagonal (occupied by tellurium cations

in a (TeQE coordination)) and heptagonal channels (empty)
[8,10,13] Since MG pentagonal bipyramids could be the
active sites in ethane activati¢t2], TeéM 20057 (M = Mo,

V, and Nb) bronze could be by themselves responsible of
the high effective activation of propane in these catalysts.
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