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The selective oxidation of propane on Mo-V-Te-Nb-O catalysts
The influence of Te-precursor
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Abstract

Mo-V-Te-Nb-O catalysts have been prepared by hydrothermal synthesis and have been tested in the selective oxidation of
propane to acrylic acid. The catalysts have been prepared by using different Te- and Mo-starting compounds. Both the catalyst
characterization results (XRD, SEM-EDX, FTIR and XPS) and the catalytic tests show important differences depending on the
Te- and Mo-starting compounds used in the hydrothermal synthesis. The most active and selective catalysts for the oxidation of
propane to acrylic acid were those prepared from Te(VI)-compounds, i.e. telluric acid or an Anderson-type telluromolybdate.
However, catalysts prepared from Te(IV)-compounds, i.e s T@@NH,)4 TeMosO22-2H,0, presented both low activity and
low selectivity to acrylic acid. In the best catalysts, several crystalline phases were obsery@dMp(M0og 93V 0.07)5014,
and/or NIp 0gM00.9102 80 and new Te-V-Nb-Mo-oxide crystalline phases. The presence of small crystals of Ma®tive
and selective catalysts can also be proposed. The different catalytic performance of these catalysts could be related to the
different incorporation of Te, V and Nb ions, which depends strongly on the Te-compound introduced in the synthesis gel.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Although the slurry method is mainly used
[1-3,5-8] hydrothermal synthesis has been recently
Mo-V-Te-Nb-O catalysts have been proposed as se- proposed [3,4,9-12] Ueda and Oshihard9] re-
lective catalysts for oxidatiofil] and ammoxidation ported the catalytic behavior for propane oxidation of
[2] of propane. Recently, they have been proposed asMo-V-Te-O catalysts prepared by hydrothermal syn-
active and selective in the oxidative dehydrogenation thesis using Te@as starting compound. In this case,
of ethane to ethylengs,4]. The catalytic behavior of  yields of acrylic acid of 12.4% were reported.
these materials has been related to the presence of two Recently, it has been reported the hydrothermal
or more moieties, which should correspond to the pres- synthesis of an active and selective Mo-V-Te-Nb-O
ence of different crystalline phasfs-16]. However, catalyst which presents an efficiency during the ox-
the preparation method and the composition of the cat- idation of propane to acrylic acid higher than the
alysts influence strongly both the nature of crystalline corresponding Nb-free catalyft0,11] In this case,
phases and their catalytic performarjte16] an Anderson-type hexamolybdotellurate was used as
Te-starting compound and a yield of acrylic acid of
" * Corresponding author. Tel: 34-96-38-77-808; 35% was reportedl1].
fax: +34-96-38-77-800. Mo-Te-V-Nb-O catalysts prepared by hydrothermal
E-mail addressjmlopez@itq.upv.es (J.M. &pez Nieto). synthesis have also been reported as selective in the
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ammoxidation of propane to acrylonitri[@2]. How-

ever, no important differences in their catalytic per-
formances between catalysts prepared from telluro- e
molybdate or from Te@were observed.

In this paper, we present the preparation, charac-
terization and catalytic behavior of hydrothermally
synthesised Mo-V-Te-Nb-O catalysts, in which differ-
ent Mo- and Te-compounds have been used as start-e
ing materials. The results obtained here should show
how both the catalytic behavior and physico-chemical
properties of these catalysts depend strongly on the e
type of Te-compounds used in the hydrothermal syn-
thesis.

2. Experimental
2.1. Catalyst preparation

Mo-V-Te-Nb-O catalysts have been prepared by a
hydrothermal method according to the procedure pre-
viously reported[11]. The gel, an agueous solution
of the corresponding salts, presented a Mo-V-Te-Nb
atomic ratio of 1-0.36-0.17-0.12. The gels were au-
toclaved in Teflon-lined stainless-steel autoclaves at
175°C for 48 h. The resulting precursors were filtered,
washed, dried at 80C for 16 h and heat-treated at
600°C during 2h in N-stream.

Vanadyl sulphate and niobium oxalate were used
as V- and Nb-precursors. However, different Mo- and
Te-compounds have been used:

e Cat-A: A Te(VI)-containing ammonium hexam-
olybdotellurate, (NH)e TeM0ogO24-7H20, was used
as the Mo/Te-precursor. (Nh5TeMogOz4-7H0
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was previously prepared according to a reported
method[11,17,18]

Cat-B: A Te(lV)-containing ammonium hexam-
olybdotellurate, (NH)4TeMogO22-2H,0, was used

as the Mo/Te-precursor. (NflTeMogOo2-2H,0
was prepared according to the method reported
previously[18,19]

Cat-C: Ammonium heptamolybdate and telluric
acid were used as Mo- and Te-precursors, respec-
tively.

Cat-D: Ammonium heptamolybdate and tellurium
dioxide were used as Mo- and Te-precursors, re-
spectively.

The characteristics of catalysts are showable 1

2.2. Catalyst characterization

X-ray diffraction patterns (XRD) were collected

using a Philips X'Pert diffractometer equipped with
a graphite monochromator, operating at 40kV and
45 mA and employing nickel-filtered Cudradiation

(A = 0.1542 nm).

The infrared spectra were recorded at room temper-

ature on a NICOLET 710 FTIR spectrometer equipped
with a Data Station. Twenty milligrams of dried sam-
ples were mixed with 100 mg of dry KBr and pressed
into a disk (600 kg cm?).

Diffuse reflectance UV-Vis spectra (DRS) were col-

lected on a Cary 5 apparatus equipped with a ‘Pray-
ing Mantis’ attachment (from Harric) under ambient
conditions.

Scanning electron microscopy (SEM) and EDX mi-

croanalyses were performed on a JEOL JSM 6300
LINK ISIS instrument. The quantitative EDX analysis

Table 1
Characteristics of Mo-V-Te-Nb-O catalysts
Sample Te source SBET Bulk compositio?  UV-Vis bands (hnm) XRD crystalline phases
(m?g™1)  (Mo-Te-V-Nb)
CatA  (NHgz)sMogTeOpa.nH,O 9.1 1-0.12-0.18-0.19 320, 580 TeMdys; Mos_, A, 014°; TeMOS; MoOs¢
CatB  (NHi)sMogTeOp2-4H,O  24.1 1-0.13-0.15-0.21 290, 580 Teb@s; TeM0osO13; TeMO°
CatC HgTeGs 15.3 1-0.13-0.18-0.12 237, 305, 580 TedMs; Mos_,A,014°; TeMOF; MoOg?
Catbh TeO 10.2 1-0.24-0.19-0.19 250, 313, 352, 580 Tefdgs; Mos_,A,O14°; TeMO®

aThe chemical composition has been determined by atomic absorption spectroscopy.

bMos_,A,O14 with A =V and/or Nb.
¢TeMO (M = Mo, V and Nb) as indicated ifil3,16]

dThe presence of a Mo-V-Te-Nb-O crystalline phase, M2-phase recently proposed by Mille{X8]akhould also be considered.
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was performed using an Oxford LINK ISIS System Mo/Te-starting materials. The XRD pattern of sam-
with the SEMQUANT program, which introduces the ple CatA shows the presence of TeM©,6 [JCPDS,

ZAF correction. 31-874], Nlp,ogM0g.9102.80 [JCPDS, 27-1310] and/or
(M00.93V0,07)5014 [JCPDS, 31-1437], and Mo
2.3. Catalytic tests [JCPDS, 5-508]. On the other hand, the presence of

a Mo-V-Te-Nb-O crystalline phase (which crystal-
lize in the orthorombic systerfil6]) should also be
considered.

In addition, the presence of peaks af 2=

The catalytic experiments were carried out in a tubu-
lar flow reactor at atmospheric pressure. The flow rate
(from 50 to 200 crAmin—1) and the amount of catalyst
(from 0.5 to 3.0 g) were varied in order to achieve dif- 22'1_' 28.2, 36.2, 45.2, and 50.0 suggests the for-
ferent propane conversion levels. The feed consisted Mation of a recently reported Te-V-Mo-O or
of a mixture of propane/oxygen/water/helium with a 16"V-NP-Mo-O (TeMO) crystalline phase[13,14}
molar ratio of 4/8/30/58. Experiments were carried out 11€S€ TeMO phases, with a stoichiometry ~of
in the 340-400C temperature range. Reagents and 16033M00.75V0.25-¢Nb,O; (0 < x < 0.25), present
reaction products were analysed by on-line gas chro- XRD patterns similar to those observed in hexago-

matography: further details on the method of analysis Nal tungsten bronze @43-033WOs) or Sky.4M0O31
and on the reactor are reported elsewHa(d. [14] and could correspond to the phase-M2 proposed
by Ushikubo et al[5] and to the phase-M1 proposed

by Aouine and Duboi$l5].

Similar crystalline phases than those observed in
sample CatA have been observed in Ca@tand Catb
(Fig. 1c and drespectively), although the intensities
of the most important reflections were lower in the
) ) case of sample Cad-

Fig. 1sht_)ws the XRD patterns of catalysts_. Differ- A different XRD pattern was observed for sample
ent crystalline phases are observed depending on thec i |n fact, the presence of two peaks at 21.8 and
22.2 suggests the presence of both Te®g and
TeMo,013 [JCPDS, 34-622]. However, the absence of
peaks in the low @ interval indicates the absence of
(M09.93V0.07)5014 and/or Nip goM0g 9102 go. No for-

3. Results and discussion

3.1. Catalyst characterization

mation of MoQ; was observed in this case.

@ Fig. 2 shows the SEM micrographs of samples
CatA (Fig. 29 and Catb (Fig. 2b. Similar mi-

(b) crographs were obtained in the other samples. The

SEM images of these samples are characterised
by the presence of small slabs of less thapni
diameter. On the other hand, the global composi-
tions obtained by EDX were in good agreement
© with those obtained by AAS Table 1. Besides
the global composition, the SEM-EDX analysis
evidences a high homogeneity in the composition
of the different particles. Thus, Mo-Te-V-Nb mo-

«
A }M lar ratios of 1/0.26-0.33/0.18-0.47/0.10-0.11 and
1/0.09-0.18/0.27-0.34/0.11-0.14 were clearly ob-

10 20 30 40 50 served in SEM-EDX analysis of particles in both
26 CatA and Catc€. However, Mo-Te-V-Nb molar ra-
Fig. 1. XRD patterns of Mo-V-Te-Nb-O catalysts: Cata); CatB tios of 1/0.09-0.21/0.10-0.19/0.20-0.28 were mainly

(b); CatC (c); and Ca® (d). observed in the case of samples Ga&nd Catb.
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Fig. 2. SEM micrographs of samples: Gat(a); and Cab (b).

The FTIR spectra of catalysts in the low wavenum-  The spectrum of sample CBtis quite different to
ber region are shown ifrig. 3. Bands at 902, 880 those obtained with the other samples. Thus, a broad
(a shoulder), 790, 770, 632 and 586cmhave band is observed in the 920-870chinterval, while
been observed in the IR spectrum of sample £at- the bands at 775 and 620ch observed in other
These bands could be related to the symmetric cases, present low intensitigsig. 3b. These results
stretching vibration of MBO group (bands in the suggest, in agreement to the XRD results, that differ-
900-1000cm?l) and to antisymmetric vibrations ent crystalline phases are formed in this case.
of Mo-O-Me (Me = Mo, Nb, Te) bridging bonds On the other hand, the presence of Mo®and
(bands in the 700-900 cm) [18,20] On the other at 991 cnl) is not observed in Cab-. However, this
hand, the band at 632 crh could be related to the  band is present, although with low intensity, in the IR
presence of Te—O bond48,20] Small differences  spectra of samples Cét; CatC and Catb.
are observed in the spectra of sample Catnd Fig. 4 shows the DRS spectra of Mo-V-Te-Nb-O
CatD. catalysts. For comparison purpose, different reference
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Fig. 3. FTIR spectra of Mo-V-Te-Nb-O catalysts: Gat@); CatB
(b); CatC (c); and Catb (d).

compounds such as TeMD16 (bands at 262, 355 and
550nm) MoQ@ (bands at 250 and 314 nm), pbs
(bands at 266 and 327 nm), Mg®s (bands at 257,
366 nm) and Te@ (bands at 245 and 289 nm) have
been usedKig. 5).

The DRS spectra of Mo-V-Te-Nb-O catalysts are
characterised by the presence of two type of bands: (i)
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Fig. 4. DRS (UV-Vis) spectra of Mo-V-Te-Nb-O catalysts: Gat-

(a); CatB (b); CatC (c); and Catb (d).
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Fig. 5. DRS (UV-Vis) spectra of: TeM®15 (a); MoO; (b); Nb,Os
(c); MgV206 (d); TeQ (e).

a broad band in the range 250—-400 nm which changes
with the characteristics of catalysts; and (ii) a broad
band centered at 580 nm similar in all catalysts.

The broad band in the 250—-400 nm region is related
to the presence of Mo [21,22]and \Pt [22,23] al-
though their positions depend on the Me-environment.
The absorption bands in the range 290-350 and
350-450 nm can be related to the presence ofMo
and \Pt cations, respectively, in octahedral en-
vironment. According to previous resul{d0,11],
molybdenum atoms in Mo-V-Te-Nb catalysts should
posses a distorted six-coordinated environment with
Mo®t—O-Me bridges bonds (Me= Mo®+ and/or
Mo®t, in addition to \P* and/or N&+). So, the dif-
ferences observed in the 250—400 nm region should
be related to the different crystalline phases detected
by XRD.

On the other hand, the band in the 500-600 nm re-
gion may be assigned to Mo cations with an oxidation
state lower than 6 [20-22,24] It has been reported
that MoG, present a band at 500 nf24], while this
appears at 550 nm in TeM06 [20] and at 585 nm
in MogOy¢ [22]. Porter et al[22] proposed a linear
relation between the band frequencies observed in in-
termediate molybdenum oxides and the number of 4d
electrons per cation. According with this, it could be
estimated an oxidation state of molybdenum of 5.8
(suggesting the presence of a 20% of Mo atoms with
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an oxidation state of M) in our catalysts. Thisis  Te(VI)-containing compounds (samples @Gatand

in good agreement to previously reported EPR results Cat-C) are more active and selective than those
of Mo-V-Te-Nb-O samples prepared by hydrothermal prepared from Te(lV)-containing products (samples
synthesiqd10]. CatB and Catb).

The presence of 4 (broad band in the 600750 nm Mo-Te mixed metal oxides catalysts, obtained by
region) cannot be completely ruled out. However, and calcination of molybotellurates, have been recently
according to previous EPR resu[tB], its presence, reported as active and selective in the oxidation of
if any, should be very low. propene to acrolein, specially those prepared from

The assignation of an oxidation state of the Te Te(lV)-molybotellurated18]. However, the most ef-
atoms from the DRS spectra represent some difficul- fective Mo-V-Te-Nb-O catalysts were achieved from
ties, since both T8 and Tét present bands in the  Te(VI)-containing precursors, although®Teis trans-
range 250-300 nm. However, XPS results on similar formed to Té* during the heat-treatment at 600 in
catalysts suggest the presence df'Tens[6,11]. This N». So, it seems that ¥& is an important element to
is also in good agreement to the oxidation state of Te form active and selective crystalline phases precursors
in TeMosO16 [20,24] and in related Mo-V-Te mixed  during the hydrothermal synthesis.

oxide[9], and recently confirmed by#°Te Méssbauer It has been proposed that the formation of crys-
spectroscopyl6]. The formation of T&" from TP+ talline phases in Nb-free Mo-V-Te-O catalysts pre-
compounds is generally accepted when the samplespared by hydrothermal synthesis takes place between
are heat-treated at high temperat[#8]. molybotellurate units and vanadyl cations forming

From these results, it can be concluded thaPMo  slabs and then being stacked to form a solid with
Mo>t, Vo and Té+ are mainly present in our cata- layered structurg26]. According to our results, the

lysts. incorporation of both vanadium and tellurium in the
solids during the hydrothermal synthesis depends on
3.2. Selective propane oxidation to acrylic acid the type of Te-precursor, which influences the nature

of crystalline phases and the catalytic behavior in
Table 2shows the catalytic results obtained dur- heat-treated samples.
ing the oxidation of propane. Acrylic acid, propene The role of Nb in Mo-V-Te-Nb-O catalysts is still
and carbon oxides were the main reaction products. unclear. However, the presence of Nb favours both the
Acetic acid was also observed, although the selec- achievement of higher surface arda®] and higher
tivity was lower than 10%. From these results, it selectivities to acrylic acid during the selective oxida-
can be concluded that the catalysts prepared from tion of propane or propené1,13]

;ae?;iti%/e oxidation of propane on Mo-V-Te-Nb-O-based catdlysts
Sample W/FP Conversion (%) Yield AA (%)d Selectivity (%)
CH,CHCOH C3Hs CH3COH CcOo CO
CatA 205 20.5 115 56.2 13.1 3.6 8.2 19.1
510 36.9 19.9 54.0 5.7 3.6 11.2 25.5
CatB 205 17.0 0.6 3.8 9.3 3.7 27.0 56.0
CatC 205 30.6 17.1 56.0 13.6 5.9 8.8 15.7
510 53.9 27.9 51.7 2.4 7.7 11.6 26.6
CatD 205 10.1 2.4 23.9 26.6 2.2 15.7 31.6

aReaction temperature 380°C; C3Hg-O,-H,0-He molar ratio of 4-8-30-58.
b Contact time WIF, in geath (Mole,) 2.

¢ Propane conversion in %.

dYield of acrylic acid in %.
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The catalytic activity could be related to the pres- CH,=CHCO,H
ence of Nlp.goM0p 9102.80 and/or (M@.93V0.07)5014 ~ \
(or to the formation of Me_,(V/Nb),O14) since C3Hg => C3H, * CO+CO,
they were not observed in the non-selective catalyst \ CH,COH /

(CatB). Moreover, the possibility to have an active
and selective Mo-V-Te-Nb crystalline phase, as pro- scheme 1. Reaction network for the selective oxidation of propane
posed by Millet et al[16], should also be considered. on Mo-V-Te-Nb-O catalysts.
In this way, it has recently been proposed that V
species are the active sites in alkane activation on
Mo-V-Te-Nb-O catalyst§4,7-9]in the same way than  tive reaction) and the formation of acetic acid (from
that proposed in other V-containing catalyf@g—29] propeng[10]) are also observed.
On the other hand, small crystals of Mg@re ob-
served on the selective catalysts. Although the role of
MoOs3 is not clear in our case, it is known that its 4. Conclusions
presence favours the selective oxidation of propene on
Mo-based catalystd.8,30] In conclusion, Mo-V-Te-Nb-O catalysts prepared
Fig. 6shows the variation of the main reaction prod- by a hydrothermal synthesis are active and selec-
ucts with the propane conversion obtained on sample tive in the oxidation of propane to acrylic acid, al-
Cat-C at 380°C. It can be seen that propene is a pri- though their catalytic behavior strongly depend on
mary unstable product while carbon oxides are pri- the Te-compounds used as precursors. High activity
mary and secondary products. Acrylic acid could di- and selectivity to acrylic acid is observed on cata-
rectly be formed from propane. However, our results lysts prepared from Fe-containing precursors, i.e.
suggest that it is mainly formed from propene. Ac- telluric acid or a Te(VI)-molybdotellurate. However,
cording to this, a reaction network for the oxidation low capability in the formation of acrylic acid if any
of propane on these catalysts is tentatively proposedis observed when the catalysts are prepared from
in Scheme 1This is in good agreement to previously Te*t-containing precursors, i.e. tellurium oxide (low
reported reaction networks,10,11,31,32] activity and selectivity) or a Te(IV)-molybdotellurate
The formation of propene and acrylic acid is the (non-selective). Since & is mainly observed in cal-
most important reaction. In addition to these, the for- cined samples, it can be concluded that the formation
mation of carbon oxides (by parallel and consecu- of active and selective sites is favored by the use of
Teb+-containing precursors.
The dispersion of the active sites on the surface

80 of the catalysts could be related to the characteristics
01 9 of the solid obtained during the hydrothermal synthe-
60 -—w sis, which could be modified by tailoring the catalyst
R gl / o TTE— g g composition and/or the catalyst preparation method
Z wl [1-13]. In this way, the results presented here suggest
B that the nature of the Te-compound precursors seems
3 07 /v———v—v to have an important role in the preparation of selec-
20 v TV tive Mo-V-Te-Nb-O catalysts. This could be related to
10 -ﬂ I 2/o<3\"‘“‘ a d_ifferent incorporation of Te, V and Nb ipns in the
0 s . . P— solids, as suggested from the EDX analysis.
0 10 20 30 40 50 60 On the other hand, it has been proposed that the
Propane conversion, % activity of these catalysts in the propane activa-

_ o N . _ tion is related to V* species[6,11,13] CatA and
Fig. 6. Variation of the selectivity to the main reaction products CatC were the most active and selective catalysts
with the propane conversion obtained on sample Cat-380°C: '

Propene ©); acrylic acid @); CO (A); and CQ (V). Experi- although they present V-contents similar to those ob-
mental conditions in text. tained in samples C&-and Catb. So, the different
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behavior of these catalysts should be related to the for- [11] P. Botella, J.M. Lépez Nieto, B. Solsona, A. Mifsud, F.

mation of different V-containing crystalline phases,
which could present different activities in the alkane
activation. Since, it has been observed tfiaMv O
(M = Mo, V and Nb) crystalline phases are inactive
in propane oxidatiofl 3], the different catalytic activ-
ity of our catalysts could be related to the formation
of Mos_,(V/Nb), 014 and/or Te-containing Mo-V-Nb
oxide[11,16])) which are not observed in the inactive
catalyst (Cat3).
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