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Mixed metal oxides based in Mo(W)-Nb-V-Te with tetragonal tungsten bronze (TTB) structure have
been synthesized by a hydrothermal method from aqueous solutions of the corresponding Keggin-type
heteropolyacids and further heat-treatment in N, at 700°C. The materials have been characterized by
several physico-chemical techniques, i.e. XRD, Raman, FTIR, SEM-EDS, and TEM. This procedure allows
controlling the chemical species to be distributed in the different interstices of the TTB skeleton, which is
akey factor to regulate the catalytic properties of the final solid. In this sense, the isomorphic replacement
of Mo by W results in lattice parameter and crystal morphology variation, although the TTB structure is
preserved to different degrees of substitution. The incorporation of tellurium to the TTB framework leads
to active and selective catalysts in the partial oxidation of propene to acrolein.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Tetragonal tungsten bronze (TTB)-type oxides compose a large
and extensively studied family of materials with a wide vari-
ety of cations. Although the term “tetragonal tungsten bronze”
was formerly introduced for the non-stoichiometric compound
KxWO03 (x=0.4-0.6) [1], it was further extended to other com-
pounds with a similar structure and different transition metals as
central atom.

Standard methods for preparation of Mo- or W-containing
bronzes involve the reaction of the component materials in the
solid state at high temperatures [2], or the thermal degradation of
polyoxometallates [3-6]. Conversely, soft chemical methods often
allow producing new materials that cannot be synthesized by using
solid state reactions at high temperature. The production of highly
uniform materials requires precursors containing the appropriate
components dispersed at molecular level with the desired stoi-
chiometry. Here, hydrothermal synthesis has been proposed as
an interesting alternative to prepare mixed metal oxides [7-9].
In this synthesis, the use of polyoxometallates as precursors is
widely extended, although most of the examples concern appli-
cations of Anderson-type oxoanions. Very recently our group has
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presented the synthesis of Mo-containing TTB derived from the
Nb,05/WO03 system by heat-treatment of amorphous precursors
hydrothermally synthesized from aqueous solutions of Keggin-
type heteropolyacids together with vanadium and niobium salts
[10-12]. These materials have found application as active and very
selective catalysts for the partial oxidation of short-chain olefins
when incorporating in the framework an element of the V and VI
groups, but especially tellurium [11]. In addition, the tetragonal
bronzes display a catalytic behavior similar to that observed for
the pseudohexagonal bronze (the so-called M2-phase) although
some of them are more active for propene oxidation [10]. How-
ever, tuning of the composition of this TTB phase is of interest
not only as a candidate for olefin oxidation, but also as a possi-
ble component of an active and selective alkane oxidation catalytic
system.

In the present work we describe a synthesis method for
the preparation of Mo-W-Nb-V-P-Te mixed oxides with TTB
structure where molybdenum is partially or fully replaced by
tungsten through isomorphic substitution. Structural parame-
ters are tuned in order to achieve homogeneous dispersion
of MOg octahedra (M=Mo,W) in the TTB framework. These
materials find application as selective catalysts in the partial
oxidation of propene to acrolein and acrylic acid. Improved cat-
alytic performance is explained on the basis of the isolation
of Mo-sites and the synergetic effect between Mo- and W-
centers.
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2. Experimental
2.1. Synthesis of TTB-bronzes

Materials have been prepared by hydrothermal synthesis
from gels containing H3PMo01,049 and/or H3PW;,04¢ (Aldrich),
vanadyl sulfate (Aldrich) niobium oxalate (CBMM) and telluric acid
(Aldrich) [12]. The resulting gels, with a concentration of 3.3 mmol
of heteropolyacid in 40 ml of H,O and a Mo(W)/Nb/V/P/Te atomic
ratio of x(y)/0.17/0.20/0.08/0.04 (where x +y=1), were introduced
in a Teflon-lined, stainless steel autoclave and heated at 175 °C for
48 h. The solid so obtained was filtered off, washed (with 0.21/g
of distilled water) and dried at 80°C for 16 h. Finally, the samples
were heated (3 °C/min of heating rate) at 700°C in flowing N, for
2 hand (then cooled with a cooling rate of 5 °C/min). Materials were
named as MWn, where n is related to the W/(Mo + W) atomic ratio
in the synthesis gel (i.e., MW45 corresponds to a sample with a
W/(Mo + W) atomic ratio of 0.45).

2.2. Characterization of TTB-bronzes

Average chemical composition of both as-prepared and heat-
treated samples was determined by inductively couple plasma
(ICP).

The surface areas were measured on a Micromeritics ASAP 2000
instrument by adsorption of krypton.

X-ray powder diffraction (XRD) measurements were performed
in a PANalytical X’Pert PRO diffractometer using Cu Ka1,2 radiation
and an X'Celerator detector in Bragg-Brentano geometry. The crys-
talline phases were identified by matching experimental patterns
to the JCDS powder diffraction file (reference number 80-02136)
of the TTB BagNb501s. Unit cell parameters were refined using the
program FullProf [13].

Samples for transmission electron microscopy (TEM) were
ultrasonically dispersed in 2-propanol and transferred to carbon
coated copper grids. TEM micrographs were collected in a Philips
CM-10 microscope operating at 100 kV.

Scanning electron microscopy (SEM) micrographs were col-
lected in a JEOL 6300 microscope operating at 20kV, 2 x 1072 A
beam currentand 15 mm as working distance. Samples were carbon
coated to eliminate charging effects. The quantitative EDS anal-
ysis was performed using an Oxford LINK ISIS System with the
SEMQUANT program, which introduces the ZAF correction. The
counting time was 100 s for major and minor elements.

Infrared spectra of KBr wavers were recorded at room tem-
perature in the 300-3900cm~! region with a Nicolet 205xB
spectrophotometer, equipped with a Data Station, at a spectral
resolution of 1cm~! and accumulations of 128 scans.

Raman spectra were obtained with an “in via” Renishaw spec-
trometer, equipped with an Olympus microscope. The 514 nm line
of an Ar*-ion laser (Spectra Physics) was used for excitation, with a
power of 1.25 mW on the sample. The spectra were recorded at 10 s
exposure time and 20 accumulations. The spot size was 0.5 um and
an average of three sampling spots was collected for each sample.

2.3. Catalytic tests

Catalytic tests in propylene oxidation have been undertaken at
atmospheric pressure using a fixed-bed quartz tubular flow reac-
tor (i.d. 10 mm; length 300 mm) which has been heated electrically.
The reactor is equipped with a coaxial thermocouple for tempera-
ture profiling. Reaction temperatures from 340 to 420 °C have been
studied. The feed was fixed to give a C3Hg/O, /He/H, 0 molar ratio of
1.5/6.0/77.5/15, meanwhile the catalyst weight (from 0.1 to 1.5g)
and the total flow (from 25 to 50 mlmin~!) were varied in order
to obtain different conversions at a given reaction temperature.

Typical experiments were conducted using 1g of catalyst and a
total flow of 50 ml/min, leading to a GHSV of 3000h~! (without
considering the volume of the silicon carbide). Catalyst samples
(particle size between 0.3 and 0.5 mm) were introduced in the reac-
tor diluted with Norton Silicon Carbide (0.5-0.75 mm particle size)
in order to keep a constant volume (2 cm3) in the catalytic bed and
quench thermal effects derived from the exothermic nature of the
reaction. Reactants and reaction products were analyzed online by
gas chromatography using two different columns: Molecular Sieve
5A and Porapak Q [9]. Blank runs showed that under the exper-
imental conditions used in this work the homogeneous reaction
could be neglected.

3. Results and discussion
3.1. Structural characterization

After the heat-treatment in N, these materials show metallic
sheen and changing color depending on the composition: from pur-
ple for W-free sample (MWO) to dark brown for Mo-free mixed
oxide (MW100). In all cases, solids with low surface area (below
10 m2 g~1) were obtained. A summary of the most important phys-
ical and chemical characteristics of these materials is presented in
Table 1.

Chemical composition of heat-treated materials matches
reasonably well with synthesis gel composition, although molyb-
denum is incorporated to a greater extent than tungsten.
Furthermore, the crystal by crystal EDS microanalysis shows a
homogenous distribution of both elements in every analyzed spot
(see Table 1).

Powder XRD reports of heat-treated materials are presented in
Fig. 1 (as-synthesized samples showed in all cases the same non-
crystalline pattern). Diffraction maxima match with those of a basic
TTB structure (JCPDS file no. 80-02136), although the relative inten-
sities are closer to those reflections of the ordered M;7047 phase
[12]. W-free sample (MWO, Fig. 1a) presents main peaks at 26 =22.2,
23.3, 26.6, 30.5, 33.2 and 35.0°. No significant reflection is visible
in the low angle zone (<12°), indicating that certain extra order
in respect to the TTB must occur but only to a low extent. Other
minor phases are not detected in these materials. According to
previous results, these materials are structural analogues of the
binary system Nb,O5/WOs3 [12]. In a standard configuration, this
system presents linked MOg octahedra to give five-membered rings
arranged around square tunnels and MO, polyhedra that share
the equatorial edges with five octahedra. A certain portion of the
pentagonal tunnels are filled with metal-oxygen chains (preferen-
tially by niobium atoms), thus, leading to a pentagonal bipyramidal
coordination of the corresponding metal cation [14,15]. Strings of
these units connected along the perpendicular direction forms the
so-called pentagonal columns (PCs).

The replacement of Mo by W in the framework results in a
shift of the peak positions due to unit cell changes (Fig. 1). The
isomorphic substitution of W for Mo is possible considering the
respective ionic radius and coordination. The Shannon ionic radius
for 6-coordinated MoS* and W6* is 0.73 and 0.74 A, respectively
[16]. Such a proximity in size agrees well with the fact that all Mo
can be replaced by W. In this case, due to the slightly larger ionic
radius of tungsten the lattice parameters change when increasing
its content, i.e., the a-axisincreases and the c-axes decreases (Fig. 2).
Both lattice parameters vary linearly with the degree of substitution
for ratios W/(W +Mo) > 0.33, thus, following Vegard’s law [17], as
already observed when replacing Mo by W in other Mo-containing
bronzes[18,19]. This confirms an homogeneous distribution of both
cations in the crystalline network. Concerning the unit cell volume
(Fig. 2c), as the replacement of Mo by W leads to opposite actions,
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Fig. 1. (a) X-ray diffraction patterns of Mo-W-based mixed oxides with TTB struc-
ture (N2/700°C): (a) MWO; (b) MW25; (c) MWA40; (d) MW45; (e) MW50; (f) MW75;
(g) MW100. Dashed vertical lines indicate the position of some peaks of MWO as a
reference of the shift of peak positions with the replacement of Mo by W, due to
unit cell changes. Chemical compositions are shown in Table 1.

expansion of the ab-plane and contraction of the c-axis, the evolu-
tion of the unit cell volume is not easy to predict. In this case, we
have found that for ratios W/(W + Mo) > 0.33 the substitution of Mo
by W results in an increase of the unit cell volume, which is in good
agreement with the fact that W ion is somewhat larger than the Mo
ion.

Nevertheless, the lattice parameters of the W-free sample
(MWO0) do not fit to the linear distribution of the W-containing
materials. In this case, it should be taken into account the possi-
ble contribution of other elements, particularly of niobium, to the
skeleton formation of the TTB phase. Here, recent studies of our
group by high resolution electron microscopy (HREM) and selected
area electron diffraction (SAED) have provided a clear correspon-
dence between the structural features observed in the reciprocal

Table 1
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Fig. 2. Variation of unit cell parameters in the TTB structure as a function of the
degree of substitution of Mo by W: (a) a-axis; (b) c-axis; (c¢) unit cell volume.

lattice of the Mo-Nb-V-containing TTB-type oxide and those of the
system Nb,Os5/WOj3 [12]. This has been described as a disordered
distribution of filled PC in a well-ordered basic TTB framework
made of molybdenum, niobium and vanadium. It is assumed that
vanadium and niobium atoms are placed in the MOg octahedra,
although niobium can also be filling partially the PC. While the
incorporation of 6-coordinated V4* (ionic radius=0.72A) has no
effect on the lattice parameters, 6-coordinated Nb>* (0.78A) is
clearly larger than Mo®" and can modify the unit cell of the TTB
structure. On the other hand, the observed enlargement of the
ab-plane for W-containing materials appears to be sufficient to
accommodate Nb>* in the framework, even for high niobium load-
ings (i.e., sample MW100).

In the case of tellurium, it has been found experimental evi-
dence of its partial inclusion in the tunnels of the TTB structure, as

Compositional and textural characteristics of Mo-W-based mixed oxides with TTB structure.

Sample W/(W +Mo)? Area BET (m?2g1) Metal atomic ratio

Bulk® Crystal by crystal®
MWO 0.00 2.0 Mo Nbgs6Vo.17Po.10T€0.15 Mo1Nbo 35 Vo24Po.03Te€0.08
MW?25 0.25 5.0 Moo.70 Wo.30NDo.41Vo.20Po.0s Te€o.03 M0o.72Wo.28NDo.39V0.18 Po.os Teo.03
MW40 0.40 4.5 Moo.68 Wo.32Nbo.40V0.22Po.07Teo.04 Moo.64Wo.36NDo.43V0.21Po.07Teo.04
MW45 0.45 6.8 Moo 62 Wo.38Nbo.42V0.21Po.09 T€0.0.04 Moo.63 Wo.37Nbo.43Vo35P0.0s T€0.05
MW50 0.50 6.8 Moo.55 Wo.45Nbo 63 V0.18 Po.os T€0.06 Moo.54Wo.46Nbo.41Vo.20Po.0s T€o.06
MW?75 0.75 7.7 Moo.36 Wo.64Nbo.53V0.24P0.12Teo .07 Moo.48 Wo.52Nbo.55V0.23Po.16 T€0.04
MW100 1.00 9.5 W1Nbgs9Vo.25P005Te€023

W1Nbog6Vo29Po.0sTeo.13

4 W/(W +Mo) atomic ratio in the synthesis gel (Mo,W=0-1, Mo+W=1).
b Atomic composition as determined by ICP analysis.

¢ Average atomic composition as determined by microanalysis EDS of several crystallites.
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Fig. 3. TEM (left) and secondary electron (right) images of Mo-W-based mixed oxides with TTB structure: (a) MWO; (b) MW50; (c) MW100. The inset in image (b) corresponds

to the high magnification of a crystal of the MW50 sample.

the niobium does not fill completely the PC [12]. Although a com-
plete incorporation of this element in the framework is still to be
confirmed, no sign of the lattice parameters becoming constant or
growing diffuse features in the background of the XRD patterns is
observed with increasing substitution, thus, supporting the idea
that, at least for this range of compositions, the formation of an
amorphous bulk phase can be ruled out.

Crystal morphology and size of heat-treated materials with dif-
ferent W/(Mo+W) atomic ratios has been studied by TEM and
SEM (Fig. 3) and the local chemical composition was determined
in the scanning electron microscope by means of EDS analysis
of individual crystals (Table 1). Besides some polydispersity due
to strong sintering during the thermal treatment, the incorpora-
tion of tungsten leads to smaller crystallite sizes, with an average
particle diameter one order of magnitude lower in the case of
Mo-free sample. In this sense, the average diameter, as deter-
mined from TEM images by measuring at least 100 particles, is
(mean #+ standard deviation) 1283 +556 nm for the W-free sam-
ple (MWO0), 480 & 260 nm for MW50 sample, and 388 & 147 nm for
the Mo-free material (MW100). Thus, since no internal porosity
can be considered in these solid, it can be concluded that the par-
tial substitution of Mo by W favors an increase in the number of
accessible active sites. EDS analysis shows an homogeneous distri-
bution of both Mo and W in all crystals. However, when increasing
the W-content the observed atomic ratio W/(W + Mo) in the heat-
treated materials is somewhat lower than that in the synthesis gel
(about 80% of the maximum). In this sense, we think the superior
ionic ratio of W versus Mo limits its incorporation to the TTB struc-

ture. On the other hand, vanadium, niobium and tellurium appear
homogenously distributed in the different crystallites.

Infrared and Raman spectra of heat-treated materials are pre-
sented in Fig. 4. The infrared spectra of W-free sample (MWO0)
shows a shoulder at 987 cm~!, and broad bands at 881, 750, 642 and
543 cm~!, in addition to a shoulder at 445 cm~! (Fig. 4A, spectrum
a). According to previous results [12,19] the high frequency sig-
nal is assigned to isolated oxo-molybdenum species, i.e., terminal
Mo=0 double bond stretching vibrations, while the low frequency
bands at 642, 543 and 445cm™! are related to Mo-0-Y (Y =Mo,
V, Nb) bridge vibrations, and the band at 750cm™! is due to the
symmetric vibration of Nb—~O-Mo bond. The appearance of broad
bands is related to an important heterogeneity in Mo-O-Y bridges
in Mo-based bronzes [20,21], together with some contribution of
IR bands associated with PO, bending vibrations at 512-540 cm™!
[22] (Fig. 4).

Partial or total substitution of Mo by W in the crystalline frame-
work (samples MW25 to MW100) produces a shift of several
bands to lower frequencies (Fig. 4A, spectra b-f). In particular,
both IR bands at 881 and 750cm~! associated with Mo-0O-Mo
and Nb-O-Mo stretching vibration respectively, shift to lower fre-
quencies, 852 and 742cm~! (W-0-W and W-0-Nb stretching
vibration, respectively). On the other hand, a band at 965cm™!
starts to appear in the W-rich samples, which could be related to
a W monooxo species [23]. However, we must indicate that the in
plane PO, symmetrical stretching vibration is also characterized
by an IR band at 967 cm~! [24], and thus its contribution cannot be
completely ruled out. Conversely, no significant change is detected
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Fig. 4. FTIR (A) and Raman (B) spectra of Mo-W-based mixed oxides with TTB structure: (a) MWO; (b) MW25; (c) MW40; (d) MW50; (e) MW75; (f) MW100.

in the 400-700 cm~"! region, therefore, suggesting that the average
crystalline structure is not modified by the incorporation of tung-
sten. Also, the presence of tellurium in the framework does not
change the structural parameters of the TTB [12].

Raman spectra of selected materials with different W/(W +Mo)
molar ratios are presented in Fig. 4B. W-free sample (MWO0) shows
abroad and weak band at 976 cm~! assigned to vibrations of Mo=0
double bonds and two intense bands at 874 and 751 cm~! due to
vibrations of Mo-O-Mo bridges (Fig. 4B, spectrum a) [25]. Par-
tial substitution of Mo by W shifts the last two bands to lower
frequencies, 824 and 737 cm~! for W-0-W and Nb-O-W bridges
[26,27], respectively, in addition to the appearance of a new band
at 992 due to W=0 [23] or V=0 [28] species. The shift of the bands
and the appearance of new bands corresponding to Mo- or W-free
materials, depending on the W/(W +Mo) atomic ratio, suggests an
homogeneous substitution of W by Mo along the crystalline struc-
ture.

XPS characterization of W free, Mo free and Mo-W-containing
bronze samples (i.e. MW50 and MW?75) has been performed in
order to determine the surface composition and the oxidation state
of each element present in representative catalysts. The XPS results
are shown in Table 2. The surface composition differs somewhat
from their bulk composition in the way that an enrichment of
tellurium is observed on the catalysts surface of all samples. In addi-
tion, the Nb/(W + Mo)and V/(W + Mo) surface atomic ratios increase
when increasing the W-content of catalysts, suggesting that W6*
can facilitate the incorporation of both elements more easily than
in the case of Mo-containing materials.

On the other hand, while Mo and W are mainly in their 6+ oxida-
tion state (BE=232.4 and 35.2 eV, respectively), niobium is present
as Nb>* (BE =206.8-207.0 eV) (Table 2). Moreover, different oxida-
tion states have been observed for vanadium and tellurium. Thus,
vanadium is present as V°* (BE=517.2eV) and V#* (BE=516.3 eV)
in all samples although the V4*/V>* ratio decreases when increasing
W/(W +Mo) ratio in the sample. By considering the surface compo-
sition of catalysts, V4* /(W +Mo) and V°*/(W +Mo) surface atomic
ratios of 0.06 and 0.04, respectively, can be proposed for W-free
sample (Table 2). However, V4*/(W +Mo) and V>* /(W + Mo) surface
atomic ratios of 0.06 and 0.18, respectively, are obtained for Mo-
free sample. Accordingly, the higher presence of V°* species on the
catalyst surface is favored for W-containing catalysts.

In the case of tellurium, Te** (BE=576.2 eV) is only observed in
the surface of both the Mo-free and W-free samples (Fig. 5, spectra
a and d). However, Te** (BE=576.2 eV) and Te" (BE=577.5eV), in
addition to a small amount of Te probably in the metallic phase
(BE=573.7eV), are clearly observed in the Mo-W bronzes (Fig. 5,
spectra b and c).

It has been reported that the amount of tellurium incorporated
in the framework of a TTB structure in Te-containing Mo-V-Nb-P
bronzes is relatively low, while the rest of tellurium in Te-rich
catalysts could favor the formation of amorphous regions in the

CPS

582 580 578 576 574 572

Binding energy (eV)

Fig. 5. X-ray photoelectron spectra corresponding of Te3d5/2: (a) MWO; (b) MW50;
(c) MW75; (d) MW100.
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Table 2
XPS results of Mo-W-based mixed oxides with TTB structure.

Catalyst Mo-W-Nb-V-Te atomic ratio Binding energy, eV
Bulk? SurfaceP Mo3d5/2 W4f7/2 Nb3d5/2 V2p3/2¢ Te3d5/2¢
MWO0 1.0-0.0-0.56-0.17-0.15 1.0-0.0-0.37-0.10-0.27 232.7eV - 206.76eV 516.4eV (63.2%) 576.5eV
517.2eV (36.7%)
MW50 0.55-0.45-0.63-0.18-0.06 0.65-0.35-0.37-0.15-0.52 232.4eV 35.2eV 207.0eV 516.3eV (71.6%) 577.1eV (26.2%)
517.8eV (28.3%) 576.1eV (64.8%)
573.9eV (8.9%)
MW75 0.36-0.64-0.53-0.24-0.07 0.50-0.50-0.45-0.28-0.31 232.4eV 35.2eV 207.0eV 516.3 eV (60.9%) 577.1eV (26.2%)
517.8eV (39.1%) 576.1eV (64.8%)
573.9eV (8.9%)
MW100 0.0-1.0-0.69-0.25-0.23 0.0-1.0-0.58-0.25-0.37 - 35.3eV 206.8 eV 516.4eV (26.3%) 576.2eV

517.4eV (73.7%)

2 Atomic composition as determined by ICP analysis.
b Atomic composition as determined by XPS.
¢ In parenthesis amount of each oxidation state.

TTB crystals mainly containing tellurium and molybdenum [12].
Therefore, Te/Mo ratio of 0.02-0.04 in the synthesis gel seems to
be the limit for an optimal incorporation of tellurium in frame-
work positions. However, the effective incorporation of tellurium
in Mo,W-containing catalysts could be a little different. Thus, it
is clear that a greater incorporation of tellurium on the catalyst
surface is favored in W-containing samples, the Mo-free catalysts
being the one presenting the highest Te/Mo ratio on the surface of
the catalysts.

3.2. Catalytic behavior

The catalytic performance of TTB-bronzes with different
W/(W +Mo) atomic ratio and a Te/(W+Mo) atomic ratio of 0.04
has been studied in the 320-400°C temperature range. Table 3
shows comparatively the catalytic results achieved at 380°C. In all
cases, acrolein, acrylic acid (only at high olefin conversion), carbon
monoxide and carbon dioxide have been the main reaction prod-
ucts, although acetic acid, acetone and acetaldehyde have also been
detected as minority products.

The incorporation of tungsten in the molybdate-based struc-
ture has a strong influence on their catalytic performance in olefin
partial oxidation. In this sense, the W-free material (MWO) shows
high selectivity to partial oxidation products (acrolein+acrylic
acid, above 90%), although with low propene conversion. How-
ever, when considering the surface area of catalysts, W-free sample
seems to be the most active catalyst. In fact the specific catalytic
activity (in 10* molcz h=! m~2) decreases when increasing the W-
content in the catalyst (Table 3). This is consistent with the fact
that Mo species are involved in the selective activation of propene
[29,30].

Partial substitution of molybdenum by tungsten up to
W/(W+Mo) molar ratio of 0.50 favors an important increase
in the propene conversion with no significant decrease of the
selectivity to partial oxidation products, i.e. acrolein +acrylic acid
(Fig. 6A). Nevertheless, for higher contents in tungsten, both, cat-
alytic activity and selectivity to partial oxidation products decrease.
Accordingly, the surface area of catalysts and the Mo-content on the
surface of catalysts are key aspects to explain the variation of the
propene conversion with the Mo/W ratio.

As can be observed in Fig. 6A the selectivity to partial oxidation
products at low propene conversions is high for all MoW-catalysts
especially for those rich in molybdenum. However, when increas-
ing the conversion of propene up to 50% the selectivity hardly
decreases for the Mo-rich catalysts whereas an important decrease
is observed in those catalysts with the highest W-content, i.e.
MW75 and MW100. Therefore it can be concluded that an excess

of tungsten leads to the overoxidation of acrolein and acrylic acid
to carbon oxides.

In parallel, the selectivity to acrylic acid varies also similarly
with W substitution. Fig. 6B plots the variation of propene conver-
sion and selectivity to partial oxidation products over the MW50
sample. For low propene conversion, only acrolein is produced but,
for conversion values above 40% a significant quantity of acrylic
acid is obtained by secondary oxidation of the aldehyde. Therefore,
it is known that Mo-W-V mixed oxides, with a M5014-like phase
[5], are industrially used as catalysts for the partial oxidation of
acrolein into acrylic acid.

In any case, the selectivity to acrolein +acrylic acid keeps above
85% in the whole range of conversion studied. It is also noticeable
thata similar behavior has been observed by Holmbergetal.[18,19]
for the ammoxidation of propene to acrylonitrile, in which par-
tial substitution of Mo by W in the M2-phase catalyst improved its
catalytic behavior in propene oxidation.

It is well known that molybdates show better catalytic per-
formance in the olefin partial oxidation than tungstates, due to
the different reducibility observed in their corresponding actives
sites [31]. However, other aspects must be considered in the
case of mixed oxides of both elements (Mo and W). At this
point, the complexity inherent to the multicomponent system,
i.e., Mo-W-Nb-V-P-Te-0 makes extremely difficult to carry out a
rationalization of the catalytic behavior, as already done in binary
oxides [32]. It can be reasoned that the effect of W substitution is
mostly structural, rather than electronic (i.e., a significant quantity
of W must be introduced to produce the effect), which is in agree-
ment with the observed XRD patterns and the reports of FTIR and
Raman spectroscopy obtained for the W-containing materials. In
this sense, dilution of Mo-sites in the TTB structure could resultin a
positive effect of site isolation [33-35]. Nevertheless, the improve-
ment in the yield to partial oxidation products observed in the
sample with atomic ratio Mo:W =1 is much better than expected.
In this case, it has been suggested that for certain range of compo-
sitions a synergic effect may be observed when Mo and W they are
present in the TTB structure [10,18,19]. Moreover, as commented,
the reduction of crystallite dimensions related to the incorporation
of tungsten favors an increase in the catalyst surface that also favor
a greater number of active sites on the catalyst surface.

Besides this, the incorporation of tellurium into the bronze
framework is crucial to achieve high performance in the olefin par-
tial oxidation [12]. Here, Te**-sites are responsible of the olefin
selective activation, whereas Mo=0 double bonds and, but to a
lesser extent, W=0 double bonds promote the O-insertion in the
hydrocarbon. The role of V- and Nb-sites is still to be confirmed,
although it seems to be proved that they have no direct catalytic
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Table 3

Selective oxidation of propylene over Mo-W-based mixed oxides with TTB structure?.
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Sample Conversion (%) Selectivity (%) Specific catalytic activity (x10* molcz h=! m=2)P
Acrolein Acrylic acid Acetaldehyde Acetone co CO;
MWO 223 91.7 1.6 1.0 2.8 1.5 14 2.03
MW25 34.6 86.7 2.3 1.0 2.0 4.7 3.2 1.26
MW40 353 70.3 10.8 1.0 2.0 10.5 54 143
MW45 37.5 78.0 8.8 0.9 1.7 6.7 3.9 1.00
MW50 62.3 79.3 10.9 0.7 1.0 5.2 2.2 1.70
MW?75 533 44.2 9.8 0.8 0.7 31.0 135 1.26
MW100 36.4 65.7 2.4 0.9 1.0 223 7.7 0.69

2 Reaction condition: 380 °C, C3~/0,/He/H,0 molar ratio of 1.5/6.0/77.5/15 and contact time, W/F, of 550 gc,t h (molcs3)~!.

b Specific catalytic activity for propene conversion at 380 °C.
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Fig. 6. Selective oxidation of propene over MoW-catalysts: (A) variation of the selectivity to partial oxidation products (i.e. acrolein and/or acrylic acid) with W/(W +Mo)
ratio at a propene conversion of 20% (Il ) or 50% (0); (B) variation of the selective to acrolein (¢), acrylic acid (O), and the sum thereof (A ) achieved during the partial
oxidation of propene over sample MW50 in the 360-400°C reaction temperature range. Reaction conditions as in Table 3.

function in the activation of propene [18]. Therefore, it has been
observed that the V/Mo and Nb/Mo surface atomic ratio increases
when increasing the W-content of catalysts, while the catalytic
activity shows an opposite trend.

Finally, it has been noticed that Te®* in addition to Te** have
been observed in samples containing both Mo and W, which show
also the highest Te/Mo surface atomic ratios. Although the origin of
the presence of tellurium with different oxidation state is not clear,
it could be related to the formation of small islands of amorphous
materials in the TTB crystals, detected in Te,Mo-containing TTB cat-
alysts prepared with Te/Mo atomic ratio in the synthesis gels higher
than 0.04, which are inactive in propene oxidation [12]. According
to these results, it appears that the optimal tellurium incorporation
depends also on the Mo/W ratio in the catalysts. Thus, composition
must be tuned in order to improve the catalytic behavior of these
catalysts.

4. Conclusions

Mo-W-containing tetragonal tungsten bronzes (TTB) can be
synthesized by hydrothermal treatment of an aqueous solution
of phosphomolybdic and phosphotungstic acids, vanadyl sulfate,
niobium oxalate and telluric acid and further calcination of the
obtained solid at 700°C in N».

In the TTB structure, W can substitute Mo in the whole range
up to complete replacement without the basic structure being
changed. Nevertheless, due to the slightly larger Shannon ionic
ratio of W6*, the isomorphic substitution of Mo®* by W6* in the TTB
framework modifies the unit cell parameters. Crystal morphology
and size also vary with the incorporation of tungsten, producing

slightly smaller crystallites (from 1 to 2 pm in the W-free sample
to 300-400 nm in the Mo-free material).

In addition, the partial substitution of W in the Mo-containing
TTB structure can modify the incorporation of the rest of elements
as a consequence of the different ionic ratios and reducibility of Mo
and W atoms, which can facilitate in a different way the incorpora-
tion of V4*/V>* and Nb>*. This can also affect the incorporation of Te
atoms in framework positions as concluded from the XPS results.

However, the presence of W-containing oxoanions in the syn-
thesis gels seems to be beneficial for the textural properties of these
materials, favoring the achievement of higher surface areas. In any
case, Mo-sites seem to be directly involved in the activation of
propene, while W-sites are less active. Moreover, an systematic
study on the influence of catalyst composition on catalytic behav-
ior needs to be carried out in order to improve the formation of
acrolein and acrylic acid.
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