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Te-free and Te-containing multicomponent Mo-based catalysts presenting tetragonal tungsten bronze
(TTB) structure have been prepared, characterized and tested for the selective oxidation of propene.
The catalysts were prepared hydrothermally and heat treated at 700 °C. The structural characterization
performed by means of XRD, FTIR, SAED and HRTEM confirms the incorporation of tellurium to the
TTB structural framework and shows that its presence does not modify in essence the crystalline struc-
ture. However, the incorporation of Te strongly modifies the catalytic performance, and the highest yield
to acrolein has been achieved on catalysts with Te/Mo atomic ratios in bulk of 0.03. The XPS results indi-
cate a Te enrichment on the catalyst surface in all the studied catalysts, suggesting important modifica-
tions of the surface in Te-containing catalysts. In this way, tellurium atoms seem to be a key element in
the selective oxidative activation of olefin.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Mo-based bronzes have been proposed as constituents of
important catalytic systems active and selective for the (amm)oxi-
dation of propane to acrylonitrile/acrylic acid [1-3] or in the oxida-
tive dehydrogenation of ethane to ethylene [4,5], which are
processes of high interest from an industrial point of view. These
materials are characterized by the presence of at least two crystal-
line phases [1-14]: (i) the orthorhombic X;M5¢057 (M = Mo, V, Nb;
X =Te, Sb) isostructural with Csy(Nb,W)s014 [10-12] and (ii) the
pseudo-orthorhombic Xg33MO533 (M = Mo, V, Nb; X =Te, Sb) HTB
(hexagonal tungsten bronze)-type oxide [12,13]. Moreover, the
chemical composition and the catalytic behaviour of these crystal-
line phases strongly depend on the catalyst preparation procedure
[14].

The synthesis of Mo-V-Y-0 (Y = Te, Sb, Al, Fe, Cr, Ti), which are
active catalysts in selective oxidation of short chain alkanes, is of
special interest. Both Nb-free and Nb-containing mixed oxides
are generally obtained from ammonium heptamolybdate as well
as Anderson-type heteropolymolybdates, although the Te-precur-
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sor compound and composition are key factors for the synthesis
of active and selective catalysts [6-11].

It has been recently proposed that Nb-V-X-Y-O mixed oxides
(X=Mo, W; Y =Te, Sb, Bi) that are prepared hydrothermally from
Keggin-type heteropolyoxometallates and heated in oxygen-free
atmosphere transform into tetragonal tungsten bronze-type phase
and are active and selective in partial oxidation of olefins [15,16].

In this context, the crystal chemistry of the binary system
Nb,0s5/WO3 has been extensively studied, and significant struc-
tural variations are found by changing the oxygen/metal (O/M)
ratio. Structure types derived from the tetragonal tungsten bronze,
where MOg octahedra are corner linked to give five-membered
rings arranged around square tunnels, are formed in the composi-
tion range 2.67 < O/M < 2.9 [17,18] (see Fig. 1). Compositional vari-
ations can be accommodated by filling of a certain portion of the
pentagonal tunnels with metal-oxygen chains (preferentially by
niobium atoms) leading to a pentagonal bipyramidal coordination
of the corresponding metal cation. The MO; polyhedra so formed
share the equatorial edges with five octahedra. Infinite strings of
these units connected along the perpendicular direction form the
so-called pentagonal columns (PCs). The systematic occupation of
four of twelve pentagonal tunnels gives rise to the threefold
TTB superstructure of NbgWgO4; (the so-called 4:9 phase,
O/M=2.76), which is thermodynamically favoured in the
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Fig. 1. Schematic representation of the structural skeleton of the TTB-type
structure projected on the ab plane. Blue polyhedra correspond to the [001]
projected MO6 octahedra (M =Mo, Nb, V) of the TTB framework. The ordered
occupation of the pentagonal tunnels following the pattern resembled by the
yellow spheres gives rise to the threefold superstructure whose unit cell has been
outlined in the figure together with the basic structure.

above-mentioned composition range [19]. The corresponding unit
cell has been outlined in comparison with that of the TTB substruc-
ture in Fig. 1. For compositions different that O/M = 2.76, short-
range ordered structures are formed related to the distribution of
filled PC elements [20-24].

In the present contribution, we report the catalytic behaviour
for propene oxidation of Mo-Nb-V TTB-type oxides prepared
hydrothermally from Keggin-type heteropolyoxometallates. The
microstructural aspects of the obtained oxides are analyzed taking
into account the parallelism with the Nb,Os/WO5 system. The cat-
alysts’ activity dramatically changes with the incorporation of Te
atoms in the structural framework. The nature of the active and
selective sites, the importance of the cationic distribution and
the role of the catalyst structure on the catalytic performance hill
be discussed.

2. Experimental
2.1. Catalyst synthesis

The catalysts have been prepared by hydrothermal synthesis
from gels containing H3PMo;,040(Aldrich), vanadyl sulphate (Al-
drich), niobium oxalate (CBMM) and telluric acid (Aldrich) [15].
The resulting gels with a Mo/Nb/V/P/Te atomic ratio of 1/0.17/
0.20/0.08/x (x=0 to 0.24) were incorporated to a Teflon-lined,
stainless steel autoclave and heated at 175 °C for 48 h. The solid
so obtained was filtered off, washed and dried at 80 °C for 16 h. Fi-
nally, the samples were heated at 700 °C in flowing N, for 2 h. For
calcination temperatures below 700 °C, pseudocrystalline materi-
als were always obtained (see Section 3). Catalysts were named
as Cn-Tx, where n is related to the Te/Mo atomic ratio in the syn-
thesis gel and x is related to the heating temperature (i.e. C1-T7
corresponds to a sample with a Te/Mo atomic ratio of 0.01 calcined
at 700 °C). A Te-free sample (CO-T7) is also included. The main
characteristics of the catalysts are summarized in Table 1.

In order to compare the catalytic activity, a MoVTeNbO mixed
oxide with the so-called M2 phase, i.e. a pseudo-orthorhombic

Tep33MO333 (with M =Mo, V and Nb), is prepared according to
the catalyst preparation procedure reported previously [25]. This
catalyst is named as CAT-M2.

2.2. Catalyst characterization

Bulk composition of both hydrothermal and heated samples
was determined by inductive coupled plasma (ICP). Average chem-
ical composition of the heated samples was also determined by X-
ray energy dispersive spectroscopy (XEDS) analysis performed on a
JEOL JSM 6300 scanning electron microscope equipped with a LINK
ISIS system. The quantitative analysis was performed with the
SEMQUANT program, which introduces the ZAF correction.

Powder X-ray diffraction (XRD) patterns were collected using
an Enraf Nonius FR590 sealed tube diffractometer, with a mono-
chromatic CuKy; source operating at 40 kV and 30 mA. XRD pat-
terns were calibrated against a silicon standard and phases were
identified by matching experimental patterns to the JCPDS powder
diffraction file (reference number 80-02136) of BasNbs0;s.

Samples for transmission electron microscopy were ultrasoni-
cally dispersed in n-butanol and were transferred to carbon-coated
copper grids. Selected area electron diffraction (SAED) and high-
resolution transmission electron microscopy (HRTEM) were per-
formed on a JEOL JEM300FEG electron microscope. The microscope
is equipped with an ISIS 300 X-ray microanalysis system (Oxford
Instruments) with a LINK “Pentafet” detector which has been used
to analyze the chemical composition of the crystal phases by
means of crystal by crystal XEDS microanalysis.

Infrared spectra were recorded at room temperature in the 300
to 3900 cm™! region with a Nicolet 205xB spectrophotometer,
equipped with a Data Station, at a spectral resolution of 1 cm™!
and accumulations of 128 scans.

X-ray photoelectron spectra were collected using a Physical
Electronics PHI 5700 spectrometer with a non monochromatic
MgKa radiation (300 W, 15 kV, 1253.6 eV) for the analysis of pho-
toelectronic signals of C 1s, O 1s, Mo 3d, Nb 3d, V 2p, P 2p and Te 3d
and with a multi-channel detector. Spectra of powder samples
were recorded with the constant pass energy values at 29.35 eV,
using a 720 um diameter analysis area. Under these conditions,
the Au 4f7), line was recorded with 1.16 eV FWHM at a binding en-
ergy of 84.0 eV. The spectrometer energy scale was calibrated by
using the Cu 2ps3p, Ag 3ds;; and Au 4f;, photoelectron lines at
932.7, 368.3 and 84.0 eV, respectively. During data processing of
the XPS spectra, binding energy values were referenced to the C
1s peak (284.8 eV) from the adventitious contamination layer.
The PHI ACCESS ESCA-V6.0 F software package was used for acqui-
sition and data analysis. A Shirley-type background was subtracted
from the signals. Recorded spectra were always fitted using Gauss—
Lorentz curves, in order to determine the binding energy of the dif-
ferent element core levels more accurately. The error in BE was
estimated to be ca. 0.1 eV. Short acquisition time of 10 min was
used to examine C 1s and V 2p regions in order to avoid, as much
as possible, photoreduction of V>* species. Satellite subtraction was
always performed to study the V 2p region.

Diffuse Reflectance (DR) UV-vis spectra were collected on a
Cary 5 equipped with a ‘Praying Mantis’ attachment from Harric.
Reference compounds, such as V5,05, MgV,0g, VOSO4, TeO,, MoO3
and TeMosO;, have been used [26].

The surface areas of the catalysts were measured on a Microm-
eritics ASAP 2000 instrument by adsorption of krypton.

2.3. Catalytic experiments
Catalytic tests in propene oxidation have been undertaken using

a fixed-bed laboratory microreactor, at atmospheric pressure, in the
temperature range 360 to 380 °C. The feed corresponds to a mixture
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Characteristics of Mo-based catalyst.
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Catalyst Te/Mo ratio (gel)* Temperature (°C)° Mo/Nb/V/P/Te atomic ratio

Bulk® XPS Crystal by Crystal ¢
CO-T7 0 700 1/0.48/0.16/0.11/0 1/0.42/0.13/0.07/0 1/0.52/0.1/0.05/0
C1-T7 0.01 700 1/0.39/0.19/0.08/0.01 1/0.40/0.19/0.06/0.04 1/0.55/012/0.08/0.04
C2-T7 0.02 700 1/0.39/0.19/0.08/0.02 nd
C3-T7 0.03 700 1/0.39/0.19/0.08/0.03 nd
C4-T7 0.04 700 1/0.42/0.16/0.08/0.15 1/0.22/0.13/0.05/0.41
C8-T7 0.08 700 1/0.44/0.15/0.08/0.23 1/0.28/0.14/0.05/0.66 1/0.54/013/0.08/0.04
C17-T7 0.17 700 1/0.44/0.15/0.08/0.40 nd 1/0.53/011/0.08/0.05
C8-T5 0.08 500 1/0.44/0.15/0.08/0.27 nd
C8-T6 0.08 600 1/0.44/0.15/0.08/0.27 nd
CAT-M2°¢ 0.58 600 1/0.18/0.8/0/0.58 nd

4 Te/Mo ratio in the synthesis gel in Mo/Nb/V/P/Te ratio of 1/0.17/0.20/0.08/x (x =0 to 0.17).

Calcination temperature.

Atomic composition was done by XEDS.

As determined by microanalysis XEDS nd = not determined.
Data from Ref. [25].

b
d
consisting of C3Hg/O,/He/H,0 (with a molar ratio of 1.5/6.0/77.5/
15) and a total flow of 25 to 50 ml min~'. Reactants and reaction
products were analyzed online by gas chromatography using two

different columns: (i) Molecular Sieve 5A and Porapak Q [14]. The
carbon balance was estimated with an accuracy of +3%.

3. Results and discussion
3.1. Catalyst characterization

Table 1 presents a summary of the characteristics of the cata-
lysts. After heating, dark-brown to purple powders with very low
surface area (about 5.0 m? g~ ') were obtained.

Fig. 2 shows the powder XRD patterns of representative cata-
lysts. In the case of samples heated at 700 °C (diagrams a-d), dif-
fraction patterns can be assigned to the unit cell of the TTB
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structure (JCPDS file No. 80-02136) with approximate parameters
12.1 x 12.1 x 4 A. Although diffraction maxima match with those
of a basic TTB unit cell, the relative intensities are closer to the rel-
ative intensity of reflections in the ordered M;;04; phase. How-
ever, superstructure reflections appearing in the low angle zone
(6°<20<12°) are not visible, indicating that certain extra order
in respect to the TTB must occur but only in short extension. The
XRD patterns of Te-free and Te-containing samples calcined at
500 °C and 600 °C have also been included for comparison (pat-
terns ay, a,, ¢; and ¢y). It is important to mention that no apprecia-
ble differences are observed in the unit cell parameters of Te-free
and Te-containing samples. This is not surprising since tellurium
atoms, when present, must be located in the tunnels of the struc-
ture and, also, the TTB framework is quite rigid and presents a con-
stant chemical composition for all samples (see Table 1).
Pseudocrystalline materials were always obtained for samples
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Fig. 2. XRD patterns of catalysts heated at 700 °C: (a) CO-T7; (b) C2-T7; (c) C8-T7; (d) C17-T7. Miller index on pattern has been assigned on the basis of the basic TTB
structure. The Mog4,65Vo.35014 impurity phase has been marked with an asterisk on patterns c and d. XRD patterns of samples heated at 500 (CO-T5 and C8-T5) and 600 °C (CO-
T6 and C8-T6) have also been included for comparison (a1) CO-T5; (a2) CO-T6; (c1) C8-T5; (c2) C8-T6.
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heated at lower temperatures (Fig. 2, patterns ay, o, ¢; and ¢;). The
impurity phase Mo45Vo35014 is formed in a certain extension for
increasing tellurium concentration and it has been marked in the
corresponding patterns when observed (diagrams c and d).

In order to correlate chemical composition and crystal struc-
ture, the microstructure of materials heat treated at 700 °C was
further analyzed by transmission electron microscopy. The chemi-
cal composition of the crystalline phases was determined in the
transmission electron microscope by means of crystal by crystal
XEDS microanalysis.

Fig. 3 corresponds to the low magnification high-resolution
micrograph of a crystal of the C4-T7 catalyst. As observed for this
catalyst but in the same way for the whole series, crystals appear
to be constituted by big crystalline areas intergrown with amor-
phous regions. While the amorphous regions can be hardly found
in crystals with low tellurium content (C1-T7 and C2-T7), they
are easily observed for growing tellurium concentration in the
sample (C4-T7 to C17-T7). From the microanalysis performed, it
is shown that crystalline areas always give a very similar atomic
ratio, independently of the nominal composition of the catalyst
(see Table 1). Amorphous regions are mainly constituted by tellu-

Fig. 3. High-resolution micrograph of an island growth type crystal oriented along
[001]rrg. Amorphous and crystalline areas are shown together with their corre-
sponding XEDS spectra.

rium and molybdenum, and the amount of these amorphous areas
clearly increases when the nominal tellurium content of the cata-
lyst increases. Typical XEDS spectra of both areas have been in-
cluded in Fig. 3.

Fig. 4a resembles the electron diffraction pattern of a crystal of
the catalyst C4-T7. The pattern corresponds to the [001] projection
of the TTB structure, but in addition to the main reflections of the
TTB-type substructure diffuse scattering appears centred around
them, which might be indicative of short-range order. Its shape
is almost circular with radii r* ~ 0.33a;y; and it is specially streak-
ing along [110J; and [~110];; directions. The corresponding
HREM image is shown in Fig. 4b. Although regular contrast related
to the TTB-type framework can be observed in the whole area,
which is responsible for the 1.2 nm measured periodicity along
[100]rrg and [010]rre, additional irregular contrast can be appre-
ciated at a first glance.

As mentioned in the introduction, short-range ordered struc-
tures are formed in the Nb,Os/WO5 system depending on the dis-
tribution of filled PC elements. Application of theoretical models is
well established and has satisfactorily explained the order-disor-
der situations of atom strings in ternary Nb-W oxides [21-23].
In these systems, the crystals give diffraction patterns exhibiting
well-defined curves of diffuse intensity passing through the posi-
tions of the diffraction spots due to the long-range order state.
As an example, the electron diffraction patterns of Nb;W;¢0475
(O/M = 2.79) present diffuse scattering located on circles of two
different radii: r ~ 0.33a}; and r ~ 0.4a}; [24]. The former is re-
lated to the threefold TTB superstructure of the composition
Nb,05:W03:4:9 (NbgWyg047), and the latter, previously observed
for the compositions Nb,O5:WOs of 3:8 and 17:48 [21-23], is asso-
ciated with the ordered structure of NbgWgOsg.

NbgWg047-type structure represents a very stable phase in the
Nb,05-WO5 system, whose formation is also favoured for other
compositions by keeping the oxygen/metal ratio 47:17 (O/
M =2.76). The solid solution series Nbg_,Wg.,047 (1 <n < 5) has
been prepared by the substitution of 2Nb>* by Nb*" (or W*") and
W¢* leading to oxides M;7047 (M=Mo, W) with mixed valence
and varying the Nb:W ratio [27]. The threefold superstructure of
TTB is maintained, which is the pentagonal bipyramidal site pref-
erentially occupied by niobium [28].

Providing our experimental observations, a clear correspon-
dence between the structural features observed in the reciprocal
lattice of the samples under study and those of the Nb,O5/WO3
system can be established. In this sense and according to the cor-
responding electron diffraction pattern on Fig. 4a, contrast in the
image of Fig. 4b can be interpreted as coming from a disordered
distribution of filled PC in a well-ordered basic TTB framework
which is now constituted by niobium, molybdenum and vanadium.
Order at the short-range can also be clearly appreciated when
observing the image contrast in Fig. 3. In spite of the low magnifi-
cation and the crystal thickness, small fringes of 10 to 20 nm with
the periodicity of the threefold superstructure of M;7047 can be
measured in the two perpendicular directions, showing a lack of
long-range order.

The fact that in our materials only short-range ordered struc-
tures derived from the TTB-type cell are observed indicates that
the ratio of the atomic components is not adequate to obtain the
threefold superstructure of the 4:9 phase. The atomic distribution
in the ordered 4:9 phase leads to a Nbpc/(Mo + Nb)skeleton (in Which
Nbpc is the number of Nb atoms in PC) ratio of 0.133. The total
atomic Nb/Mo ratio is 0.88. As previously mentioned, TTB-type
crystalline areas of the crystals of our catalysts series present a
roughly constant atomic composition (~57% Mo, ~30% to 33%
Nb, ~6% to 8% V and 1.5% to 3%) for all the investigated samples
(see Table 1). It is important to note that although nominal tellu-
rium content markedly varies from one sample to the other, it
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Fig. 4. (a) Selected Area Electron Diffraction (SAED) pattern corresponding to a crystal of the catalyst C4-T7. Reciprocal directions refer to the basic TTB unit cell ([001]
projection). (b) High-resolution electron micrograph of a crystal of the C4-T7 catalyst projected on the [001]rg zone axis, showing the irregular contrast coming from the
disordered distribution of filled pentagonal tunnels. The corresponding Fourier transform has been included.

seems to enter in the structure in a regular atomic percentage. The
fact that XEDS microanalysis shows a constant Te content in the
crystalline areas, whatever the nominal Te content is, can be taken
as a demonstration of the incorporation of tellurium into the TTB
framework. Otherwise, distribution of tellurium on the surface of
the crystals should be observed, when occurred, in the TEM images
either if it is in the form of TeO, or as an amorphous phase. Another
experimental evidence that may support that tellurium is in the
bulk of the structure is the fact that when crystals are thin enough
crystal surface begins to show the formation of small balls of sub-
limated tellurium atoms. This fact probes by one side that tellu-
rium, when present on the crystal surface, can be viewed by TEM
and by other side that tellurium evolves from the bulk of the crys-
tals. Although these results provide evidence that Te is part of the
structure, the total incorporation of Te in the framework of the TTB
structure is still not absolutely confirmed.

We can assume that molybdenum and vanadium atoms are
preferentially placed in the MOg octahedra because of their smaller
cationic size. Niobium must contribute to the skeleton formation
as well, a certain amount being distributed in the pentagonal col-
umns. From the above-mentioned considerations, and taking into
account that Nb/(Mo + V) ratio is 0.49, it can be noticed that there
is some niobium deficiency that probably hinders the long-range
ordered distribution of filled pentagonal columns. In addition, tel-
lurium must compete with the niobium atoms in the occupancy of
the tunnels.

Moreover, and although crystals of catalyst CO-T7 do not con-
tain the amorphous areas, we have not found structural differences
between the crystalline zones of samples containing tellurium and
those without tellurium.

Infrared spectra of catalysts heat treated at 700 °C are presented
in Fig. 5. The Te-free sample shows broad bands at 885, 752, 630
and 528 cm™!, in addition to a shoulder at 991 cm™! (Fig. 5a).
According to the previous results reported for Mo-containing
bronzes [25], the low-frequency signal is related to isolated oxo-
molybdenum species, i.e. terminal Mo = O stretching vibrations,
while the high-frequency bands are related to Mo-0-Y (Y = Mo,
V, Nb) bridge vibrations. The appearance of broad bands can be re-
lated to an important heterogeneity in the Mo-O-Y bridges in Mo-
based bronzes [29-31].

The same features can be observed in the spectra corresponding
to Te-containing samples (Fig. 5, spectra b—e), therefore indicating
that the average crystalline structure is not modified by the incor-

poration of tellurium atoms. However, since the IR spectra of
amorphous and crystalline TeO, show bands at 665 or 665 and

885 752
63

A_ A\,
/\V\—&\\:«
//v\{\;

Wavenumber (cm™)

Fig. 5. FTIR spectra of catalysts: (a) CO-T7; (b) C2-T7; (c) C4-T7; (d) C8-T7 and (e)
C17-T7.
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774 cm~![31,32], respectively, the absence of TeO, cannot be com-
pletely ruled out.

Fig. 6 shows the IR spectra of Te-free (Fig. 6, spectra a to c) and
Te-containing samples (Fig. 6, spectra d to f) heat treated at 500,
600 and 700 °C. Although the same bands are apparently observed
in all cases, the width of the band at 881 cm ! decreases (maybe by
the disappearance of a second band at ca. 920 cm™!) when the
heating temperature increases. Since the high-frequency bands
can be related to Mo=0 double bond stretching vibrations [29-
31], it can be proposed that pseudoamorphous samples present
slightly different Mo-sites than those observed in well-crystallized
catalysts. However, the Mo-0O-Y vibrations seem to be very similar
in both pseudoamorphous and TTB-type phases. Moreover, the
band at 1113 cm™! in Fig. 6 is related to P-O-P stretching modes
of the PO, tetrahedra [33].

Fig. 7 shows the DR UV-vis spectra of catalysts. Two different
regions at 200 to 450 and 500 to 700 nm can be analyzed. The spec-
tra show a great similarity to those previously reported for MoTe-
VNbO catalysts constituted by the orthorhombic M1 and the
pseudohexagonal M2 phases, respectively [26], as well as for other
Mo-containing bronzes [29-31]. Bands observed in the 500 to
750 nm range are related to the presence of Mo and V in oxidation
states lower than 6+ and 5+, respectively, but the assignment of
bands in the 200 to 450 nm range is a difficult task because the sig-
nals of many species converge, i.e. Mo(VI) (250 to 400 nm)
[31,34,35], V(V) (250 to 450 nm) [33,36], Te(IV) (250 to 300 nm)
[26] and Nb(V) (235 to 310 nm) [37]. On the other hand, the max-
imum about 550 to 600 nm corresponds to the presence of Mo>*
[31,35,38], although the exact position strongly depends on the
Mo(VI)/Mo(V) ratio. This band can overlap with bands in the range
620 to 750 nm due to the presence of V#* [36]. In spite of the dif-
ficulties of a precise assignment, we can conclude that Mo®*, V#*,
Te** and Nb>" are mainly present in our catalysts. The intensity ra-
tio between the broad band observed in the 500 to 800 nm range
and the band observed in the 200 to 450 nm range in Te-free sam-
ple (Fig. 7, spectrum a) is lower than that observed in Te-contain-
ing catalysts (Fig. 7, spectra b-d), suggesting a higher average
oxidation state for Mo and V species in the Te-free catalyst.

The bulk and surface elemental compositions are presented in
Table 1. For comparison, the variation of the Te/Mo atomic ratio
in the bulk and surface is shown in Fig. 8. A surface Te enrichment
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Fig. 7. DR UV-vis spectra of catalysts: (a) CO-T7; (b) C2-T7; (c) C4-T7; (d) C8-T and
(e) C17-T7.

is observed for samples with high Te loading suggesting a partial
deposition of Te on the catalyst surface. This could be due to the
formation of an amorphous Te-enriched phase when the amount
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Fig. 6. FTIR spectra of catalysts: (a) CO-T5; (b) CO-T6; (c) CO-T7; (d) C8-T5; (e) C8-T6 and (f) C8-T7.
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0.8

Te/Mo in surface-XPS

0.0 0.1 0.2 0.3 0.4
Te/Mo in bulk-EDX

Fig. 8. Surface vs bulk Te/Mo ratio as determined, respectively, by XPS and EDX
analyses (solid line). See the deviation from theoretical coincident Te/Mo ratios in
surface and bulk (dashed line).

of Te exceeds the Te/Mo ratio needed to incorporate Te in the TTB
structure.

The XPS results of some catalysts are shown in Table 2. Well-re-
solved Mo 3dsj3, Nb 3ds),, V 2p3p, P 2p and Te 3ds, XPS bands
whose intensities depend on the chemical composition have been
observed (Fig. 9). The Mo 3d core-level spectra of catalysts show
that the binding energy of the Mo 3ds, is similar for all the sam-
ples (232.6 to 232.9 eV). The observed differences in the binding
energies are not significant and are slightly higher than that of
pristine MoOs (232.5eV). Since the binding energy of MoOs is
232.5 eV, while Mo®>* cations are observed at 232.0 eV [39], the re-
sults of Table 2 suggest the main presence of Mo®" on the catalyst
surface. In the same way, the Nb 3d and V 2p core-level spectra of
the catalysts are similar, presenting Nb 3ds;, and V 2p3, binding
energies at ca. 206.9 to 207.2 eV and 516.7 to 516.9 eV, respec-
tively (Table 2), and suggesting the main presence of Nb>* [40]
and V>* [41,42] ions at the surface. No significant variations of their
corresponding peak widths were observed in both Te-free and Te-
containing samples.

The Te 3d core-level spectra of the catalysts indicate that the
binding energy of the Te 3ds; changes from 576.9 to 576.4 eV.
Since the B.E. corresponding to Te** is 576.2 eV, in HgTeOg it is ob-
served at 577.3 eV [43,44], we must conclude the presence of
Te**ions on the surface of these catalysts. On the other hand, the
binding energy of the P 2p photoemission corresponds to the pres-
ence of P>* [43], and decreases with the incorporation of Te** from
134.0 to 133.5 eV (Table 2).

3.2. Propene oxidation on Te-containing catalysts

Table 3 shows the catalytic data for the oxidation of propene.
For comparison, the catalytic results obtained over MoVTeNbO
mixed metal oxides, constituted by pure M2 phase, have also been
included. Acrolein, acrylic acid (at high olefin conversions), carbon

monoxide and carbon dioxide have been the main reaction prod-
ucts on TTB-based catalysts, although acetic acid, acetone and acet-
aldehyde have also been obtained as minor products. In addition,
the Te-free catalyst yields only traces of acrolein, whereas Te-con-
taining samples can reach selectivity to acrolein higher than 90%
(Table 4).

Fig. 10 plots the variation with the tellurium content of (i) the
propene conversion and (ii) the selectivity to partial oxidation
products (acrolein + acrylic acid at isoconversion conditions, i.e.
40%) obtained during the propene oxidation at 380 °C over the
TTB-based catalysts. It can be seen that both the propene conver-
sion and the areal rate of propene oxidation decrease when the
Te/Mo atomic ratio in catalysts increases with Te/Mo ratios higher
than 0.02 (Table 3). In an opposite trend, the selectivity to partial
oxidation products, i.e. acrolein and acrylic acid, initially increases
with the Te content until a Te/Mo ratio in bulk of 0.03. For higher
Te contents no appreciable changes in the selectivity to partial oxi-
dation products are observed.

Fig. 11 shows the variation of the yield to partial oxidation
products (acrolein and acrylic acid) with the Te content of cata-
lysts. The value initially increases and a maximum is reached at
a bulk Te/Mo atomic ratio of 0.03. At higher Te loadings, the yield
to acrolein drops due to the decrease in the propylene conversion.
We must indicate that a rate of formation of acrolein per unit of
mass and unit of time (STY) of ca. 40 g,,, h™' kg_} has been
achieved at 380 °C over sample C3-T7, which is higher to that
achieved over the catalyst presenting M2-phase, i.e. CAT-2
(Table 1).

It has been observed that the incorporation of tellurium in
molybdate-based catalysts has a strong influence on their catalytic
performance in olefin partial oxidation [45,46]. This has been ex-
plained by both the creation of allylic abstraction sites (mainly re-
lated to the presence of Te sites) and the modification of Mo=0
double bonds [12,14,25,45-50]. A similar explanation can be pro-
posed in the case of TTB-based catalysts with Te/Mo ratios in bulk
lower than 0.03.

However, other aspects must be considered in the case of cata-
lysts with higher Te/Mo contents. At this point, the complexity
inherent to the multicomponent system, i.e. Mo—Nb-V-P-Te-0,
makes extremely difficult to carry out a rationalization of the cat-
alytic behaviour, as already done in binary oxides [51]. In this way,
synergism due to a cooperation between phases should also be
considered [51-55].

Nevertheless, and according to the structural characterization
(HREM), it can be said that the lower propene conversion and the
yield of acrolein observed over catalysts with higher Te content
are explained by the increasing presence of the amorphous Te-en-
riched phase (which is also related to the Te enrichment of the cat-
alyst surface as suggested from the XPS results). At this point, we
must indicate that Te-Mo mixed oxides are active and selective
in the oxidation of propylene to acrolein in excess of Mo [56], while
Te-rich Te-Mo-0 mixed oxides present a very low catalytic activ-
ity in propylene oxidation [57]. For this reason, since Te-rich cata-
lysts present a lower amount of active phase per weight of catalyst,
the amorphous areas observed by TEM in our catalysts should have

Table 2

Binding energy of Mo, Nb, V, P, Te and O XPS for TTB catalysts.

Catalyst Mo 3ds, (eV) Nb 3ds); (eV) V 2ps3, (eV)? P 2p (eV) Te 3ds)> (eV) 0 1s (eV)
CO-T7 232.9 207.2 516.9 (1.88) 134.0 - 530.6
C1-T7 232.6 206.9 516.9 (2.01) 133.4 576.4 530.4
C4-17 232.7 206.9 516.8 (1.88) 133.5 576.5 530.4
C8-T7 232.9 207.2 516.7 (2.00) 133.5 576.8 530.8

¢ The FWHM for V 2p;, peak is given in parenthesis.
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Fig. 9. Photoelectron spectra corresponding to the main transitions (Mo 3d, Nb 3d, V 2p, P 2p and Te 3d) of TTB catalysts: (a) CO-T7; (b) C1-T7; (c) C4-T7 and (d) C8-T7.

Table 3

Selective oxidation of propylene over Mo-based catalysts.?

Catalyst Te/Mo in bulk® Conversion (%) Selectivity (%) STYC Areal rated?
Acrolein Acrylic acid Acetaldehyde Acetone AcOH co CO,

CO-T7 0 57.8 22 0.9 13 1.5 19.4 56.4 18.2 1.9 8.9
C1-T7 0.01 55.1 6.1 1.0 0.8 14 13.2 56.7 20.8 4.0 8.8
C2-T7 0.02 58.7 52.3 1.1 22 2.0 1.1 28.7 12.5 323 9.0
C3-T7 0.03 43.7 89.0 3.2 1.0 0.2 0.9 3.8 1.8 39.7 6.9
C4-T7 0.15 22.3 91.7 1.6 1.0 2.8 t 1.5 1.4 21.5 3.5
C8-T7 0.23 17.8 91.2 t 14 3.5 t 23 1.6 16.7 29
C17-T7 0.40 14.0 92.3 t 0.9 1.9 t 1.5 3.5 133 2.3
CAT-M2f 0.58 9.7 8.6 69.5 0.3 6.5 1.9 6.5 6.0 10.1¢ -

3 Reaction conditions: 380 °C, C; /O, /He/H,0 molar ratio of 1.5/6/77.5/15 and contact time, W/F, of 543 g.,, h (molc3)~".

b Bulk Te/Mo atomic ratio in catalyst.

¢ Rate of formation of acrolein at 380 °C per unit mass of catalyst, STY, in g, h! kgc’;t

9 Catalytic activity of propane oxidation normalized per surface area, in 10° 8C,He h'm2.

© Rate of formation of acrylic acid at 380 °C per unit mass of catalyst, STY, in gy, h™' kg

f MoVTeNb mixed oxide catalyst with M2 phase prepared as in Ref. [25].
Table 4
Influence of the heating temperature of catalysts on their catalytic performance in partial propylene oxidation.
Catalyst Heating temperature (°C) Crystalline phase (XRD)* WIF (in g, h (molc3)’1 ® Conv. (%)° Selectivity (%)

Acrolein Acrylic acid co CO, Others?

C8-T7 700 TTB phase 1876 435 81.5 11.6 2.7 1.7 24
C8-T6 600 Pseudoamorphous 136 37.1 1.6 84.5 7.7 4.3 1.9
C8-T5 500 Pseudoamorphous 72 40.2 1.0 81.8 8.6 6.1 2.4

¢ A pseudoamorphous material, presenting a XRD peak at 20 = 22.0°, is observed in samples heat treated at 500 or 600 °C.
b Different contact times, W/F in ge. h (molcs)~", have been used to give a propene conversion of ca. 40%.

¢ Reaction conditions: 380 °C, C3 /O, /He/H,0 molar ratio of 1.5/6/77.5/15.
94 Acetic acid and acetone.
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Fig. 10. Influence of the Te/Mo atomic ratio of the catalysts on the propylene
conversion (a) and on the selectivity to acrolein +acrylic acid (b). Reaction
temperature 380 °C; W/F = 540 g, h (molcs)~ .
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Fig. 11. Influence of the Te/Mo atomic ratio of the catalysts on the yield to partial
oxidation products (acrolein and acrylic acid) obtained during the propylene
oxidation at 380 °C on TTB-based catalysts. Reaction conditions as in Fig. 10.

a negative influence in the catalytic activity of catalysts with high
Te/Mo ratios.

Fig. 12 shows the evolution of the selectivity to the main reac-
tion products (acrolein, acrylic acid, CO and CO,) with the propyl-
ene conversion for some selected catalysts. It can be observed that
the formation of acrylic acid begins to be important at olefin con-
versions over 40%. This behaviour is different from that observed
over catalyst CAT-M2 in which a high selectivity to acrylic acid is
also observed at low propene conversion. Thus, acrolein is favoured
in TTB-based catalysts, while acrylic acid is more favoured over

HTB-like structures as in CAT-M2 sample suggesting a strong influ-
ence of the crystalline structure on both the nature and the selec-
tivity of partial oxidation products.

The above-mentioned results are in agreement with those
achieved on other Mo-based bronzes with orthorhombic (OTB)
[9-14] or hexagonal (HTB) structures [25] in which Te plays a
key role in the activation of olefins. Accordingly, the synthesis of
new Mo-containing bronzes can be a way to improve the catalytic
performance in alkane and olefin partial oxidation. The catalyst
structure seems to be a key factor in both hydrocarbon activation
and the nature of reaction products. Thus, OTB structure (with hep-
tagonal, hexagonal and pentagonal channels) is active in alkane
oxidation [9-12,14], while HTB (with hexagonal channels)
[14,25] and TTB (with pentagonal channels) are only active in ole-
fin oxidation.

On the other hand, the chemical composition of the catalysts
seems to be also of high influence on catalytic behaviour, although
the particular role of each element is not clear. MoVTeNbO cata-
lysts with HTB structure are very selective in the oxidation of pro-
pene to acrylic acid, while MoVTeO catalysts are only selective in
the oxidation of propene to acrolein [39].

In a first approach, one could conclude the importance of Nb>*
sites in the formation of acrylic acid. However, although the impor-
tance of the presence of Nb in the selectivity to acrylic acid has
been proposed on catalysts with OTB structure [47,48,52], Nb-free
catalysts also present a relative high selectivity to acrylic acid dur-
ing the oxidation of propane or propene [49,50]. Therefore, other
aspects should be considered in order to explain the high selectiv-
ity to acrolein (and the low formation of acrylic acid) in the case of
Nb-containing catalysts with a TTB structure.

3.3. The importance of the crystalline phase in catalytic performance

As it had been previously detailed, the formation of TTB-type
materials requires a heating temperature of 700 °C, whereas
pseudoamorphous materials are obtained at lower temperatures.
Table 4 shows the influence of the calcination temperature on
the catalytic behaviour for propene oxidation as well as the distri-
bution of the reaction products obtained over a representative Te-
containing catalyst, i.e. C8-T7. In this case, the contact time, W/F,
was varied in order to achieve similar propene conversions. It
can be seen that pseudoamorphous materials are more active than
the sample heat treated at 700 °C. Thus, C8-T7 catalyst is 10 to 15
times less reactive than that heated at 600 °C.

This behaviour is quite different from that observed over MoV-
TeNbO bronze catalysts with orthorhombic structure (OTB), in
which amorphous materials present a catalytic activity similar or
lower than those presenting OTB structure [5].

On the other hand, the partial oxidation products formed during
propene oxidation over these catalysts strongly depend on the
heating temperature. Thus, at the same propene conversion,
pseudoamorphous materials are very selective to acrylic acid,
while catalysts with TTB structure are very selective to acrolein.
It is noteworthy that selectivity towards the two partial oxidation
products, i.e. acrolein and acrylic acid, is slightly higher using the
TTB-type material than using the pseudoamorphous catalysts.
These results seem to indicate that the crystalline structure has a
strong influence on catalytic behaviour as it had been previously
suggested in the case of MoVTeNbO catalysts. It means that the
transformation of pseudoamorphous materials to the TTB-type
structure during the heating process step favours a blockage of
(i) the active sites for the partial oxidation of acrolein to acrylic
acid and (ii) some unselective sites to yield carbon oxides. How-
ever, alternatively, pseudoamorphous materials (which are not de-
tected in the case of catalyst heated at 700 °C) could play some role
in the formation of acrylic acid, as it has been recently suggested
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Fig. 12. Variation of the selectivity to acrolein (a) and acrylic acid (b) with the propene conversion obtained at 380 °C over TTB catalysts with different Te/Mo ratios. Catalyst:
CO-T7 (m); C2-T7 (A); C3-T7 (<>); C8-T7 (@). For comparison, the catalytic results achieved over CAT-M2 (A ) are also presented.

when working with catalysts with an orthorhombic structure [58].
We must indicate that active and selective catalysts for the selec-
tive oxidation of acrolein to acrylic acid are based in MoVW mixed
oxides with amorphous and (MoVW)s50,4-type crystals [59,60].
However, in an opposite trend, the presence of other elements,
such as tellurium, in amorphous materials (as occurs in Nb-free
M2-crystals [13]) can eliminate the consecutive oxidation of acro-
lein to acrylic acid. In this sense, it has been recently reported that
although crystalline M2 catalysts yield acrylic acid, their formation
of acrylic acid is drastically reduced if the M2 crystals are overlaid
with Te-molybdates [61].

On the other hand, and although no apparent structural role has
been found for tellurium atoms, the catalysts characterization per-
formed shows the importance of its presence in a certain
concentration.

4. Conclusions

In conclusion, Te-containing multicomponent catalysts present-
ing a tetragonal tungsten bronze (TTB) structure can be achieved
from solid prepared hydrothermally from an aqueous solution of
molybdophosphoric acid, vanadyl sulphate, niobium oxalate and
telluric acid and are finally heated to 700 °C in N,. However,
pseudocrystalline materials are formed when the solid prepared
hydrothermally is heated to 500 to 600 °C.

The characterization results of the catalysts indicate that the
presence of tellurium does not play a particular structural role in
the formation of TTB structure. However, the importance of its
presence in a certain concentration is evident . Thus, it has been
observed that this type of crystals appears in the form of crystalline
islands grown together with an amorphous matrix. The amorphous
regions increase when the Te content in the catalysts increases.

The catalytic performance of these catalysts strongly depends
on the Te content. The catalytic activity does not vary at Te/Mo ra-
tios in bulk lower than 0.03 but on catalysts with higher Te/Mo
contents it decreases when the Te content increases. In a different
way, the selectivity to acrolein increases up to a maximun of ca.
90% when the Te/Mo ratio increases in bulk up to ca. 0.03, but it
then remains constant for catalysts with higher Te contents. This
behaviour can be explained by the nature of Te species in the cat-
alysts. Te atoms seem to be initially incorporated in the framework
of the TTB structure up to a Te/Mo ratio in bulk close to 0.03, with
the remaining being allocated in a Te-rich amorphous matrix. In

this sense, the decrease in the catalytic activity in samples with
high Te/Mo ratio is explained by the presence of more or less amor-
phous matrix in the catalyst, considering the poor activity of Te-
rich mixed oxides. Since the higher propylene conversion is ob-
served in catalysts without Te, Mo-containing amorphous phase,
it can be concluded that TTB structure is active in the oxidation
of propene. However, the higher selectivity to acrolein is explained
by the modification of the active sites with the incorporation of Te
atoms in framework positions as it was also observed in Te-doped
metal molybdates.

On the other hand, high selectivity to acrolein is observed on
catalysts with TTB structure (samples heat treated at 700 °C), while
high selectivity to acrylic acid is observed for catalysts heat treated
at 500 to 600 °C. However, we must indicate that this behaviour is
also observed in other bronze-type catalysts. Thus, it had been pre-
viously reported that propene is selectively transformed into acro-
lein (Nb-free MoVTe mixed oxide with M2 phase) or acrylic acid
(over Mo-Te-V-Nb containing bronzes with orthorhombic or hex-
agonal structures). Thus, the different behaviours observed over
catalysts depending on the heating temperature can be related to
the catalyst structure. However, the appearance of Te, Mo-matrix
in catalysts with high Te content could hinder the consecutive oxi-
dation of acrolein to acrylic acid.
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