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Abstract

Mo 0o VxTep.20Nbg.160n (x = 0.35-0.50) mixed-metal oxide catalysts were synthesized through ultrasonic and hydrothermal treatments. Both
TeO, and HgTeOg were used as tellurium sources. The enhanced dispersion of TeO, by ultrasonic treatment is crucial for obtaining an active
and selective Mo—V-Te-Nb-O catalyst for acrylic acid (AA) formation from propane oxidation. The TeO;-derived Mo ooV xTeg.20Nbg.160x
(x =0.35-0.41) are superior to their HgTeOg-derived counterparts; propane conversion and AA selectivity over the Mo 0o V.41 Teg.20Nbg.160n
is 55% and 60 mol% at 380 °C, respectively, giving an AA formation rate of 22.3 umol g_1 min~!. Based on the physicochemical properties of
the catalysts, we propose that the ultrasonic treatment can give rise to (i) enhanced presence of the orthorhombic Tey M»0Os7 (M = Mo, V, Nb)
and hexagonal Te 33 M 03 33 (M = Mo, V, Nb) phases, (ii) surface enrichment of Te, (iii) enhanced reactivity of lattice oxygen, (iv) an increase
in Mo—-O-Te and V-O-Te entities, and (v) better isolation of active sites.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Due to the abundance and low cost of light alkanes, the se-
lective oxidation of methane, ethane, propane, and butane to
oxygenates has economic and environmental implications [1].
Acrylic acid (AA) is an important and versatile chemical used
in the fabrication of absorbents, detergent, adhesives, and poly-
mers [2]. The industrialized process for AA production involves
two separate steps: the oxidation of propylene to acrolein and
the oxidation of acrolein to AA. In view of the success in the di-
rect oxidation of n-butane to maleic anhydride [3], the one-step
oxidation of propane to AA has attracted increasing attention
in recent years. Various catalyst systems have been studied, in-
cluding vanadium phosphorus oxides (VPOs) [4,5], heteropoly-
acids (HPCs) [6-8], and mixed metal oxides (MMOs) [9-49].
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Despite the fact that VPOs have been successfully industrial-
ized in the oxidation of n-butane to maleic anhydride, the cat-
alysts are not as effective in propane partial oxidation, because
activation of the C—H bond of propane is more difficult than that
of n-butane. The performance of HPCs for propane conversion
to AA is unsatisfactory, and the poor thermal stability of HPCs
limits their applications at elevated temperatures. So far, the
catalyst systems considered the most likely candidates are the
MMOs, especially the Mo—V-Te(Sb)-Nb-O initially proposed
by Mitsubishi Chemicals for propane ammoxidation to acry-
lonitrile [10]. Nevertheless, significant variations in catalytic
performance have been observed over the MMOs with ap-
parently identical Mo—V-Te—Nb compositions, suggesting that
there are intrinsic alterations in catalyst nature with different
preparation approaches [11-17]. Catalyst structure and perfor-
mance also have been found to be very sensitive to preparation
history [11,12].

Among the various approaches, the hydrothermal method
has been frequently used for the synthesis of active and stable
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Bulk composition
(measured by ICP)

Surface composition
(measured by XPS)

1.00/0.25/0.27/0.37
1.00/0.29/0.27/0.37
1.00/0.31/0.28/0.39

1.00/0.28/0.27/0.37
1.00/0.32/0.28/0.38
1.00/0.32/0.25/0.35

1.00/0.13/0.60/0.21
1.00/0.14/0.53/0.24
1.00/0.19/0.39/0.15

1.00/0.15/0.56/0.24
1.00/0.16/0.48/0.24
1.00/0.16/0.45/0.18

Table 1
Nominal, bulk, and surface elemental compositions (Mo/V/Te/Nb atomic ratios) of catalysts
Catalyst? Nominal composition
(adopted in preparation)
Al Moy 00V0.35Tep.20Nbo.16
A2 Moy 00Vo.41Te.20Nbo.16
A3 Moy 00V0.50Teo.20Nbo.16
Bl Moy 00V0.35Te0.20Nbo. 16
B2 Moy 00Vo.41Te.20Nbo.16
B3 Moy 00V0.50Teo.20Nbo. 16

4 Al, A2, and A3 catalysts were prepared by using TeO, as Te source whereas B1, B2, and B3 catalysts were prepared by adopting Hg TeOg as Te source.

MMO catalysts [19-24]. In this article, we report the prepa-
ration of Moj 0oV xTeg20Nbg 160, (x = 0.35-0.50) via an im-
proved methodology, namely ultrasonic pretreatment of TeO;-
containing suspension or HgTeOg-containing solution before
the hydrothermal process. The generation as well as the per-
formance of these catalysts has been found to be reproducible.
The prepared catalysts were systematically characterized by in-
ductively coupled plasma-atomic emission spectrometry (ICP-
AES), X-ray diffraction (XRD), FT-IR, Raman, UV-vis dif-
fuse reflectance spectroscopy (UV-vis DRS), X-ray photoelec-
tron spectroscopy (XPS), high-resolution transmission electron
microscopy (HRTEM), H, temperature-programmed reduction
(H,-TPR), and NH3-calorimetric measurement. The aim of the
study is to explore the crucial parameters for catalyst fabrica-
tion that would affect the characteristics and, consequently, the
activity of the catalysts.

2. Experimental
2.1. Catalyst preparation

The raw materials were purchased from Aldrich Chemi-
cal Company, Ltd. and used without further treatment. For
the preparation of the Moj 0oV, Tep20Nbg.160, catalysts, the
typical preparation process is as follows: 4.50 g ammonium
paramolybdate was dissolved in 20 ml deionized (DI) water un-
der stirring at room temperature (RT) to form a solution; then
0.81 g of TeO, powder or 1.16 g of telluric acid was added.
According to the specific nominal elemental composition of a
sample, an appropriate amount of vanadyl sulfate (H,O con-
tent determined by TG measurement) was dissolved in 10 ml
of DI water at RT to form a deep-blue solution, which was
added dropwise into the aqueous Mo-Te mixture under stir-
ring. At the final stage, a solution of 1.83 g of ammonium
niobium oxalate dissolved in 20 ml of water was slowly added
into the above Mo—V-Te mixture. To achieve better interac-
tion of TeO; or telluric acid with the other component(s) in the
preparation medium, the Mo-Te mixture (before the addition
of vanadyl sulfate), as well as the as-generated mixture after
the addition of ammonium niobium oxalate, were subjected to
45 min of ultrasonic treatment (80 W at 40 kHz; KQ 2200 DE,
Kuen Shan Ultrasonic Instrument Co., Ltd., China). Then the
resulting mixture was hydrothermally treated at 175 °C for 72 h
in a Teflon-lined stainless steel autoclave. The solid thus ob-
tained was filtered out, rinsed with DI water, and dried at 80 °C

overnight to generate the “precursor,” which was activated in
a covered quartz crucible in an argon atmosphere at 600 °C
for 2 h. The resulting solid was ground, pressed, crushed, and
sieved to 20—40 mesh for use. Overall, six catalysts (Al, A2,
A3, Bl, B2, and B3) were prepared, as listed in Table 1. The
Al, A2, and A3 catalysts were prepared using TeO, as the Te
source, whereas the B1, B2, and B3 catalysts were prepared
using HgTeOg. The A2 and B3" catalysts were prepared sim-
ilarly to the A2 and B3 catalysts but without the ultrasonic
treatment.

2.2. Catalyst characterization

The as-prepared and used catalysts were characterized by
various techniques. The ICP-AES results were obtained on a
J-A1100 instrument. The specific surface (BET) area of the
samples was measured on a NOVA1200 apparatus with Nj
adsorption at 77 K. The phase composition of the samples
was identified by powder XRD using an X’ TRA X-ray dif-
fractometer (CuK « radiation) in the 26 range of 3°-60°. The
FT-IR spectra of the catalysts were recorded using a NEXUS-
870 FT-IR spectrometer at RT. The UV-vis diffuse reflectance
spectra were recorded at RT using a Shimadzu UV-2401PC
spectrometer, using barium sulfate as the reference compound.
The Raman spectra were collected over a Renishaw Raman
microscope with a laser source of 514 nm. XPS investigation
was performed on a VG ESCALAB MK II spectrometer using
MgK « radiation with a 12-kV high-voltage and a 20-mA emis-
sion current. The surface elemental composition was estimated
based on the corresponding peak areas normalized with refer-
ence to the Wagner factor database. The V 2p3/,, Mo 3ds/;, Nb
3dss,, Te 3ds/2, and O 1s binding energies (BEs) were calibrated
against the C 1s BE (284.6 eV) of the contaminant carbon.
The HRTEM images were obtained using an FEI Tecnai G* 20
S-twin transmission electron microscope. Hy-TPR was carried
out in the temperature range of RT to 800 °C. The sample was
reduced in a flow of 5% Hj/Ar (40 ml/min) at a heating rate
of 5 °C/min. NH3-calorimetric measurement was performed on
a Tian-Calvet heat-flux apparatus; the sample was degassed at
300 °C for 1 h before being exposed to ammonia.

2.3. Catalytic evaluation

Propane partial oxidation was carried out at atmospheric
pressure in a conventional fixed-bed Pyrex tubular reactor
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(8 mmi.d.) at 360—420 °C. The feed composition was C3Hg/O,/
H>O/He = 6/12/40/42 (volume ratio), and the total gas hourly
space velocity (GHSV) was 1500 ml/(h gcar). The reaction
products were analyzed by two online gas chromatographs
using a HP FFAP capillary column (0.32 mm x 25 m) for sepa-
ration of propane and oxygenates; a packed Alltech Hayesep D
column (100/120 mesh, 1/8’ x 4 m) for separation of O, (CO),
CO,, C5 and Cj3; and a packed S5A molecular sieve column
(80/100 mesh, 1/8’ x 2 m) for separation of O, and CO.

3. Results
3.1. Catalyst characterization

3.1.1. Bulk and surface composition

As shown in Table 1, the bulk (measured by ICP) and sur-
face (measured by XPS) elemental compositions differed from
the nominal values adopted for catalyst preparation. This sug-
gests that some of the constituent elements were lost (mostly
the Mo and V elements). The table also shows that the surfaces
were enriched with Te but depleted with V. It is noteworthy that
the Te enrichment on the surfaces of the catalysts prepared hy-
drothermally without ultrasonic pretreatment was insignificant.
We propose that ultrasonic treatment could enrich the surfaces
of the Mo 0o VxTep.20Nbp 160, catalysts with Te.

3.1.2. XRD

Two phases have been proposed to exist in the MMO-type
catalysts. The orthorhombic phase (denoted as M1) is respon-
sible for propane activation and propylene formation, whereas
the hexagonal phase (denoted as M2) is active and selective
for AA generation [17,25-27]. The XRD patterns (Fig. 1)
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Fig. 1. X-ray diffraction patterns of Mo 0o VxTeg 20Nbg.160x (x = 0.35-0.50)
catalysts. The A2t and B3* samples were prepared in a way similar to that of
A2 and B3 but without ultrasonic treatment. (@) Te; M>0O57 (M = Mo, V, Nb),
@) Teg33MO0333 (M = Mo, V, Nb), (V) MoO3/MoOy, (4) TeMosOje,
(@) (V, Nb)-substituted Mo5O14.

of the Moy 09V Teg.20Nbg.160,, catalysts exhibited major dif-
fraction peaks at 20 = 6.6°, 7.7°, 9.0°, 22.1°, 26.6°, 27.2°,
28.3°, and 45.2°, attributable to the orthorhombic Tey M¢Os57
(M = Mo, V, Nb) phase (M1) [28]. The peaks at 20 = 22.1°,
28.2°,36.2°,44.7°, and 50.0° can be ascribed to the hexagonal
Tep33MO333 (M = Mo, V, Nb) phase (M2) [30]. The cata-
lysts prepared with ultrasonic treatment demonstrated greater
amounts of the M2 phase (A2 vs A2" and B3 vs B3T). Further-
more, the diffraction peaks at 20 = 12.7°, 23.3°, 25.6°, 27.2°,
and 38.9° can be ascribed to the MoO3 (MoO, ) phase. The cat-
alysts prepared with ultrasonic treatment demonstrated smaller
amounts of the MoO3 (MoOQy) phase. In view of the complex-
ity of the XRD patterns, it is difficult to exclude the possibility
that minute amounts of the (V, Nb)-substituted MosO;4 and
TeMosO1¢ phases were present in the catalysts.

3.1.3. FT-IR

The FT-IR spectra of the catalysts are shown in Fig. 2.
The IR band in the range of 900-1000 cm™! is related to the
symmetric stretching vibration of the Mo=0O group. With an
increasing V content, the ca. 910 cm~! band decreased in inten-
sity. The characteristic bands (that at 990 cm ™! together with a
weak band at 818 cm™!) of Mo=0 vibration in free MoO3 [31]
were weak, suggesting a low amount of free MoO3 in the sam-
ples prepared with ultrasonic treatment. The bands in the 700—
900 cm~! region can be ascribed to the antisymmetric vibra-
tions of Mo—-O-M (M = Mo, Te, Nb). The band at 882 cm™!
declined in intensity with increasing V content as a result of Mo
substitution by V in Mo—O-M. The band at 636 cm™! is due to
the Te—O bond [32] and is hardly influenced by the change in
V content. In addition, the bands at ca. 590 and 455 cm™! can
be attributed to the V-O-M (M = Mo, V) species [14]. The
species detected by FT-IR are coincident with the phases ob-
served in XRD examination.

3.1.4. Raman and UV-vis DRS
Raman spectra provide information on the vibration prop-
erty and local structure of the MMO catalysts. Fig. 3 shows a
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Fig. 2. FT-IR spectra of Mo 9o VxTeg.20Nbg.160n (x = 0.35-0.50) catalysts.
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Fig. 3. Raman spectra of Mo goVxTeg20Nbg.160n (x = 0.35-0.50) catalysts.

broad band at ca. 875 cm™! attributable to the stretching mode
of bridging Mo—O-M bonds (M = Mo, V, and Nb) in polycrys-
talline MMOs [9]. The figure also shows that the 875-cm~!
band of the A2 and B3 samples were of higher intensity than
the A27 and B3" samples, respectively. The shoulder at ca.
920 cm~! is attributable to the MosOj4-type structure, and
the band at 985 cm™! can be ascribed to MoO3 or MoO, ox-
ide [33,34]. Compared with the A27 and B3" samples, the A2
and B3 samples exhibited a 985-cm™! band of lower intensity,
implying that the former contained greater amounts of MoO3 or
MoO, oxide. The results are in agreement with those of the IR
observations, in that the A2 and B3 samples had a low MoO3 or
MoO, content. The broad bands at ca. 970 and 818 cm™~! likely
are due to the V=0 and V-O-M (M = Mo, V and Nb) species,
respectively [31], and the presence of these two bands suggests
the possible existence of the (V, Nb)-substituted MosO14 enti-
ties.

UV-vis DRS is a useful technique for probing the elec-
tronic/coordination structure of MMOs. The broad band in
the range of 250-450 nm (Fig. 4) indicates the presence of
octahedrally coordinated Mot and V>* cations in the sam-
ples [20,21]. The significant band broadening of the A3 catalyst
implies the presence of structural distortion. The broad band
beyond 450 nm may be assigned to the Mo species with an ox-
idation state below +6 [35]. Asakura et al. [17] and Gaffney
et al. [18] have reported that the presence of the partially re-
duced Mo species is important for propane activation. Accord-
ing to the results of our previous electron spin resonance in-
vestigation (not shown here), the concentration of Mot in the
M1 and M2 phases can be enhanced by the applied ultrasonic
treatment.

3.1.5. XPS

We performed XPS analysis to determine the oxidation state
of the constituent elements of the freshly activated and used cat-
alysts. The results are summarized in Table 2. The Mo 3ds,; BE
was in the range of 232.3-232.6 eV, indicating that most of the
Mo species had an oxidation number of +6. (The 3ds, BE of
Mo’ T was 231.5 eV, whereas that of Mot was 232.6 eV [18].)

Mo®* in M1, M2 and
Octahedrally Coordinated (V, Nb)-Mo,O,,

6+ | 5+
Mo s V .
v

Absorbance (a.u.)

A1

300 400 500 600

Wavelength (nm)

Fig. 4. Diffuse reflectance UV-vis spectra of Mo 0o VxTeg20Nbg.160n (x =
0.35-0.50) catalysts.

Table 2
Mo 3dsp, V 2p3p, Te 3ds/n, Nb 3dsp, and O Is binding energies (eV) of
catalysts

Catalyst Mo 3dsp V 2p3p Te 3dspp Nb 3ds/ O1ls

Al 232.5 516.4 576.2 206.7 530.2
A2 232.6 516.6 576.3 206.8 530.4
A2*2 232.5 516.2 576.3 206.9 530.3
A3 232.6 516.4 576.3 206.8 530.3
Bl 232.5 516.2 576.2 206.6 530.2
B2 232.6 516.5 576.2 206.8 530.3
B3 232.3 516.2 576.0 206.5 530.2
B3*4 2324 5159 576.0 206.7 530.2

4 A2* and B3* are used A2 and B3 catalysts, respectively.

The 3ds» BE of Te in all of the samples was ca. 576.2 eV,
whereas that of Te in H¢TeOg was ca. 577.3 eV [36], suggest-
ing that the oxidation number of the Te species was essentially
+4. It also was found that the oxidation state of the Te con-
stituent (retained as +4) was independent of the Te source used
for catalyst fabrication. Janssen reported that high-temperature
calcination of sample in an inert atmosphere could result in a
change of the Te oxidation state from 46 to +4 [37]. We envis-
age that Te® could convert to Te** when the precursors were
activated in static argon at 600 °C. The 3ds/> BE of the Nb com-
ponent of ca. 206.6 eV indicates an oxidation state of +5 [38].
The V 2p3,» BE of the MMO catalysts of 516-517 eV suggests
an oxidation state of 5. No significant change in the BE of the
elements was seen before and after reaction (A2 vs A2* and
B3 vs B3*), indicating that the oxidation states of the elements
were essentially retained during the reaction.

3.1.6. H-TPR

Fig. 5 shows the H»-TPR profiles of the samples. One broad
peak in the range of 460—530 °C can be observed, due to the re-
duction of Mo®+, V3 and Te** species. It is known that the
Mo®* and V37 are reduced more easily in MMO solid solution
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Fig. 5. Hy-TPR profiles of Mo 0o VxTeg20Nbg.160n (x = 0.35-0.50) cata-
lysts.
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Fig. 6. HRTEM images of (a) A2 and (b) B3 catalysts. (The inset is the selected
area electron diffraction pattern of sample B3.)

than in pure MoO3 and V05 [39]. The A2 sample exhibited
the greatest reducibility of lattice oxygen, whereas A3 was the
most difficult sample to reduce. The relatively higher temper-
ature reduction peak of the A2 sample implies that ultrasonic
treatment could result in the catalyst with enhanced reactivity
of lattice oxygen. The change in reduction behavior was not ap-
parent across the B-serial catalysts. The results demonstrate that
when TeO, was used as the Te source, changing the V content
had a significant effect on both the reactivity and reducibility of
lattice oxygen, whereas this was not the case for the HgTeOg-
derived catalysts.

3.1.7. HRTEM

The size and morphology of the MMO catalysts were ex-
amined by HRTEM; representative results for the A2 and B3
catalysts are shown in Fig. 6. Fig. 6a shows prism morphol-
ogy with particle dimensions of several hundreds of nanome-
ters; such prism-like morphology is commonly observed over
the A and B serial catalysts. To enhance catalyst activity, Os-
hikara et al. [15] used grinding of activated catalyst to enlarge
the cross-sectional exposure of prism particles. The adoption of
ultrasonic treatment in catalyst preparation resulted in signif-
icantly reduced catalyst dimensions and enhanced exposure of
the active planes. The HRTEM image and selected area electron

Fig. 7. Differential adsorption heat of NH3 versus coverage over catalysts A2,
A2, B3, and B3".

diffraction pattern of the B3 sample (Fig. 6b) reveal that the dis-
tance between the two neighboring atomic planes was 0.4 nm,
in agreement with the d-value of the M1 phase as well as that
of the M2 or Mos50O14 phase. Because the catalysts are domi-
nated by the M1 and M2 phases, the planes of Fig. 6b belong to
either the M1 or M2 phase.

3.1.8. NHj3-calorimetric measurement

Surface acidity is known to affect the catalytic performance
of MMO catalysts in propane partial oxidation [31]. Calorimet-
ric measurement of the NH3 probe was performed to monitor
the surface acidity of the fabricated catalysts; results for cata-
lysts A2, A27, B3, and B3" are shown in Fig. 7. It can be seen
that the initial adsorption heat of the A2 and B3 samples was
lower than that of A2T and B3T; in other words, A2 and B3 had
a lower surface acidity than A2" and B3". On the other hand,
because the NH3 molecules can enter the empty channels of the
M1 phase at high NH3 coverage, the measured NH3 coverage
may reflect the amount of M1 phase in the samples. Accord-
ingly, the A2 catalyst appears to have the highest M1 phase
content in terms of the corresponding NH3 coverage.

3.2. Catalytic activity

Table 3 presents the propane conversion and product distri-
bution over the catalysts at 380 °C. The major products were
AA, propylene, acetic acid, and carbon oxides (CO,), similar
to those detected by other researchers over this type of cata-
lyst [14]. In terms of catalytic performance, A2 was the best
among the TeO,-derived MMO catalysts, whereas B3 was the
best among the HgTeOg-derived catalysts. Among all of the
catalysts, A2 was the most active and B37 the least active (Ta-
ble 3). Compared with the A2 and B3 catalysts, the A2 and B3
catalysts prepared without ultrasonic treatment showed lower
propane conversion and higher selectivity to propylene. These
findings can be interpreted to indicate that the ultrasonic treat-
ment enhanced the presence of the M2 phase at the expense of
the MoO3 (MoO, ) phase in the A2 and B3 catalysts.
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Table 3
Reaction performance over catalysts at 380 °C?
Catalyst BET Conversion Selectivity (mol%) AA yield Rate of AA
(m?/g) (%) AA ACRP AcOH® C3Hg Co, (mol%) (umol g~ min~)

Al 5.2 37.2 65.2 0.1 1.7 7.4 25.6 24.2 16.2
A2 7.1 55.7 59.9 0.3 3.0 7.9 29.0 334 22.3
A2td 32 29.7 65.9 0.5 5.0 12.4 16.2 19.6 13.2
A3 42 33.9 59.8 0.6 6.8 10.1 22.8 20.2 13.5
Bl 5.6 09 38.7 0.2 2.6 14.4 44.1 16.6 11.2
B2 6.1 56.3 43.8 0.2 2.9 6.8 46.3 24.7 16.5
B3 7.0 51.0 54.3 0.1 3.6 5.9 36.2 27.7 185
B37d 6.4 422 32.1 0.8 34 15.6 48.1 13.5 9.0

@ Feed composition was C3Hg/Oy/steam/He = 6/12/40/42 (v/v/v/v) with W/F = 249 g4 h (mol C3H8)_1.

b ACR: acrolein.

¢ AcOH: acetic acid.

d A27 [49] and B3T were prepared in a way similar to that of A2 and B3 but without ultrasonic treatment.

In the current study, we adopted a feed composition of 40

C3Hg/O,/H,O/He = 6/12/40/42 (volume ratio). The presence
of water is known to play an important role in propane par- 351 A
tial oxidation and can facilitate the formation of AA [40,41]. A R ]
Novakova et al. pointed out that water vapor enhances the for- E 301
mation of oxygenates by sustaining the active sites in a partially % o o
reduced state [23]. The presence of steam causes a decline in E 254 B
propane conversion but an increase in AA selectivity by re- K
straining CO, formation. We have found that a 40 vol% of 5 2.0 o
steam provides optimal performance. Table 3 shows that the
yield of AA over the A or B serial catalysts appears to be cor- 154
related with the catalysts’ specific surface areas. The findings
demonstrate that ultrasonic pretreatment can enhance a cata- 10 I——S
lyst’s surface area by reducing the particle size; this is also 0.06 0.07 0.08 0.09 0.10 0.11

supported by the results of HRTEM observation (Fig. 6). There-
fore, the catalytic activity of A2 was much greater than that of
A2" on the basis of per unit mass of catalyst, a finding that is
meaningful for practical applications. On the other hand, the
catalytic activity on the basis of per unit surface area of cata-
lyst appeared to be rather similar across the A-serial catalysts,
with that of A2 lying between that of Al and A3. These find-
ings suggest that the number of active sites is not proportional
to the increase in surface area. In terms of turnover rate of
AA (TORaR), the A-serial catalysts were more active than the
B-serial catalysts (Fig. 8). Moreover, the A-serial catalysts ex-
hibited similar activity when the surface V/(Mo + V + Te +
Nb) ratio was varied from 0.065 to 0.11, whereas the B-serial
catalysts showed a significant increase in activity when the sur-
face V/(Mo + V + Te + Nb) ratio was changed from 0.077 to
0.085 (Fig. 8).

Figs. 9 and 10 show that propane conversion over A2 first in-
creased from 41 to 70% as the temperature was raised from 360
to 400 °C, then declined slightly to 68% at 420°C. In a tem-
perature range of 360-420 °C, the selectivity of CO, increased
from 14 to 78%, whereas that of AA declined from 66 to 12%.
In the meantime, the selectivity of propylene decreased gradu-
ally, and that of acetic acid remained low. Fig. 10 shows that
an AA yield of 33.4 mol% could be achieved over the A2 cata-
lyst at 380 °C. Above 400 °C, the deep oxidation of propylene
and oxygenated compounds became dominant, and the selec-
tivity of AA, propylene, and acetic acid declined. As shown in

Surface V/(Mo+V+Te+Nb) (mole ratio)

Fig. 8. TORA versus surface V/(Mo + V + Te + Nb) mole ratio across the A
and B serial catalysts.
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Fig. 9. Temperature dependence of catalyst performance of A2. GHSV = 1500
ml/(h gcat), feed composition: C3Hg/O>/HoO/He = 6/12/40/42 (volume ratio).

Fig. 11, the used (ca. 40 h of running) and unused A2 catalysts
display similar XRD patterns. The Mo 09V xTeo20Nbo.1605
catalysts prepared by adopting the ultrasonic and hydrothermal
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Fig. 10. Yield of AA, COy, and C3Hg versus reaction temperature over cata-
lyst A2. GHSV = 1500 ml/(h gcat), C3Hg/O2/HO/He = 6/12/40/42 (volume
ratio).
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Fig. 11. XRD patterns of the A2 catalyst acquired before and after reaction.

treatments are structurally stable. Fig. 12 plots the selectivity
of the main products with respect to propane conversion over
the A2 catalyst. The figure shows decreasing selectivity to AA
and propylene with increasing propane conversion, due to CO,
formation.

4. Discussion
4.1. Phase composition

The elemental constitution, phase composition, redox prop-
erty, and surface acidity of the MMO catalysts have been found
to be sensitive to the method of catalyst fabrication. Previous
studies [17,25] demonstrated that catalyst performance can be
related to the M1 and M2 phases. As reported by Ueda et al.,
hexagonal, pentagonal and heptagonal channels are present in
the M1 phase; the Te species are located in the distorted hexago-
nal channels, and the niobium species are accommodated in the
pentagonal bipyramids of MO; (M = Mo, V) [43,44]. In the
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Fig. 12. Product distribution versus propane conversion over catalyst A2.

M2 phase, the hexagonal channels are occupied by tellurium
species. The stoichiometry of the orthorhombic and hexago-
nal phases is Te; M20Os57 and Teg 33 M Op33 (M = Mo, V, Nb),
respectively. The synergism effect between the M1 and M2
phases was suggested by Ushikubo et al. [25] and further stud-
ied by Baca et al. [27]. Millet et al. proposed the tellurite en-
tities of trigonal bipyramid (TeO4E) in the hexagonal phase
and the distorted trigonal pyramid (TeO3E) in the orthorhombic
phase [28], and the hexagonal phase (M2) is considered to be
the tellurium reservoir for the M1 phase [29]. The Te; M2¢Os57
phase is vital for the oxidative activation of propane to propy-
lene, and the Tep33M O3 33 phase, containing higher concen-
trations of Te**, plays an important role in the conversion of
propylene to AA. A synergism of thoroughly mixed M1 and
M2 in microscale (<5 pm) contact also was proposed by Gras-
selli [45]. In an active and selective MMO catalyst, the M1
and M2 phases are usually dominant, whereas the (V, Nb)-
substituted MosOp4 and MoO3 phases are minor. The results
of the present study reveal that with the application of ultra-
sonic treatment, the formation of the M1 and particularly the
M2 phase was enhanced at the expense of the MoO3/MoO,
phase, and the TeO;-derived Mo—V-Te—-Nb catalyst can out-
perform the HgTeOg-derived one. This finding has never been
reported until now.

4.2. Reaction mechanism and effect of ultrasonic treatment

Vitry et al. [46] pointed out that the AA formation rate in
propane partial oxidation is first order in propane and is al-
most independent of O partial pressure. They suggested that
the activation and cleavage of the propane C—H bond is a rate-
determining step. Scheme 1 depicts the reaction network of
propane oxidation as illustrated by Botella et al. [14]. AA is
generated through the acrolein intermediate while acetic acid
is produced via acetone. In both cases, propylene is the inter-
mediate of acrolein and acetone generation. Grasselli et al. [47]
suggested that (i) propane is activated and converted to propy-
lene on the V-sites (V7T=0 2 V*4t-0*), (ii) the oxidation of
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Scheme 1. Reaction network for the propane partial oxidation over Mo—V-Te—
(Nb) catalysts [14].

propylene occurs on the Mo/Te sites, and (iii) the oxidation of
acrolein to AA occurs on the Mo/Nb sites [48]. The function of
the Te** sites for the abstraction of an allylic hydrogen (a-H)
from propylene was first proposed by Millet et al. [28] and
Grasselli [45], whereas that of Mo®* sites for oxygen-insertion
into the r-allylic intermediates was suggested by Grasselli [45].
Application of ultrasonic treatment in catalyst fabrication en-
hanced the dispersion of the Te constituent and, consequently,
the presence of Te on the surface (Table 1); such a situation is
considered beneficial for AA formation.

As suggested by Grasselli [45], the overoxidation of prod-
ucts on MMO catalysts can be suppressed by having the active
sites spatially isolated by the Nb species. According to Ueda
et al. [43,44], the NDb species can promote rapid desorption of
the desired products so as to prevent further oxidation. The
ultrasonic treatment adopted after the addition of Nb during
catalyst fabrication can enhance the interaction of Nb with the
other constituents, leading to increased site isolation. In addi-
tion, the enhanced dispersion of Nb species also can lead to
shorter prism particles (Fig. 6a) and better exposure of the ac-
tive (100) plane [27,31,49]. Guliants et al. [22] measured the
consumption rate of propane and the formation rate of propy-
lene and AA, and found that these rates were dependent on the
surface concentration of V rather than on that of Mo and Te
(as determined by low-energy ion scattering). We observed that
within a certain range of overall surface V concentration (as
determined by XPS), the TORp increased with a rise in sur-
face V content over the HgTeOg-derived catalysts, whereas the
TORaA remained almost unchanged over the TeO,-derived cat-
alysts (Fig. 8). Védrine et al. suggested that the acid sites of
medium strength in high density are responsible for good cat-
alytic performance [31]. The results of NH3 calorimetric mea-
surement revealed that catalysts A2 and B3 displayed surface
acidity of relatively milder strength (Fig. 7). Clearly, catalyst
surface acidity can be modified by changing the Mo and Te con-
stituents, and catalyst activity and selectivity can be improved
by enhancing the number of V>*-sites of the V-O—Mo and V-
O-Te entities.

The results of Lopez Nieto et al. [20] and Botella et al. [21]
on catalyst fabrication suggest that HgTeOg is superior to TeO;
in the generation of Mo—V-Te—Nb catalysts for propane partial
oxidation to AA. Our data reiterate that finding (see the results
for the A2T catalyst in Table 3). Nevertheless, we have demon-
strated that with ultrasonic pretreatment, TeO can be a suitable
Te source for fabricating Mo—V-Te—NDb catalysts. The enhanced
TeO, dispersion in a preparation medium can have a positive ef-
fect on (i) the precipitation of constituents during hydrothermal
process, (ii) the elemental and phase composition of a catalyst,
(iii) the dispersion of Te and Nb species, and (iv) the interaction

of Nb species with Te—-Mo and Te—V entities. It is notewor-
thy that the effectiveness of the ultrasonic treatment can vary
among catalysts with different elemental compositions.

5. Conclusion

To summarize, we fabricated the Mo—V-Te-Nb MMOs us-
ing TeO; and He¢TeOg as Te sources through ultrasonic and
hydrothermal treatments. The results demonstrate that the use
of TeO» in catalyst preparation can be successful by enhanc-
ing the dispersion of TeO; in the preparation medium, and
that the TeO,-derived Mo—V-Te—Nb catalyst can be superior
to the H¢TeOg-derived counterpart in the partial oxidation of
propane to AA. Over the TeO,-derived A2 catalyst, an AA yield
of 33.4 mol% and AA formation rate of 22.3 pmol g~ min~!
were recorded at 380 °C, which is comparable to the perfor-
mance of the best MMO catalysts reported in the literature. The
results of characterization show that the improved dispersion
of TeO, in preparation media can result in (i) enhanced pres-
ence of the orthorhombic Te, My0Os7 (M = Mo, V, Nb) and
hexagonal Teg33M 0333 (M = Mo, V, Nb) phases, (ii) surface
enrichment of Te, (iii) increase in Mo—O-Te and V-O-Te enti-
ties, and (iv) better site isolation due to enhanced dispersion of
Nb species. The redox and surface acidic properties of the cata-
lysts fabricated with ultrasonic treatment also were found to be
beneficial for the generation of AA.
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