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Abstract

The catalytic behavior of the cesium salts of heteropolyacids with vanadium species substituted at the primary and/or secondary s
Keggin oxoanions was systematically studied for propane partial oxidation. The physicochemical properties of the samples were e
FTIR, UV–visible diffuse reflectance spectroscopy, XRD, and TPR techniques. The introduction of vanadium species to the primary
of heteropoly compounds (HPCs) resulted in enhanced catalytic activity; with time on stream, a small fraction of vanadium species
segregated from the oxoanion. When vanadium species was introduced to the secondary structure of HPCs, activity and selectivity
acid (AA) were notably enhanced. It is deduced that a small amount of vanadium species at the secondary structure of Keggin-type H
interact synergistically with the oxoanion and cesium entities, inducing a positive effect on propane oxidation to AA as a result. The hi
yield was observed over the H0.1Cs2.5(VO)0.2PMo12O40 catalyst. The effect of operation variables on catalyst performance was also invest
and it was found that the H0.1Cs2.5(VO)0.2PMo12O40 catalyst was efficient in both oxygen-rich and hydrocarbon-rich atmospheres, and th
presence of steam can considerably suppress the formation of carbon oxides.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Due to the unique acidic and redox properties of heterop
compounds (HPCs), these materials with Keggin structure
been intensively studied as oxidation catalysts for both het
geneous and homogeneous processes[1–3]. In heterogeneou
applications, HPCs have been widely used to catalyze the
idative dehydrogenation of alkanes, such as propane to pr
lene and ethane to ethylene[4,5]. Recently, HPCs have draw
increased attention as catalysts for one-step conversion o
alkanes into value-added oxygenated products, for exam
oxidation ofiso-butane to methacrylic acid (MAA)[6–8], oxi-
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dation ofn-butane to maleic anhydride[9,10], and partial oxi-
dation of propylene/propane to acrylic acid (AA)[11–17].

Three types of catalysts have been studied for the pro
tion of AA via one-step propane oxidation: HPCs, vanadyl
rophosphates (VPOs), and mixed metal oxides (MMOs).
common features of an active catalyst are the presenc
vanadium as well as appropriate redox and acidic charact
tics [18]. As for HPCs used in heterogeneous oxidation, va
dium is usually introduced into the oxoanions by replacing
or more of the molybdenum atoms. Centi et al.[19] reported
that the substituted framework of H5PMo10V2O40 showed rea-
sonable initial activity and selectivity, but the catalyst dea
vated quickly within 1.5 h due to decomposition of the oxo
ion Keggin structure. In heteropolyacids (HPAs), substitut
of proton with alkali and/or transition metal elements show
improved activity and thermal stability. Mizuno et al.[20] re-
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ported that 13% AA yield was obtained over an iron-contain
H1.26Cs2.5Fe0.08PMo11VO40 catalyst at 380◦C, and segrega
tion of vanadium entities from the oxoanion structure was
served at 500◦C. In another study, the H1.5Cs2.5PMo11VO40

catalyst produced only trace amounts of AA[21]. An AA yield
of 10.2% was reportedly achieved over molybdophosph
acid supported on a polyoxometallate salt with certain amo
of vanadium located in the secondary structure[22]. The pres-
ence of vanadium species also showed a notable impact o
partial oxidation ofn-butane. It has been generally recogniz
that HPCs lacking a vanadium component are rather inac
for n-butane oxidation[10].

It seems that it is important to clarify the role of van
dium species located in the primary and secondary struc
in alkane oxidation. Casarini et al.[9] studied the effect o
vanadium in the primary and secondary structures of HPA
n-butane oxidation. However, to date there has been no
port on the vanadium species existing in the primary an
secondary structure for propane oxidation, and no clear
umentation on the catalytic behavior of the related material
this study, we purposely introduced vanadium species into
primary (Keggin anion) and/or the secondary structure of
cesium salts of HPAs to investigate their behaviors in prop
partial oxidation.

2. Experimental

2.1. Catalyst preparation

The HPAs (AR grade) with or without vanadium substituti
at the primary structure were purchased from Inorganic Co
and Chemical, Japan, which verified the chemical compos
and stoichiometry of the samples. The received HPAs were
ther purified via ether extraction and water recrystallizati
The crystals were filtered out and dried at 50◦C overnight and
then left at 120◦C for 8–10 h. The dried solids were stor
in a desiccator for later use. The cesium salts of HPAs w
prepared via the reaction of purified HPAs with an appropr
amount of cesium carbonate in aqueous solution.

To introduce vanadium into the secondary structure of HP
an aqueous solution of VOCl2 was first prepared by reactin
V2O5 with an appropriate amount of hydrochloric acid at 70◦C
for 6 h. Then the resulting dark-blue solution was cooled
room temperature (RT) and diluted to 0.1 mol L−1 for use. All
HPC samples containing vanadium at the secondary stru
[(VO)2+ as the counter ions] were prepared by the precip
tion method. For example, the typical procedure for prep
ing H0.1Cs2.5(VO)0.2PMo12O40 was as follows: First, 3.0 g o
H3PMo12O40 was dissolved in 28 mL of distilled water at 50◦C
under stirring. Then 3.28 mL of aqueous solution of VOC2

(0.1 mol L−1) was added slowly, followed by 21.8 mL of aqu
ous solution of Cs2CO3 (0.15 mol L−1) added dropwise at a ra
of 1–2 mL min−1. The resulting suspension was evaporate
dryness at 50◦C, then kept at 120◦C in air for 8–10 h. The
resulting yellow powder was pressed, crushed, and sieve
20–40 mesh for use.
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2.2. Catalyst characterization

The freshly prepared samples, as well as a number o
lected used catalysts, were characterized by various techni
For the used samples, they were subject to reactions of
tinuous running in the temperature range of 350–430◦C for
>10 h at a feed composition of C3/O2/He (v/v/v)= 10/20/70.
FTIR spectra of the catalysts were obtained using a NEX
870 FTIR spectrometer at RT by the KBr method. Surface a
of the samples were measured by the BET method (N2 ad-
sorption) with an ASAP2000 instrument. Phase composi
of the samples were identified by powder X-ray diffracti
(Philips X’ Pert Pro, Cu-Kα radiation) in the 2θ range of 5–60◦.
UV–visible diffuse reflectance spectra were recorded at RT
ing a Shimadzu UV-2401PC UV–vis spectrometer with bari
sulfate as the reference sample. Temperature-programme
duction (TPR) was carried out in the temperature range
RT–1000◦C. The sample (50 mg) was reduced in a feed of
H2/N2 (40 mL min−1) at a heating rate of 5◦C min−1.

2.3. Reaction study

Propane oxidation was carried out under atmospheric p
sure in a conventional fixed-bed Pyrex tubular reactor (Φ =
6 mm) in a temperature range of 360–430◦C. The feed compo
sition was C3/O2/He (v/v/v)= 17/30/53 or C3/O2/He (v/v/v)=
10/20/70, and the gas hourly space velocity was 900 h−1. Be-
fore the reaction, 1 g of as-prepared catalyst was diluted
1 g of quartz chips to prevent the generation of hot spots
ing the reaction, then pretreated in N2 stream (60 mL min−1) at
300◦C for 1 h, to remove adsorbed water. The reactant
fed through a mass flow controller. The products were a
lyzed with an on-line gas chromatograph system using a
FFAP capillary column for propane and oxygenate separa
a packed Hayesep D HP column for O2(CO), CO2, C=

3 , and
C3 separation; and a packed 5A molecular sieve column fo2
and CO separation. The data were collected after the rea
had been stabilized at a desired temperature; the carbon
ance usually exceeded 92%.

3. Results and discussion

3.1. Characterization

3.1.1. FTIR spectroscopy
The HPC samples (free acids and cesium salts) ex

ited four characteristic IR bands at 1054–1064, 954–9
860–880, and 740–790 cm−1, attributable toνas P–Oi, νs Mo=Ot,
νs Mo–Ob–Mo, and νs Mo–Oc–Mo, respectively[9,21,23]. With a
V atom substituting for Mo in the primary structure of oxoa
ion, the P–O and Mo=O bands shifted toward lower wavenum
bers and shoulders appeared at 1080 and 996 cm−1, due to a
reduced structure symmetry[9,21].

Fig. 1 shows the IR spectra of the used catalysts. The
bands characteristic of Keggin oxoanions were essentially
tained for all of the samples, indicating that they were rather
ble under those reaction conditions. Note that a minor ban
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∼1033 cm−1 is observed over the H1.5Cs2.5PMo11VO40, H1.1

Cs2.5(VO)0.2PMo11VO40, and H0.5−2xCs2.5(VO)xPMo12O40

(x � 0.2) catalysts. Moreover, the bands (at∼1033 cm−1)
of H1.5Cs2.5PMo11VO40 and H1.1Cs2.5(VO)0.2PMo11VO40 are
more intense than the band of H0.5−2xCs2.5(VO)xPMo12O40

(x � 0.2). This minor band can be ascribed to the band
νV=O in free V2O5, indicating that a small fraction of V
species has segregated from the structure of the V-conta
HPCs [20]. Also note the changed IR spectra of the us
H1.5Cs2.5PMo11VO40 and H1.1Cs2.5(VO)0.2PMo11VO40 cata-
lysts. TheνP–OandνMo=O bands shifted slightly to∼1062 and
964 cm−1, close to the band of H0.5−2xCs2.5(VO)xPMo12O40

(x = 0–0.25), and the shoulders at 1080 and 996 cm−1 almost
disappeared, signifying the segregation of vanadium spe
from the primary structure of oxoanions, possibly as a resu
partial reduction/decomposition of Keggin structure during
reaction.

Fig. 1. Infrared spectra of the samples after reactions (feed compos
C3/O2/He (v/v/v) = 10/20/70; reaction temperature: 350–430◦C; time on
stream: >10 h). (a–e) H0.5−2xCs2.5(VO)xPMo12O40 (x = 0–0.25); (f)
H1.5Cs2.5PMo11VO40; (g) H1.1Cs2.5(VO)0.2PMo11VO40.
f

g

s
f

:

The foregoing observations suggest that the vanad
species can partially segregate from the structure of the ce
salts of HPCs during the reactions, and that the segreg
originates mainly from the primary structure. Similar pheno
enon has been observed over other Keggin-type HPCs d
propane oxidation[16,17,19,21]. It was found that the stability
of vanadium species in the oxoanion increased with incr
ing Cs+ substitution to protons in the secondary structure[17].
Accompanying the partial disintegration of oxoanion structu
some free molybdenum oxide species could have been for
However, because of the heavy overlapping of the IR ban
free molybdenum oxide with that of Mo species in oxoani
the former could have hardly been observed in IR invest
tions.

3.1.2. UV–visible diffuse reflectance spectroscopy
Fig. 2 shows the UV–visible diffuse reflectance spectra

the samples before (A) and after (B) reaction. In the fr
samples, the ligand-metal charge transfer (LMCT) band
Mo6+–O2− (in octahedral coordination) were observed at
280–370 nm. The band in the 700–900 nm range can be
cribed to an intervalence charge-transfer transition (e.g., Mo5+–
Mo6+) and indicates the presence of octahedral Mo5+ origi-
nating from the dehydrogenation and partial reduction of
eropoly anions during heat treatment[24]. In used sample
the spectrum profiles basically remained unchanged, ex
for an increased intensity of the band in the 700–900 nm
gion as a result of further oxoanion reduction, as is con
tent with the color changes before and after reaction (see
tion 3.2.1).

It should be noted that additional unresolved bands cent
at around 480–520 nm were observed over H1.5Cs2.5PMo11
VO40 and H1.1Cs2.5(VO)0.2PMo11VO40 before reaction; thes
were attributed to the presence of vanadium in the oxo
ions [9]. After reaction, the related bands almost disappea
and the spectra became similar to those of H0.5Cs2.5PMo12O40
and H0.1Cs2.5(VO)0.2PMo12O40, providing more evidence sup
porting the partial segregation of vanadium from the prim
structure of oxoanion.
Fig. 2. UV–visible diffuse reflectance spectra of the samples (A) before and (B) after reaction. (a) H0.5Cs2.5PMo12O40; (b) H0.1(VO)0.2Cs2.5PMo12O40;
(c) H1.5Cs2.5PMo11VO40 and (d) H1.1Cs2.5(VO)0.2PMo11VO40.
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Fig. 3. X-Ray diffraction patterns of the samples (A) before and (B) after reaction. (a–e) H0.5−2xCs2.5(VO)xPMo12O40 (x = 0–0.25); (f) H1.5Cs2.5PMo11VO40
and (g) H1.1Cs2.5(VO)0.2PMo11VO40. * α-MoO3 phase.
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3.1.3. XRD
To investigate the phase composition as well as the s

tural stability of the HPC catalysts, XRD data were c
lected over the fresh and the used samples; the result
shown inFig. 3. For all of the samples, the main XRD line
were at 2θ = 10.5◦, 18.3◦, 23.7◦, 26.1◦, 30.2◦, 35.6◦, and
38.8◦, which are commonly assigned to cubic alkaline s
of HPA (in our case the Cs+-substituted HPCs)[25]. The in-
tensity of diffraction patterns for the serial samples of H0.5−2x

Cs2.5(VO)xPMo12O40 strengthened gradually with increasi
vanadium content; a similar phenomenon was also obse
over H1.1Cs2.5(VO)0.2PMo11VO40 and H1.5Cs2.5PMo11VO40.
Therefore, the VO2+ species at the secondary structure of HP
exhibited function similar to that of alkaline metals, and, c
sequently, the salt feature of the catalysts was enhanced.

Fig. 3B shows the XRD patterns of the used samples.
other phase with 2θ diffraction lines at 12.8◦, 23.5◦, 25.6◦,
27.3◦, and 33.9◦ was detected in the H0.5−2xCs2.5(VO)xPMo12
O40 sample series (x = 0–0.15); this can be assigned to th
α-MoO3 phase. This indicates that the Keggin structure
oxoanion can partially disintegrate, as revealed by the re
of IR investigation. The free vanadium oxide phase can ha
be detected from the XRD patterns, probably due to the
content and/or small dimensions of the entities. (IR is more
sitive in detecting the segregated vanadium oxide species
the spectra ofFig. 1.) In addition, the intensity of diffraction
patterns ofα-MoO3 phase diminished with increasing van
dium substitution at the secondary structure, and theα-MoO3
phase was not detected at higher vanadium content (x � 0.2).
On the other hand, both H1.1Cs2.5(VO)0.2PMo11VO40 and
H1.5Cs2.5PMo11VO40 showed identical diffraction patterns
well as spectroscopic features after reaction, suggesting tha
introduction of vanadium and cesium to the secondary st
ture of HPCs would notably increase the structure stability
the Keggin unit.

3.1.4. TPR
Fig. 4 shows the H2-TPR results of the as-prepared sa

ples. All of the samples showed one main reduction p
-
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Fig. 4. Temperature-programmed reduction (TPR) profiles of the
prepared catalysts. (a–e) H0.5−2xCs2.5(VO)xPMo12O40 (x = 0–0.25);
(f) H1.5Cs2.5PMo11VO40; (g) H1.1Cs2.5(VO)0.2PMo11VO40.

within the temperature range of 650–730◦C. Because the Cs2.5

salt of molybdophosphoric acid decomposes above 54◦C
[20,21], the reduction peaks in the 650–730◦C range may be
ascribed to the reduction of free metal oxides originating fr
the decomposition of Keggin oxoanion, whereas the reduc
peaks below 540◦C can be ascribed to the reduction of tra
sition metal cations in the framework structure of HPCs.
terms of peak temperature, H0.5Cs2.5PMo12O40 is more sta-
ble than H1.5Cs2.5PMo11VO40. With the addition of (VO)2+
to the secondary structure of HPCs, a small peak appear
the temperature range of 630–650◦C, attributable to the re
duction of segregated vanadium oxide entities. Note that
main reduction peaks of serial H0.5−2xCs2.5(VO)xPMo12O40

(x = 0–0.25) samples shifted gradually toward higher temp
atures with increasing extent of (VO)2+ addition, indicating
improved thermal stability of the Keggin oxoanion. A sim
lar phenomenon was observed over H1.5Cs2.5PMo11VO40 and
H1.1Cs2.5(VO)0.2PMo11VO40. As already revealed in the XRD
examination, the VO2+ species at the secondary structure co
enhance the salt feature of HPCs and, consequently, inc
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Fig. 5. Infrared spectra of pyridine adsorption on the sample surfaces. (A) Pyridine adsorption at RT (1 h) followed by 1 h evacuation at RT, and (B) heating to 160◦C
and maintaining at 160◦C for 1 h. (a) H0.5Cs2.5PMo12O40; (b) H0.1Cs2.5(VO)0.2PMo12O40; (c) H1.5Cs2.5PMo11VO40; and (d) H1.1Cs2.5(VO)0.2PMo11VO40.

Table 1
Relative areas of the IR bands of pyridine adsorption on different acid sites

Sample Evacuated at RT Evacuated at 160◦C

1533 cm−1 1484 cm−1 1444 cm−1 1533 cm−1 1484 cm−1 1444 cm−1

H0.5Cs2.5PMo12O40 148 124 22 46 48 –
H0.1Cs2.5(VO)0.2PMo12O40 95 87 13 33 36 –
H1.5Cs2.5PMo11VO40 123 125 6 54 53 –
H1.1Cs2.5(VO)0.2PMo11VO40 116 113 – 89 74 –
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the thermal stability of the Keggin oxoanion. In terms of t
onset reduction temperature, the lattice oxygen of HPC s
ples with vanadium in the primary/secondary structure is m
reactive than that with no vanadium and should be respon
for the higher activity in propane oxidation (seeTable 5later in
the paper).

3.1.5. Pyridine adsorption
The surface acidity of representative HPCs was examine

FTIR using pyridine as a probe.Fig. 5 presents the IR spectr
of pyridine adsorbed on the sample surfaces. The adsorpti
pyridine was performed at room temperature; then the sys
was evacuated for 1 h (case A), heated to 160◦C, and evac-
uated at this temperature for 1 h (case B). In case A, the
absorption band at 1444 cm−1 is characteristic of chemisorbe
pyridine on Lewis acid sites, the band at 1533 cm−1 is attribut-
able to pyridine cations on Brønsted acid sites, and the ba
1484 cm−1 is due to the pyridine adsorption on both acid sit
Hence the results demonstrate the presence of both Lewi
Brønsted acid sites on the catalyst surfaces. The acidity ch
teristics derived on the basis of the area of IR bands are g
in Table 1. These data enable a rough comparison betwee
relative acidity of different samples. One can see that introd
ing VO2+ species to the secondary structure of HPCs (in
b and d cases) can diminish the intensity of IR bands at 1
and 1444 cm−1 (especially the latter), corresponding to a
duction in surface Lewis acidity as well as Brønsted acidity
is clear that V-substitution at the primary structure of oxoan
-
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would cause an obvious reduction in the number of Lewis a
sites. A previous study of H3PMo12O40 catalyst pretreated wit
pyridine indicated that the presence of an appropriate am
of Lewis acid sites was beneficial for AA formation[13]. On
the other hand, although substituting Mo with V at the prim
structure of HPCs apparently increased the number of pro
pyridine adsorption measurement indicated that the acidit
proton could vary (samples c and d). After evacuation at 16◦C
for 1 h, the bands at ca. 1444 cm−1 essentially disappeare
whereas the weakened bands at around 1533 and 1484 cm−1 re-
mained. This finding suggests that Brønsted acidity is stro
than Lewis acidity on these catalyst surfaces.

3.2. Reaction study

3.2.1. Effect of Cs+-substitution
The Cs+-substituted molybdophosphates were previou

reported to be somewhat effective for the partial oxidation
iso-butane, and a maximum 3.8% MAA yield was obtain
at 340◦C over a Cs2.5-substituted sample[26]. In the presen
work, the effect of Cs+-substitution in H3−xCsxPMo12O40 on
propane oxidation was investigated. As shown inTable 2, the
surface area increased monotonously with the extent of+
substitution, suggesting that the texture/morphology of sam
can be significantly altered. Under the adopted reaction
ditions, the catalysts with different Cs content (x = 0.0, 1.0,
2.0, 2.5, and 3.0) demonstrated propane conversion of 2.0
10.1, 32.5, and 0%, respectively, and AA selectivity and y
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Table 2
Partial oxidation of propane over H3−xCsxPMo12O40 at 400◦Ca

x S (BET)

(m2 g−1)

Conver-
sion (%)

Selectivity (%) AA yield
(%)AA ACT ACR AcOH C=

3 COx

0.0 1.0 2.0 0.6 0.0 0.4 0.6 6.3 92.1 Trace
1.0 2.1 7.2 7.2 0.0 4.6 6.6 32.4 49.2 0.5
2.0 8.9 10.1 9.6 0.0 2.5 7.4 15.5 64.9 1.0
2.5 71.9 32.5 7.3 0.2 1.3 8.5 28.5 54.2 2.4
3.0 – 0.0 0.0 0.0 0.0 0.0 0.0 0.0 None

a Catalyst: 1.0 g; flow rate: 15 ml min−1; feed composition: C3/O2/He (v/v/v)
= 17/30/53.
ACT: acetone; ACR: acrolein; AcOH: acetic acid; C=

3 : propylene.

of 0.6, 7.2, 9.6, 7.3, and 0% and 0, 0.5, 1.0, 2.4, and 0%, res
tively. A maximum 2.4% AA yield was obtained at Cs conte
x = 2.5. It follows that there is a certain amount of cesiu
substitution that corresponds to optimal tuning of the phy
ochemical properties of catalyst for AA formation.

As shown in Table 2, Cs+ substitution can change th
product distribution dramatically. Introducing Cs compon
into the catalysts can result in a significantly reduced
lectivity to carbon oxides and increased selectivity to o
genates and propylene, plausibly as a result of altered
dox character and decreased surface acidity. The color o
used H3−xCsxPMo12O40 catalysts varied from dark green
yellowish-green, corresponding to the extent of Cs+ substitu-
tion (from 0 to 2.5), suggesting that lesser amounts of the
component was reduced with gradual Cs+ substitution. In fact,
the color of Cs3PMo12O40 remained unchanged after the rea
tion. Note that there is no proton and thus no Brønsted ac
in the sample of Cs3PMo12O40; as can be seen fromTable 2,
this catalyst is completely inactive. It follows that substituti
H+ with Cs+ would result in the tuning of surface acidity of th
catalyst, with appropriate Brønsted sites present on the cat
surface for the target reaction.

3.2.2. Effect of VO2+-substitution
It was reported previously[12] that the Keggin-type HPC

prepared with H3PO4, MoO3, and V2O5 as starting material
via the evaporation method were active for propane partial
dation. It was presumed that some VO2+ as well as free V2O5
could be present in the catalysts. To enhance the catalytic a
ity and to suppress deep oxidation, further tuning of the cata
properties by adding vanadium component at the secon
structure of HPC was investigated for propane oxidation.

The effect of VO2+ substitution in H0.5−2xCs2.5(VO)xP
Mo12O40 on propane oxidation is depicted inTable 3. The
conversion was 24.2, 36.1, 36.6, 40.6, and 39.5% atx = 0.0,
0.10, 0.15, 0.20, and 0.25, respectively, and the selectivity
yield of AA were 7.8, 19.5, 21.9, 20.3, and 17.4% and 1
7.0, 8.0, 8.2, and 6.9%, respectively. The highest AA yield
8.2% was obtained atx = 0.20. The substitution of VO2+ at
the secondary structure notably enhanced the overall pro
conversion and also considerably increased the AA sele
ity, as shown inTable 3. It also noticeably suppressed prop
lene formation, but did not significantly alter the selectivity
acetic acid (AcOH) and carbon oxides (COx ). It seems that the
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Table 3
Propane oxidation over H0.5−2xCs2.5(VO)xPMo12O40 at 420◦Ca

x Conver-
sion (%)

Selectivity (%) AA yield
(%)AA ACR AcOH C=

3 COx

0.00 24.2 7.8 1.8 4.2 11.6 74.6 1.9
0.10 36.1 19.5 1.0 4.5 3.5 71.5 7.0
0.15 36.6 21.9 1.0 4.7 3.6 68.8 8.0
0.20 40.6 20.3 0.9 4.5 3.6 70.8 8.2
0.25 39.5 17.4 0.9 4.4 3.4 73.8 6.9

a Catalyst: 1.0 g; flow rate: 15 ml min−1; feed composition: C3/O2/He (v/v/v)
= 10/20/70.

Table 4
Partial oxidation of propane over heteropolyacids with different vanadium
cations at 400◦Ca

Catalyst Conver-
sion (%)

Selectivity (%) AA yield
(%)AA ACR AcOH C=

3 COx

H3PMo12O40 2.0 0.6 0.4 0.6 6.3 92.1 Trace
H(VO)PMo12O40 52.7 4.9 0.2 7.9 1.9 85.1 2.6
H4PMo11VO40 13.3 2.9 2.2 3.7 58.9 32.3 0.4

a Catalyst: 1.0 g; flow rate: 15 ml min−1; feed composition: C3/O2/He (v/v/v)
= 17/30/53.

promotion of propane oxidation to AA is feasible via VO2+
substitution at the secondary structure. It has been sugg
that the possible reaction route from propane to AA follo
propane→ propylene→ acrolein→ AA [18], and that the
(VO)2+-modified HPCs can effectively promote the convers
of propylene (in lesser amounts among the final products
acrolein and further to AA, which are the rate-determining st
for the overall reaction. As discussed above, the outcome
XRD and TPR investigations revealed that an appropriate
tent of VO2+ substitution (x � 0.2) at the secondary structu
of HPC could stabilize the oxoanions as well as the whole st
ture of HPC. No free MoO3 and V2O5 phases were detected b
XRD after the reaction.

3.2.3. Effect of vanadium location
To gain a better understanding of the effect of vanadium s

stitution in HPC on propane oxidation, the effect of introduc
vanadium into the primary or the secondary structure of p
HPAs on catalytic activity was studied. The results, given
Table 4, demonstrate that propane conversion was very low
H3PMo12O40 and only a trace amount of AA was produce
Introducing vanadium (one vanadium atom per oxoanion)
the secondary structure of HPA caused an abrupt increa
propane conversion with certain enhancement in AA selec
ity. With vanadium added in the primary structure, there w
only a slight increase in propane conversion and AA selecti
but a significant increase in propylene selectivity (up to 58.9
The results demonstrate that introducing vanadium specie
the secondary structure of HPA is beneficial for AA formatio

To further clarify the role of vanadium component in h
eropoly compounds for propane oxidation, the effect of add
vanadium species at the primary (Keggin anion) and/or the
ondary structure of the cesium salts of HPAs on catalytic
tivity was studied. The results are provided inTable 5. The
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Table 5
Partial oxidation of propane over the cesium salts of heteropolyacids with different vanadium locations at 420◦Ca

Catalyst Conversion
(%)

Selectivity (%) AA yield
(%)AA ACR AcOH C=

3 COx

H0.5Cs2.5PMo12O40 24.2 7.8 1.8 4.2 11.6 74.6 1.9
H0.1Cs2.5(VO)0.2PMo12O40 40.6 20.3 0.9 4.5 3.6 70.8 8.2
H1.5Cs2.5PMo11VO40 46.2 2.0 0.5 1.8 2.8 93.0 0.9
H1.1Cs2.5(VO)0.2PMo11VO40 43.6 5.3 0.6 3.1 4.2 86.8 2.3

a Catalyst: 1.0 g; flow rate: 15 ml min−1; feed composition: C3/O2/He (v/v/v)= 10/20/70.
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30
H1.5Cs2.5PMo11VO40 catalyst with one vanadium atom at t
primary structure exhibited notably enhanced activity but
nificantly diminished selectivity to oxygenates and propyle
Further addition of vanadium species (x = 0.2) to the secondar
structure caused a slight decrease in activity and an increa
AA selectivity. It follows that coexistence of (VO)2+ and Cs+
at the secondary structure with the oxoanion unit would re
in a synergetic effect that is beneficial for enhanced AA se
tivity. The substitution of Mo6+ with V5+ in the Cs salts o
HPAs would result in the generation of more reactive lat
oxygen associated to the Mo–O–V species, consistent with
trend observed over the non-Cs-substituted HPAs (data sh
in Table 4).

The reaction data of the present study demonstrate
an appropriate amount of (VO)2+ at the secondary structu
of HPC is critical for propane activation and AA formatio
Actually, vanadium is a basic catalyst component effec
for propane oxidative dehydrogenation (ODH) to propyle
[27–30], as well as for propane oxidation to AA over VP
and Mo–V–Te(Sb)–Nb MMO catalysts[31–38]. We propose
that small amount of segregated vanadium oxide species
side the Keggin structure of HPC might have a function sim
to that of (VO)2+ at the secondary structure of HPC, inducin
synergistic effect with the oxoanion unit and producing an a
mative outcome for propane oxidation to AA. The presenc
segregated vanadium oxide species might somehow modif
redox properties of HPCs and consequently change the ca
behavior.

3.2.4. Effect of operation variables
The effects of operation variables, including reaction te

perature, feed composition, and the presence of steam on
lyst behavior, were also studied.

3.2.4.1. Reaction temperatureThe temperature dependen
of reaction performance over H0.1Cs2.5(VO)0.2PMo12O40 is
shown inFig. 6. The propane conversion increased mono
nously at elevated temperatures in the 360–430◦C region. The
selectivity to acetone and acrolein was rather low (<5%) in
the whole temperature range, because these were interm
products and were readily oxidized to COx [31,33]. The se-
lectivity to propylene decreased rapidly with temperature r
indicating that it is a key intermediate quickly consumed in
“next-step” reaction. The selectivity to AA increased gra
ally with increasing temperature, reaching a maximum va
of 31.5% at 420◦C. In contrast, the selectivity to acetic ac
declined notably with increasing temperature. Similar temp
-
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Fig. 6. Temperature dependence of reaction performance over H0.1Cs2.5
(VO)0.2PMo12O40 catalyst. Feed composition: C3/O2/He/H2O (v/v/v/v) =
14/7/49/30.

Table 6
Propane partial oxidation over H0.1Cs2.5(VO)0.2PMo12O40 in different feedsa

Gas composition
(C3/O2/He)

T

(◦C)
Conver-
sion (%)

Selectivity (%) AA yield
(%)AA ACR AcOH C=

3 COx

10/20/70 400 38.6 18.6 0.8 6.7 3.0 71.0 7.2
420 40.6 20.3 0.9 4.5 3.6 70.8 8.2

20/10/70 400 24.1 21.8 1.8 11.3 16.2 48.9 5.3
420 26.7 26.0 1.9 9.8 12.2 50.1 6.9

a Catalyst: 1.0 g; flow rate: 15 ml min−1.

ture dependence of the selectivity of acetic acid and AA
also observed over a Mo–V–Sb–Nb catalyst[35], probably
due to the different formation kinetics of the acids[35]. Over
the aforementioned MMO catalyst, the apparent activation
ergy of AA formation (23 kJ mol−1) is much higher than tha
of acetic acid formation (3 kJ mol−1); thus high temperatur
(>683 K) is favorable for better selectivity to AA. On th
other hand, the reactivity of such products as acetic acid
AA could vary over different catalysts[31,33]. It was reported
that acetic acid was more reactive than AA over the VPO-t
catalysts[31]. In the present study, the formation of AA
temperature-dependent and probably kinetically controlled
the HPC-type catalysts. The highest AA selectivity was usu
achieved at ca. 420◦C over the HPC catalysts. Thus the comp
ison of reaction performance with respect to feed compos
and water vapor was made in the temperature range 400–4◦C
(Tables 6 and 7).
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Table 7
Propane partial oxidation over H0.1Cs2.5(VO)0.2PMo12O40 in the presence o
steama

Gas composition
(C3/O2/He/H2O(g))

T

(◦C)
Conver-
sion (%)

Selectivity (%) AA yield
(%)AA ACR AcOH C=

3 COx

7/14/49/30 420 26.9 24.3 1.4 12.6 5.7 55.9 6.5
430 29.7 20.1 1.7 10.8 7.8 59.6 6.0

14/7/49/30 420 20.3 31.5 4.2 12.8 12.3 39.2 6.4
430 22.5 31.4 2.8 12.9 12.5 40.4 7.1

a Catalyst: 1.0 g; flow rate: 15 ml min−1.

3.2.4.2. Feed compositionThe catalytic reactions ove
H0.1Cs2.5(VO)0.2PMo12O40 were performed in both oxygen
rich and hydrocarbon-rich atmospheres; the results are g
in Table 6. The catalyst was more active but less selective
AA in an oxygen-rich atmosphere. The oxygen-rich atmosph
understandably suppressed propylene formation but enha
deep oxidation to carbon oxides.

The partial oxidation of propane over VPO-type ca
lysts was performed mostly under oxygen-rich conditio
Mota et al. reported the deactivation of VPO catalyst un
hydrocarbon-rich conditions, as well as the ability of cert
dopants, such as cobalt, to restore catalyst activity[39]. The
catalysis of MMOs was usually performed under oxygen-r
conditions, with the reoxidation step considered one of the r
determining steps[40].

3.2.4.3. Water vapor It is generally recognized that water v
por (steam) can play an important role in propane partial
idation; its presence can cause a significant improvemen
oxygenate selectivity[13,15,31–37]. In this study, 30% (by vol-
ume) of water vapor was introduced into the reaction syst
the reaction data are given inTable 7. The presence of stea
caused a reduction in propane conversion and an increa
AA selectivity with a notable drop in COx formation under
both oxygen-rich and hydrocarbon-rich conditions. Note t
acetic acid formation increased notably in the presence of
ter under oxygen-rich conditions (Tables 6 and 7), suggesting
a possible shift in the reaction mechanism. The mechan
for propane partial oxidation has been widely discussed in
literature[21,31,35,36]. The reaction pathway of propane ox
dation over the present HPC catalysts is thought to be sim
to that suggested for the Cs2.5H1.5PV1WxMo11−xO40 catalysts
[41]. As seen inScheme 1, the reaction route of propane fir
ODH to propylene then to acrolein and eventually to AA is
well-known pathway for AA formation from propane. Wat
presence can favor the route of propylene hydration to isopr
alcohol, then dehydrogenation to acetone and further oxida
to acetic acid and COx . The influence of water on acetic ac
formation has been observed over HPC-type[12,15,21,41]and
VPO-type catalysts[31,32], as well as over the Mo–V–Te(Sb)
Nb catalysts[34–36].

The hydration of propylene to isopropyl alcohol is an ac
catalyzed reaction, and the formation of acetic acid is clo
related to the strong Brønsted acid sites present on the
lyst surface[21,35,36,42]. In a dehydroxylation process, th
n

e
ed

.
r

-

-
in

;

in

t
-

m
e

r

yl
n

y
ta-

Scheme 1. The reaction mechanism suggested for propane oxidation
HPC-type catalyst. The asterisk denotes that the proposed compound h
been detected experimentally[41].

protons can be removed in the form of constitutional wa
and the Brønsted acid sites of HPC will be eliminated un
reaction conditions, leading to rather low selectivity to ace
acid [21]. By adding water to the feed gas, the acidic feat
as well as the Keggin structure of HPC can be largely m
tained, giving rise to enhanced selectivity of oxygenates[15,21,
43,44]. Water can also promote desorption of the acidic pr
ucts (AA and acetic acid) and remove the reaction heat f
catalyst bed, preventing the deep oxidation of products.
role of water may vary over different catalyst systems. On
VPO-type catalysts, the effect of water is attributed to the
hanced crystallinity of the (VO)2P2O7 phase, suppression of th
formation of V5+-containing species, and maintenance of
appropriate distribution of surface acid sites[32]. Over the Mo–
V–Sb–Nb mixed-oxide catalysts, water vapor stabilizes cer
active phases and lowers the activation energy of the pro
oxidation reaction[35,36].

4. Conclusion

In this study we have demonstrated that vanadium subs
tion at the primary/secondary structures of HPCs can sig
cantly affect catalyst performance. Introducing vanadium at
primary structure (Keggin anion) of molybdophosphates
enhance the catalytic activity, and a small fraction of va
dium can be segregated in the form of free V2O5 during the
reaction. The addition of vanadium species to the secon
structure can result in a much more active and selective cat
for AA production. The highest AA yield was obtained ov
H0.1Cs2.5(VO)0.2PMo12O40 at an optimal reaction temperatu
of 420◦C. The enhanced catalytic performance with resp
to (VO)2+ addition at the HPC secondary structure can be
tributed to the possible synergism among vanadium spe
oxoanion, and cesium entities, as well as to the resulting m
ified surface acidity, structural stability, and redox propert
Small amounts of segregated vanadium oxide species ou
the Keggin structure may function similarly as (VO)2+ at the
HPC secondary structure. An excess amount of oxygen in
reaction system would increase propane conversion, but re
AA and propylene selectivity. On the other hand, the prese
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of steam noticeably suppressed deep oxidation and enha
AA and acetic acid formation.
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