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Abstract

The selective oxidation of propane by oxygen has been investigated on a series of gallium modified Cs2.5H1.5PV1Mo11O40 samples, with Ga
content varying from 0 to 0.32 per Keggin unit (KU). The physicochemical properties of the samples have been studied by using a variety of
techniques, namely ICP, FTIR, XRD, 31P-NMR, BET and TG-DTG-DSC. The effect of several parameters, such as pre-treatment temperature,
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eaction temperature, residence time (W/F) on the conversion and product distribution has been examined. The presence of gallium has been
bserved to increase surface area by a factor of more than two and to improve the selectivity to oxygenates (acrylic and acetic acids, acrolein). It
as been found that there is an optimum value of Ga content of 0.16 per KU in the Keggin structure and of pre heating temperature of 300 ◦C for
aximizing propane conversion and acrylic acid selectivity. The latter aspect is related to the presence of both Brønsted acid and redox sites.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Selective oxidation of light alkanes (C1–C5) is of growing
nterest and importance from both the industrial and the aca-
emic communities. The reason for this interest is due to the
ower price and larger availability of light alkanes with respect
o the corresponding alkenes [1–6] but also for a fundamental
spect of their activation as they are chemically much less active
han the olefins. Heteropolyoxometallates have been used suc-
essfully for partial oxidation reactions. For instance a process
as been developed for isobutene to methacrolein oxidation [7].
he interest of such materials is related to both their acidic and

edox properties, which could be controlled, either by substi-
uting the constituent elements or/and by partially exchanging
he protons by redox metal cations [8–10]. Many articles have
een published on catalytic performances of such compounds
n partial oxidation of alkanes. It has been shown that the
atalytic performance and thermal stability are enhanced by
ncorporating V5+ in the H3PMo12O40 Keggin structure and by

∗

partial exchanging protons with Cs+ cation. Moreover, addi-
tion of redox metals such as Fe, Ni, and Cu has been shown
to substantially increase the formation of oxygenated products
[11–18]. It has been suggested that the redox elements play an
important role in the redox processes as reservoirs for electrons
and active sites for the activation of hydrocarbons and molecular
oxygen [19,20].

In a previous work we had studied the effect of redox ele-
ments (Ni, Co, Sb, Fe, Zn and Ga) substituting Mo cations on
the acid and redox properties of heteropoly compounds [21]. In
the present work we have studied the effect of Ga as a mod-
ifier of Cs2.5H1.5PV1Mo11O40 compounds, as Ga is known to
be a dehydrogenating element and has been used for propane
and butane aromatisation to benzene and xylenes, respectively
(cyclar process) [22–24] or for propane oxydehydrogenation on
Ga/ZSM5 [25] or for propane ammoxidation on Ga/ZSM5 [26].

2. Experimental

2.1. Catalyst preparation

H PVMo O sample was synthesized as follows. In a
Corresponding author. Tel.: +33 146 335 587; fax: +33 146 340 753.
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4 11 40
500 cm3 round bottom flask, 250 cm3 of distilled water was
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added. Then the desired amounts of V2O5, MoO3 and H3PO4
(85 wt.%) were added in the solution, until the desired stoi-
chiometry was achieved. The solution was maintained at reflux
for 24 h. The mixture was converted to a clear orange-red solu-
tion and was evaporated for the removal of water until dryness
at 50 ◦C. The powder sample was collected and dried in vacuo
overnight at 120 ◦C.

For the Gax-Cs2.5HyPV1Mo11O40 samples, the H4PVMo11
O40 sample was dissolved in an aqueous solution and the desired
amount of Ga3+(NO3)3 was added (pH of 2), followed by the
addition of a stoichiometric amount of Cs2CO3 at 50 ◦C. The
resulting precipitate was evaporated to dryness at 50 ◦C and the
powder was collected and was further dried at 120 ◦C in vacuo.
The amount of Ga3+ added was in the range of 0.08–0.32 per
Keggin unit (KU).

2.2. Catalyst characterization

The catalysts were characterized using FTIR, XRD, ICP, TG-
DTG-DSC, BET and 31P-NMR techniques. FTIR spectra of the
samples were obtained using a Nicolet NEXUS FT-IR spectrom-
eter (spectral range down to 400 cm−1, resolution 2 cm−1). For
the study of lattice vibrational bands the samples were diluted
(ca. 2 wt.%) and finely ground with dried KBr. The diffuse
reflectance mode was used. XRD data were collected at ambi-
ent temperature with a Philips PW 1050 X-ray diffractometer
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a temperature of 200 ◦C in order to avoid the polymerisation
of the products. Due to the variety of possible products formed
from the oxidation of propane, three different columns were cho-
sen. Molsieve 13X (for O2, CO and CH4), HaysepD (for CO2
and hydrocarbons) and FFAP for hydrocarbons. The first two
columns were connected with a thermal conductivity detector
(TCD) and the third one was connected with a Flame Ionisation
Detector (FID). Prior to the reaction each catalyst was treated in
an O2 stream (30 cm3 min−1) at 300 ◦C or at 400 ◦C for 2 h in
order to study the effect of the pre-treatment temperature. The
feed consisted of 40 vol.% propane, 20 vol.% oxygen and He as
balance. Note that water was not added to the feed. Total flow
rates were varied from 7.5 to 30 cm3 min−1 to study the effect
of contact time. Reported values are given after 4 h of reaction
under steady state unless otherwise stated.

3. Results and discussion

3.1. Characterization of H4PVMo11O40 and
Gax-Cs2.5HyPVMo11O40 compounds

3.1.1. FT-IR analysis
IR spectra of Keggin-heteropolyacids show four main bands,

which are typically bands representing the Keggin unit [27,28].
These peaks have been assigned previously [9] and correspond
for the first peak at 1080–1060 cm−1 to the � (P-O ) vibration
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quipped with a Hilten Brooks generator using the Co K� radi-
tion.

The chemical composition of the samples was determined
sing a Spectro CIROS SOP 120 ICP atomic emission spec-
rometer. The values are expressed in the chemical formulae
alculated per Keggin Unit (KU). Thermogravimetric analy-
is was performed using a Setaram TG-DSC 111 instrument.
he samples were mounted in platinum crucibles and heated at
0 ◦C min−1 to 600 ◦C under flowing helium. BET surface area
easurements were carried out at liquid nitrogen temperature

sing a Micromeretics ASAP 2000 equipment after outgassing
he sample at 250 ◦C.

31P solid-state NMR measurements were recorded on a
ruker Avance DSX400 spectrometer with a spinning frequency
f 4 kHz. The solid samples were introduced in a zirconia rotor
ithout being outgassed. Chemical shifts are referred to the 31P
eak (I = 1/2) of 85% H3PO4.

.3. Catalytic testing

Propane oxidation reaction was carried out at atmospheric
ressure in a conventional flow system equipped with a stain-
ess steel fixed bed microreactor. The reactor tube was 27 cm
ong and 2 cm i.d., placed vertically with a mesh in order to
old the catalyst at the same position in the isothermal part of
he furnace. The control of the temperature was done, with a
hermocouple placed in the centre of the tube reactor. The tube
eactor was connected with mass flow controllers in order to
rovide the desired feed composition of gases (propane, oxygen,
nd helium). The effluents were analysed by GC chromatogra-
hy (Varian CP 3800 model). The tubing system was heated at
as a
ode, the second peak at 990–960 cm−1 to the �as (Mo-Od)

ibration mode, the third peak at 900–870 cm−1 to the �as (Mo-
b-Mo) vibration mode and the fourth peak at 810–780 cm−1

o the �as (Mo-Oc-Mo) vibration mode. The subscripts indicate
xygen bridging Mo and the P heteroatom (a), corner-sharing
b) and edge-sharing (c) oxygen belonging to MoO6 octahedra,
nd terminal oxygen (d).

The positions of the bands in the spectra also provide addi-
ional information on the composition of the Keggin unit. It has
een reported [29] that incorporation of V5+ ion in the Keg-
in structure leads to a shift of the frequencies with respect to
3PMo12O40. Specifically, when V5+ is incorporated in the acid

orm (0 to 3 per Keggin unit), �as(P-Oa) decreases from 1064
o 1059 cm−1, �as(Mo-Ob-Mo) from 868 to 862 cm−1, �as(Mo-

c-Mo) from 789 to 783 cm−1 while �as(Mo-Od) remains about
onstant at ca. 962 cm−1.

IR spectra of Gax-Cs2.5HyPVMo11O40 samples, with x vary-
ng from 0 to 0.32, are shown in Figs. 1 and 2, before and after
atalytic reaction, respectively. Replacing protons by Cs+ cation
nduced a slight shift in the position of the characteristic peaks
f the Keggin structure, as it is shown in Table 1. Particularly, an
ncrease of the �as (M-Od) and �as (M-Oc-M) (862–870 cm−1)
ands was observed, whereas the other two bands were affected
nly slightly. This shift is due to the strengthening of the M-
d bond as the protonated water clusters are substituted by Cs

ations [30]. New bands appeared at 997, 1037 and 1076 cm−1

s shoulders. The band at 997 cm−1 has been ascribed to the
resence of MoO3 [31], that at 1037 cm−1 to V2O5 or (VO)2+

t exchangeable position, i.e. due to the release of V5+ from
he structure [16,28], whereas that at 1076 cm−1 indicates the
resence of vanadium in the Keggin oxoanion [32]. Finally,
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Fig. 1. FT-IR spectra of Cs2.5H1.5−3xGaxPVMo11O40 compounds. (a) Ga0-Cs2.5

H1.5PVMo11O40, (b) Ga0.08-Cs2.5HyPVMo11O40, (c) Ga0.16-Cs2.5HyPVMo11

O40, (d) Ga0.32-Cs2. before catalytic reaction.

Fig. 2. FT-IR spectra of Gax-Cs2.5HyPVMo11O40 compounds. (a) Ga0-Cs2.5

H1.5PVMo11O40, (b) Ga0.08-Cs2.5HyPVMo11O40, (c) Ga0.16-Cs2.5HyPVMo11

O40, (d) Ga0.32-Cs2.5HyPVMo11O40 after catalytic reaction (heat pre-treatment
at 400 ◦C).

Ga addition didn’t affect the position and intensities of these
shoulders appreciably up to 0.16 Ga/KU, showing that Ga is
at exchangeable position, replacing protons or Cs+ cation and
not in the Keggin structure, while all frequencies decreased for
higher Ga contents except �as(P-Oa) as if some of the Ga has
been incorporated in the structure.

IR spectra of the used catalysts after pre-treatment tempera-
ture at either at 300 or 400 ◦C, showed that the Keggin structure
was mainly maintained with some very small modifications. For
used catalysts after catalytic reaction (Fig. 2) the intensity of
the shoulder at 1076 cm−1 almost vanished whereas that of the
shoulder 1037 cm−1 increased slightly, thus indicating that seg-

Fig. 3. TGA, DTG and DSC curves of Ga0.08-Cs2.5HyPVMo11O40 sample.

regation of vanadium atoms from the primary structure of the
oxoanions occurred during the reaction [29].

3.1.2. TG-DTG-DSC analysis
TG-DTG-DSC analysis can provide information about the

thermal stability and the number of crystallization and con-
stitutional water molecules (number of protons attached with
the polyanion) [33]. In our case the experimental values for
H4PVMo11O40 and Cs2.5H1.5VMo11O40 were close to the theo-
retical ones (3.9 and 2.0 against 4 and 1.5, respectively), indicat-
ing that V was incorporated in the Keggin structure (Table 2). At
variance when Ga was added the experimental values obtained
(3.0–3.4) are far from the theoretical ones if we assume that
Ga3+ or Ga(OH)2+ or Ga(OH)2

+ have exchanged the protons,
the latter Ga cationic species being favoured at low pH solution
as shown by Bénézeth et al. [34], who have observed that the
distribution of Ga cationic species (Ga3+, Ga(OH)2+, Ga(OH)2

+,
Ga(OH)3

0 and GaO+) in aqueous solution depends on the pH
and temperature.

The endothermic peaks between 25 and 200 ◦C correspond
to desorption of physisorbed water whereas some endothermic-
ity between 200 and 500 ◦C corresponds to the desorption of
constitutional water [21]. A typical TG-DTG-DSC curves for
Cs2.5H1.5PV1Mo11O40 sample is given in Fig. 3. TG analysis
shows that addition of Cs+ has a beneficial effect on the thermal
s
t
m
(
i

Table 1
IR data in cm−1 of HyPVxMo12−xO40 and Gax-Cs2.5HyPVMo11O40 before catalytic

Heteropoly compounds �as(P-Oa) ±2 cm−1 �as(Mo-Od) ±
H3PMo12O40 1064 962
H4PV1Mo11O40 1063 962
Ga0-Cs2.5H1.5MoPVMo11O40 1060 (1076a, 1037a) 970 (997a)
Ga0.08-Cs2.5HyPVMo11O40 1061 (1077a, 1037a) 969 (997a)
Ga0.16-Cs2.5HyPVMo11O40 1062 (1076a, 1037a) 970 (997a)
Ga0.32-Cs2.5HyPVMo11O40 1061 (1076a, 1037a) 965 (997a)

a Indicates the presence of shoulders.
tability of the samples, (Table 2). In addition, comparison of
he theoretical values of constitutional protons with the experi-

ental obtained can give us information about Brønsted acidity
Table 2). It is interesting to note that addition of Ga3+ resulted
nitially to an enhanced value and then to a plateau at higher Ga

reaction

2 cm−1 �as(Mo-Ob-Mo) ±5 cm−1 �as(Mo-Oc-Mo) ±5 cm−1

868 789
867 785
868 802
868 803
868 803
865 796



N. Dimitratos, J.C. Védrine / Journal of Molecular Catalysis A: Chemical 255 (2006) 184–192 187

Table 2
TGA and BET data of Gax-Cs2.5HyPVMo11O40 samples

Heteropoly compounds Temperatures of
endothermic peaks (◦C)

H+/KU* Temperatures of
exothermic peaks (◦C)

S.A (B.E.T) m2g−1

Fresh After reaction
PT of 300 ◦C

After reaction
PT of 400 ◦C

H4PVMo11O40 25–200, 200–380 3.9 410 6 – –
Ga0-Cs2.5H1.5PVMo11O40 25–200, 200–450 2.0 n.o 33 10 4
Ga0.08-Cs2.5HyPVMo11O40 25–200, 200–450 3.4 n.o 73 12 4
Ga0.16-Cs2.5HyPVMo11O40 25–200, 200–450 3.0 n.o 76 14 5
Ga0.32-Cs2.5HyPVMo11O40 25–200, 200–450 3.1 n.o 73 15 5

PT stands for pre-treatment temperature. *Measured as water weight loss between 200 and 450 ◦C. n.o means no exothermic peaks were observed.

content, where the opposite trend was expected to happen. Our
results are in agreement with those of Okuhara et al and of Lang-
pape et al [9,35]. An explanation can be that Ga3+ species exists
on the surface on a hydroxide form, [Ga(OH)2+ or Ga(OH)2

+],
presumably the latter form at low pH value used for the prepa-
ration, and which can act as active sites for the reaction, as it
has been proposed in the case of Fe3+ for dried samples. At
higher temperature, the transformation of these species starts to
begin leading to Ga2O3, as has been reported by I. Nowak et al
[36].

In Table 3 the amount of H+, calculated from the water lost
above 300 and 400 ◦C, respectively is assumed to represent H+

and OH remaining at those temperatures. However, the num-
ber of constitutional water molecules determined by TGA is
directly related to Brønsted acid site for the H-form [33], whereas
for Cs and Ga-Cs forms some water molecules are adsorbed
more strongly to these cations, which leads to an excess of
constitutional water with respect to Brønsted acid sites alone,
which makes the method not reliable to measure the number
of Brønsted sites. As it is expected at higher temperature, a low
amount of constitutional water (Table 3) has remained, thus sug-
gesting nevertheless that a major loss of Brønsted acidity has
occurred.

3.1.3. BET surface area measurement
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unchanged when Ga content varied from 0.08 to 0.32 (Table 2)
per KU and was more than twice that before Ga addition. A
similar trend was observed in the case of Cu [35]. After 12 h
under catalytic reaction the surface area has decreased appre-
ciably as shown in Table 2 (two last columns), which may be
due to mesopores blocking by carbonaceous residue deposit or
some sintering.

3.1.4. X-ray diffraction analysis
The X-ray diffraction data obtained for the fresh Gax-Cs2.5

compounds are illustrated in Fig. 4. Substitution of protons by Cs
cations lead to the formation of a cubic phase (Pn3m) commonly
associated with the alkaline heteropolysalts [9]. The addition
of Ga did not modify the X-ray diffraction patterns. Moreover,
calculation of cell parameters of the cubic phase showed no
appreciable differences versus Ga loading. These results are in
agreement with those reported by Langpape et al, studying Cu
and Fe cations for the substitution of protons [35]. Thus, it can
be concluded that addition of Ga neither affects nor even mod-
ifies the structure of the heteropolyacid. This matter is further
supported by 31P MAS-NMR data given below.

The XRD patterns of the used samples (not presented) did
not show any detectable difference with the fresh ones. Free
vanadium oxide species and �-MoO3 (as observed from the IR
spectra) were not detected due to their low amount and/or high
d

F
r
G

Addition of Cs is known [9] to result in higher surface area
alues and in increased thermal stability of the heteropoly com-
ound. Moreover, substitution of protons by transition metals in
he Cs heteropoly salts may affect the surface area depending
n the specific transition metal used [35]. In our case, we found
hat the surface area of Gax-Cs2.5 samples remained practically

able 3
umber of constitutional protons H+ per Keggin unit calculated from water
eight loss between 300–450 and 400–450 ◦C

eteropoly compounds H+/KUa H+/KU
remaining
at 300 ◦C

H+/KU
remaining
at 400 ◦C

a0-Cs2.5H1.5PVMo11O40 1.5 1.2 0.2
a0.08-Cs2.5HyPVMo11O40 1.58 1.6 0.4
a0.16-Cs2.5HyPVMo11O40 1.66 1.5 0.5
a0.32-Cs2.5HyPVMo11O40 1.82 1.6 1.0

a Calculated from the chemical analysis assuming protons being exchanged
y Ga cation as Ga(OH)2

+ species.
ispersion.

ig. 4. XRD patterns of Gax-Cs2.5HyPVMo11O40 compounds before catalytic
eaction. (a) Ga0-Cs2.5H1.5PVMo11O40, (b) Ga0.08-Cs2.5HyPVMo11O40, (c)
a0.16-Cs2.5HyPVMo11O40, (d) Ga0.32-Cs2.5HyPVMo11O40.
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Fig. 5. 31P-MAS NMR spectra for Gax-Cs2.5HyPVMo11O40 compounds before catalytic reaction, (a) Ga0-Cs2.5H1.5PVMo11O40, (b) Ga0.08-Cs2.5HyPVMo11O40,
(c) Ga0.32-Cs2.5HyPVMo11O40.

3.1.5. 31P MAS-NMR analysis
31P MAS-NMR is a useful technique for providing informa-

tion about the integrity of the primary structure of phosphorous-
containing heteropolyacids and can evidence any changes in the
chemical environment of phosphorous as a function of Ga addi-
tion and further on upon catalytic reaction conditions.

The 31P MAS-NMR study was performed at room tem-
perature without degassing the samples. Typical spectra for
Gax-Cs2.5HyPVMo11O40 samples and their decomposition are
presented in Fig. 5 and the main data are given in Table 4.
The decomposition of the spectra resulted in three peaks
(−2.4, −3.6 and −4.3 ppm). The peaks at −2.5 and −3.6 ppm
have been assigned previously to dehydrated and hydrated
H4PVMo11O40 (see Table 4 in [33]) and the peak at −4.3 ppm
to Cs4PV1Mo11O40. Ga addition did not shift appreciably the
position of the corresponding peaks, but increased the −3.5 ppm
peak intensity at the expense of the −4.3 ppm one, suggesting
that some Ga has been incorporated into the Keggin anion, lead-
ing to more protons and thus more Brønsted acidity.

After catalytic reaction at 340 ◦C the 31P MAS-NMR spec-
trum of 400 ◦C pre-treated Ga0.08-Cs2.5HyGaPV1Mo11O40 sam-
ple was recorded (Fig. 6). A large amount of the peak at

Table 4
31P-MAS NMR chemical shifts for Gax-Cs2.5HyPVMo11O40 compounds before
c

H

G
G
G

Fig. 6. 31P-MAS NMR spectra for Ga0.08-Cs2.5HyPVMo11O40 sample after 12 h
of catalytic reaction.

−3.6 ppm (Table 5) has been lost (67% before catalytic reac-
tion against 6% after), indicating that the majority of the acid
H4PVMo11O40 sample deposited on Cs4PVMo11O40 has been
dehydrated [33]. This result is quite in line with TGA study given
above (§ 3.1.2).

3.2. Catalytic study of calcined Gax-Cs2.5HyPV1Mo11O40

samples

Usually catalysts are calcined before reaction at temperatures
higher than the operating temperature in the reactor to avoid any

Table 5
31P-MAS NMR chemical shifts for Ga0.08-Cs2.5HyPVMo11O40 compounds
after 12 h of catalytic reaction

Heteropoly compounds Chemical shift (ppm)

Ga0.08-Cs2.5HyPVMo11O40 −3.6 (6%), −4.6 (94%)
atalytic reaction, x = 0, 0.08, 0.32

eteropoly compounds Chemical shift (ppm)

a0-Cs2.5H1.5PVMo11O40 −2.4 (3%), −3.5 (49%), −4.3 (48%)
a0.08-Cs2.5HyPVMo11O40 −2.6 (3%), −3.6 (67%), −4.4 (30%)
a0.32-Cs2.5HyPVMo11O40 −2.4 (5%), −3.5 (67%), −4.2 (28%)
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Table 6
Catalytic data after 4 h on stream for Gax-Cs2.5HyPVMo11O40 samples in the reaction temperature (Treac) range 300–340 ◦C, contact time 2.1 s, flow rate 15 cm3 min−1,
C3:O2:He = 40:20:40

Catalyst Treac (◦C) Treatment at 300 ◦C

Selectivities % Conv. %

CO CO2 COx C3
= Ac.Aa A.Aa ACRa � Ox.P C3

Ga0-Cs2.5H1.5PVMo11O40- 300 12.4 9.7 22.1 52.8 22.4 0 2.7 25.1 3.4
320 16.1 12.2 28.3 43.1 23.7 3.2 1.7 28.6 6.0
340 15.3 11.2 26.5 38.5 28.2 2.4 3.5 34.1 9.9

Ga0.08-Cs2.5H1.5PVMo11O40 300 18.4 10.8 29.2 25.5 26.7 15.8 2.8 45.3 2.1
320 24.9 16.0 40.9 14.7 27.7 13.9 2.8 44.4 7.9
340 27.9 19.1 47.0 17.3 21.7 11.1 2.9 35.7 12.8

Ga0.16-Cs2.5H1.5PVMo11O40 300 19.2 14.4 33.6 21.7 28.7 13.6 2.4 44.7 8.7
320 22.5 15.3 37.8 16.4 25.3 18.0 2.5 45.8 12.7
340 22.5 16.4 38.9 16.3 22.4 20.0 2.4 44.8 18.1

Ga0.32-Cs2.5H1.5PVMo11O40- 300 21.8 24.3 46.1 29.5 24.4 0 0 24.4 7.1
320 22.5 24.6 47.1 20.5 25.5 4.9 2.0 32.4 11.2
340 25.4 26.8 52.2 15.9 23.5 6.3 2.1 31.9 16.6

Preheating temperature 300 ◦C.
a C3: propylene, AcA: acetic acid, AA: acrylic acid, ACR: acrolein, COx = CO + CO2, � Ox.P = sum of oxygenated products (ACR, Ac.A and A.A).

thermal instability of the catalyst in this temperature domain.
However, in many articles of the literature dealing with the study
of HPA compounds for selective alkane oxidation, calcination
of the catalysts was performed at lower temperatures than that
of the reaction [9,16,37,38] to control the amount of Brønsted
acid sites. In the present study, the catalysts have been calcined
before reaction at two different temperatures, namely 300 and
400 ◦C and the catalytic study was performed between 300 and
400 ◦C and under propane-rich conditions, the latter choice to
favour higher selectivity towards to oxygenated products [39]
and without water in the feed.

3.2.1. Influence of reaction temperature
The catalytic study of propane oxidation on Gax-Cs2.5Hy

PV1Mo11O40 samples with x being varied between 0 and 0.32
was performed in the 300–400 ◦C temperature range. The main
products were acrolein (ACR), acrylic acid (A.A), acetic acid
(Ac.A), CO and CO2. Fig. 7 and Table 6 illustrate the effect of

F
t
C
C

reaction temperature on conversion and selectivities for Ga0.08-
Cs2.5HyPVMo11O40 taken as an example. The same trend was
found for the whole series of Gax-Cs2.5HyPVMo11O40 catalysts.
Principally the formation of COx products was enhanced sub-
stantially as a result of the increase in reaction temperature.
Reaction temperature higher than 340 ◦C resulted in the increase
of the conversion, but with substantial decrease in the formation
of oxygenated products. These results indicated that an optimum
reaction temperature for the formation of oxygenated products
is 340 ◦C, temperature chosen for further studies.

3.2.2. Influence of contact time on
Gax-Cs2.5HyPV1Mo11O40 samples pre-treated at 400 ◦C

Experimental results on the effect of contact time are pre-
sented in Table 7 for Ga0.16-Cs2.5HyPVMo11O40 taken as
an example. By increasing the contact time, propane conver-
sion increased, selectivity to propene and acrolein decreased,
whereas selectivities to acetic acid and COx increased as could
be expected for successive reactions (see reaction Scheme 1
described below). In the case of acrylic acid, the general trend
was that an increase in selectivity was obtained by increasing
the contact time reaching a maximum value followed then by
a decline, suggesting that consecutive oxidation was happen-
ing in favour of COx formation. This trend for acrylic acid was
observed only for the samples with Ga content equal or higher
t
a
m
g
n

3
3

c

ig. 7. Variations of propane conversion (�) and selectivities as a function of
emperature for Ga0.08-Cs2.5HyPVMo11O40 sample pre-treated at 300 ◦C with

3:O2:He = 2:1:2, total flow rate 15 cm3 min−1. Selectivity to CO (�), CO2 (�),
3

= (�), Ac.A (♦), A.A (�), ACR (�).
han 0.16. Note that substantial formation of acrylic acid was
chieved, when Ga content was equal or higher than 0.16. Opti-
um contact time equal to 2.1 s was observed for all samples

iving best A.A selectivity, all results for the other samples are
ot given here for clarity.

.2.3. Gax-Cs2.5HyPV1Mo11O40 samples pre-treated at
00 and 400 ◦C

Comparison of the catalytic data under the same reaction
onditions (same contact time, of 2.1 s and same reaction tem-
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Table 7
Catalytic data for Ga0.16-Cs2.5HyPVMo11O40 compounds at 340 ◦C as a function of contact time, C3:O2:He = 40:20:40

Catalyst Contact time (s) Selectivity % Conv. %

CO CO2 COx C3
= Ac.Aa A.Aa ACRa � Ox.P C3

Ga0.16-Cs2.5H1.5PVMo11O40-300 0.8 17.1 17.6 34.7 41.6 14.2 2.8 6.7 23.7 3.1
1.0 16.2 14.2 30.4 41.3 16.5 6.7 5.1 28.3 5.8
1.4 20.0 16.6 36.6 27.3 20.4 10.6 5.1 36.1 8.6
2.1 22.8 17.1 39.9 20.2 22.9 12.9 4.1 39.9 9.5
4.1 24.7 22.3 47.0 13.7 27.5 9.2 2.6 39.3 11.9

Preheating temperature 400 ◦C.
a C3: propylene, Ac.A: acetic acid, A.A: acrylic acid, ACR: acrolein, COx = CO + CO2, � Ox.P = sum of oxygenated products (ACR, Ac.A and A.A).

Scheme 1. Reaction pathways for propane oxidation on Gax-Cs2.5Hy

PVMo11O40 samples. The thick arrows indicate the major pathway.

perature of 340 ◦C) for samples pre-heated at 300 and 400 ◦C
is given in Table 8. Drop in the activity was observed after
higher pre-treatment temperature, whereas in terms of selec-
tivity no significant change was found for acetic acid. On
the contrary, selectivity to acrylic acid showed a significant
decrease at the profit of propene. Note that surface area val-
ues for both pre-treatment temperatures (see Table 2 and as
reminded for clarity in Table 8) has decreased after reac-
tion, as it has already been reported [40,41]. The decrease
in catalytic activity after pre-treatment at higher tempera-
ture is therefore certainly related to the decrease in surface
area.

3.2.4. Effect of gallium content
Formation of acrylic acid was observed when Ga was added

to the HPA. It can be seen clearly that the introduction of
Ga in the heteropolyacid samples has a beneficial effect in
terms of activity, as an increase in conversion was observed,
which is coherent with the increase in surface area values
(Table 2). In terms of selectivity, a substantial increase in the
selectivity to oxygenates, mainly acrylic acid was observed
with a maximum obtained for x = 0.16/KU at the expense of
propene.

When Ga content increased, selectivity to propene decreased
substantially in favour of acrylic acid mainly, whereas selectiv-
i
t
o

Table 8
Catalytic data for Cs2.5HyGaxPVMo11O40 compounds at 340 ◦C, contact time 2.1 s,
at 300 and 400 ◦C with surface area values after reaction in parentheses

Catalyst-Pre-treatment temperature ◦C Selectivities %

CO CO2 COX C3
=

Ga0-Cs2.5H1.5PVMo11O40-300 15.3 11.2 26.5 38.5
Ga0-Cs2.5H1.5PVMo11O40-400 26.1 16.9 43.0 28.7
Ga0.08-Cs2.5HyPVMo11O40-300 27.9 19.1 47.0 17.3
Ga0.08-Cs2.5HyPVMo11O40-400 21.2 20.6 41.8 28.4
Cs2.5HyGa0.16PVMo11O40-300 22.5 16.4 38.9 16.3
Cs2.5HyGa0.16PVMo11O40-400 22.8 17.1 39.9 20.2
Cs2.5HyGa0.32PVMo11O40-300 25.4 26.8 52.2 15.9
Cs2.5HyGa0.32PVMo11O40-400 23.1 20.4 43.5 18.8

a C3: propylene, Ac A: acetic acid, A.A: acrylic acid, ACR: acrolein, COx = CO + C
ty to COx products increased mainly after 300 ◦C pre-treatment
emperature. Note that only at Ga loading above 0.08, formation
f acrylic acid was observed at both pre-treatment temperatures,

flow rate 15 cm3 min−1, C3:O2:He = 40:20:40 with pre-treatment temperature

C3 Conv. % (S m2 g−1)

Ac.Aa A.Aa ACRa � Ox.P C3

28.2 2.4 3.5 34.1 9.9 (10)
25.5 0.0 2.8 28.3 11.2 (4)
21.7 11.1 2.9 35.7 12.8 (12)
23.9 0.0 5.9 29.8 9.9 (4)
22.4 20.0 2.4 44.8 18.1 (14)
22.9 12.9 4.1 39.9 9.5 (5)
23.5 6.3 2.1 31.9 16.6 (15)
25.1 9.7 2.9 37.7 9.7 (5)

O2, � Ox.P = sum of oxygenated products (ACR, Ac.A and A.A).
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indicating that the presence of Ga is important as active sites
responsible for the formation of acrylic acid. These results are
in agreement with those of Okuhara et al. and Langpape et al.
when Fe was the transition metal [9,42]. Finally, selectivity to
acrylic acid was the highest for the lower pre-treatment tem-
perature, while Brønsted acidity was different (Table 3). These
results indicate that an optimum amount of redox element and
a certain acidity have contributed at the same time not only
on the activity but also on selectivity to acrylic acid. As seen
in Scheme 1 and in agreement with our data discussed above,
propane oxidation follows two main pathways. The first pathway
is the oxidation of propane to propylene (1a) and consecutively
to acrolein (1b), which further transforms to acrylic acid (1c) or
the hydration of propylene leading to isopropyl alcohol (1b′).
The second pathway (2) is the direct oxidation of propane to
isopropyl alcohol (2a), which is further oxydehydrogenated to
acetone (2a) and finally oxidised to acetic acid and COx (2c).
One can then suggest that the role of acidity is not only to
activate propane, but also to facilitate desorption of the acrylic
acid from the surface, while the redox role of Ga element is
to facilitate selective oxidation. However, control of the acid-
ity is necessary due to the fact that a too high value can lead
to the consecutive oxidation of acrylic acid to COx formation
(1d) or to promotion of the formation of acetic acid through the
isopropyl alcohol route by hydration of propylene on Brønsted
acid sites (1b′) [33]. It can be concluded that Ga facilitates the
p
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and redox sites amount and thus to favour acrylic acid for-
mation at the expense of acetic acid or/and propene and/or
COx.
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