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Abstract
A series of V-oxide supported catalysts (5V/AlPO4, 5V/Al0.5Ga0.5PO4, 5V/GaPO4) were prepared in order to study their catalytic behaviour in

the ammoxidation of propane. Catalysts were characterized by BET surface area, XRD, Raman spectroscopy, TPR-H2 and XPS. The presence of

vanadium induced the crystallization of the supports (AlPO4, Al0.5Ga0.5PO4 and GaPO4). Crystalline V2O5 was observed on the V-based catalysts.

Catalytic results showed that the impregnation of vanadium enhances the propane conversion and selectivity to acrylonitrile (ACN). At 530 8C
5V/Al0.5Ga0.5PO4 exhibits the highest selectivity to ACN. One assumes that the best performance of 5V/Al0.5Ga0.5PO4 in propane ammoxidation,

is due to on the one hand the easiest reduction of V2O5 on Al0.5Ga0.5PO4 and to on the other hand a certain tunability of the reduced species

stabilized on Al0.5Ga0.5PO4.
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1. Introduction

Currently acrylonitrile is commercially produced mainly by

ammoxidation of propylene, but new developments have

indicated the possibility of selective one-stage synthesis of

acrylonitrile, from propane. Selective ammoxidation of

propane into acrylonitrile is an attractive alternative process,

as (i) acrylonitrile is widely used in the petrochemical industry,

(ii) propane is abundant and its cost is about 50% lower than

that of propylene [1,2] and (iii) there is a risk of propylene

shortage due to its increasing demand in the petrochemical

industry. Thus the development of a process based on propane

as the starting molecule appears to be the most direct evolution

of the propylene ammoxidation:

CH3�CH2�CH3þNH3þ 2O2 ) CH2¼CH¼CN þ 4H2O

ðDH¼ �632 kJ=molÞ

Many catalysts have been tested using oxides containing vana-

dium as a key component, e.g., modified V–Sb oxides [2,3]
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Mo–V–Te–Nb oxides [4,5], (VO)2P2O7 [6,7] and V–Al oxyni-

trides [8,9].

We recently [10] evidenced the possibility to dramatically

boost the selectivity of a Al0.5Ga0.5PO4 catalyst in the

ammoxidation of propane by supporting V oxide on it. In

continuation, the objective of this work is to further elucidate

the mechanism of such synergy by identifying the parameters

dictating its extent. Therefore, we investigated the behaviour of

a set of catalysts made of V oxide supported on three supports

differing by their composition (AlPO4, Al0.5Ga0.5PO4 and

GaPO4) and thus by their acidity. Acidity of the support may

indeed be a parameter influencing the synergy with vanadium

oxide. This approach will also eventually allow to indirectly

tuning the reducibility of the vanadium phases, which could be

another factor to investigate.

2. Experimental

2.1. Catalyst preparation

The supports were prepared by using the process developed

by Kearby [11] for aluminophosphates (AlPO4) and adapted for

the Al0.5Ga0.5PO4 and GaPO4. The method used for the

mailto:soria@cata.ucl.ac.be
http://dx.doi.org/10.1016/j.cattod.2007.06.083


M.A. Soria et al. / Catalysis Today 128 (2007) 168–175 169
preparation of Al0.5Ga0.5PO4 was detailed previously in [10].

Starting material was a solution of adequate amounts of

Ga(NO3)3�5H2O, AlCl3 and H3PO4 2 M (Ga/P atomic ratio of

1). The other supports were prepared following the same

procedure as for Al0.5Ga0.5PO4, but using different starting

products, namely: (i) for AlPO4 a solution of adequate amounts

of AlCl3 and H3PO4 2 M (Al/P atomic ratio of 1), and (ii) for

GaPO4 a solution of adequate amounts of Ga(NO3)3�5H2O and

H3PO4 2 M (Ga/P atomic ratios of 1). The resulting powders

were calcined in air at 800 8C (AlPO4), 650 8C (Al0.5Ga0.5PO4)

and at 625 8C (GaPO4) during 3 h. As already shown in a

previous work [12], the Al0.5Ga0.5PO4 obtained was truly a

single phase, although amorphous, but not a mixture of AlPO4

and GaPO4.

The vanadium containing catalysts (5% wt. of V) were

prepared by wet impregnation of AlPO4, Al0.5Ga0.5PO4, and

GaPO4 with an aqueous solution of NH4VO3 (0.03 M), which

was prepared by heating at 60 8C under stirring, and with the

pH adjusted to 5.5 by adding ammonium hydroxide (10%, v/v).

The solvent was evaporated in a rotavapor, then dried at 110 8C
for 16 h and calcined at 500 8C for 3 h in air. Samples referred

to as 5V/AlPO4, 5V/Al0.5Ga0.5PO4, and 5V/GaPO4. As a first

reference sample, a silica (Degussa, 41 m2/g) was impregnated

with 5% wt. of V using the same impregnation solution as for

the phosphate materials and following the same procedure. The

obtained sample is denoted 5V/SiO2.

Another series of reference samples consists in three

mechanical mixtures of V2O5 and AlPO4 (referred to as MM1),

V2O5 and Al0.5Ga0.5PO4 (referred to as MM2) and V2O5 and

GaPO4 (referred to as MM3). Each mixture contains 5% wt. of

V and was prepared following the procedure detailed in [10].

2.2. Characterization

2.2.1. Textural properties

Textural analysis was carried out in a Micromeritics Tristar

3000 equipment using the adsorption of nitrogen at �196 8C,

working with relative P/P0 pressures in the range of 10�2 to 1.0.

For each analysis, 150 mg of sample were degassed under

vacuum (50 mTorr) at 150 8C. The specific surface area was

thus calculated from the quantity of gas adsorbed (theory of

Brunauer, Emmet and Teller [13] by using 5 points with relative

P/P0 pressures ranging between 5 � 10�2 and 0.3. The

distribution of pores diameter was determined by the BJH

method (Barret, Joiyner and Halenda [14]) and the total pore

volume was assessed from the amount of nitrogen adsorbed at a

relative pressure of about 0.98.

2.2.2. X-ray diffraction (XRD)

XRD was recorded on a Siemens D5000 diffractometer

using the Ka radiation of Cu (l = 1.5418 Å). The 2u range

between 58 and 708 was scanned at a rate of 0.02 8/s. For XRD

in situ, the apparatus was equipped with a high temperature

chamber HTK10 from Anton Paar., provided with a furnace

allowing the control of the atmosphere and the programming of

temperature. A first X-ray diffraction pattern of the sample not

calcined was recorded at room temperature, then the sample
was heated until 500 8C under air with a rise in temperature of

5 8C/min. Three XRD patterns were recorded with 1 h intervals

when the temperature reached 500 8C. The 2u range between 58
and 378 was scanned, at a rate of 0.028/s, in order to allow a

focusing on the area where the most intense peaks of crystalline

V2O5 and crystalline phases of the supports appear.

2.2.3. Ammonia chemisorption

Ammonia chemisorption was conducted on 100 mg of

catalyst at 35 8C using the static volumetric apparatus

Micromeritics ASAP 2010C adsorption analyzer. The samples

were previously heated 3 h at 350 8C a flow of 30 ml/min of He.

In order to differentiate between ammonia physisorption and

chemisorption, the analysis was repeated after the first

isotherm. A first isotherm allows evaluating the volumes of

ammonia physisorbed and chemisorbed at different pressures.

After evacuation of the physisorbed fraction at the analysis

temperature for 0.5 h, a second isotherm is used to determine

the fraction reversibly adsorbed. The volume of ammonia

chemisorbed is estimated by subtraction between those two

isotherms. In this work, only the ammonia chemisorption

results are presented. Reproducibility is of about 10%.

2.2.4. Raman spectroscopy

Raman spectroscopy was performed with a Dilor-Jobin

Yvon-Spex spectrometer model Labram interfaced with an

optical microscope OLYMPUS DX-40, and equipped with a

He–Ne (l = 632.8 nm) laser. Spectra were obtained by

averaging 3 scans of the Raman shift range between 200 and

1200 cm�1, each of them recorded in 30 s with a spectral

resolution of 7 cm�1.

2.2.5. H2 temperature programmed reduction (TPR)

TPR was carried out in a continuous flow fixed bed reactor

operating at atmospheric pressure. One hundred milligrams of

sample were placed in a vertical reactor made of quartz. The

sample was pre-treated by heating it in a He gas flow (50 ml/min)

to 400 8C and then maintaining this temperature for 2 h. After

cooling, the sample was tested by increasing the temperature

from 40 to 850 8C. The reducing gas, a mixture of 5 vol.% H2 in

He at a flow rate of 50 ml min�1, was used to reduce the

catalyst with a continuous temperature ramp (10 8C/min). The

inlet and outlet gas compositions were measured using a QMC

311 Balzers quadrupole mass spectrometer coupled to the

reactor.

2.2.6. XPS

XPS analyses were performed on an Axis Ultra spectrometer

from Kratos working with a non-monochromatic Mg radiation

(10 mA, 15 kV) and the charge compensation device provided

by the supplier (charge balance fixed at �2.3 V). The samples

powders were pressed in small stainless steel troughs mounted

on a multi specimen holder. The pressure in the analysis

chamber was around 10�6 Pa. The angle between the normal of

the sample surface and the lens axis was 08. The hybrid lens

magnification mode was used with the slot aperture resulting in

an analyzed area of 700 mm � 300 mm. The pass energy for the
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analyzer was 40 eV. In these conditions, the energy resolution

gives a full width at half maximum (FWHM) of the Ag 3d5/2

peak of about 1 eV. The following sequence of spectra was

recorded: survey spectrum, C1s, O1s & V2p, Al2p, Ga3d and O2s

Ga3p and C1s again to check the stability of charge

compensation in function of time and the absence of

degradation of the sample during the analyses. The binding

energies were calibrated by fixing the C–(C, H) contribution of

the C1s adventitious carbon at 284.8 eV. Peaks were considered

to be combinations of Gaussian and Lorentzian functions in a

70/30 ratio working with linear baseline (following recom-

mendations from the supplier). For the quantification of the

elements, sensibility factors provided by the manufacturer were

used. Data treatment was performed with the CasaXPS program

(Casa Software Ltd., UK). XPS was performed on the fresh

samples as well as those after TPR-H2.

2.3. Catalytic activity

ropane ammoxidation was performed at 500, 530 and

550 8C using a conventional fixed bed quartz microreactor at

atmospheric pressure. About 0.1 g catalyst was located in the

outlet section of the reactor placed vertically inside on

electrical furnace, surrounding the reactor tube. The gas feed

consists of a mixture of C3H8:O2:NH3 in 1.25:3:1 volume

ratio. Total flow was 28 ml/min. Feed and products were

analysed on-line by two gas chromatographs, equipped with

FID and TCD, respectively. A carbon mass balance of 80–

90% was obtained, which is likely attributed to: (i) coke

deposition (that will be reported in XPS result) and (ii)

condensation or the polymerization of acrylonitrile. Although

the connection between the reactor and the chromatograph

was heated to 150 8C the mass balance observed evidenced

that these problems cannot be fully resolved (increasing the

temperature is favourable for avoiding condensation but is

possibly detrimental for the polymerization aspect). Dead

volumes were reduced using quartz grain to diminish

contribution from homogeneous conversion. Under these

conditions homogenous conversion (i.e. without any support

or catalyst in the reactor) was estimated to 8% at 500 8C, 12%
Table 1

Physico-chemical properties of metallophosphates and V-based samples

Sample Acidity

(mmol NH3/m2)

SBET

(m2/g)

BJH deso

pore diam

dp1

AlPO4 5.6 345 54

5V/AlPO4 9.8 118 74

Al0.5Ga0.5PO4 9.3 288 30

5V/Al0.5Ga0.5PO4 13.5 60 30

GaPO4 14.0 125 50

5V/GaPO4 10.9 13 70

SiO 5.4 41 133

5V/SiO2 3.5 36 133

a Total pore volume evaluated from the amount adsorbed at p/p0 = 0.98.
b Pore diameter for larger pores, which appeared because of the presence of van
at 530 8C and 12% at 550 8C with the main products being

propylene and COx.

3. Results

3.1. Catalysts characterization

The acidity, the BET surface area (SBET), total pore volume

(Vp), and average pore diameter (dpi
) and the XRD phase

composition of the metallophosphate supports (AlPO4,

Al0.5Ga0.5PO4, GaPO4), silica (SiO2) and the V-based catalysts

(5V/AlPO4, 5V/Al0.5Ga0.5PO4, 5V/GaPO4, 5V/SiO2) are given

in Table 1. The AlPO4, Al0.5Ga0.5PO4, GaPO4 supports as well

as the V oxide supported catalysts presents a type IV isotherm,

according to the IUPAC classification [13]. The supports

display a monomodal pores size distribution, whose average

pore diameter is labelled as ‘‘dp1
’’ (Table 1). When these

supports were impregnated with vanadium, besides the pores of

the support (dp1
) larger pores centred at dp2

(see Table 1) were

observed, exhibiting a bimodal pore size distribution. For

5V/AlPO4 it can be stated that the size of pores of the AlPO4

support increased from 54 (pure support) to 74 Å (denoted as

‘‘dp1
’’, in Table 1), whereas the newly observed larger ones

have an average diameter of 180 Å (denoted as ‘‘dp2
’’ in

Table 1). Concerning 5V/Al0.5Ga0.5PO4, the average diameter

of pores of the Al0.5Ga0.5PO4 support, remained constant after

vanadium impregnation (30 Å; denoted as ‘‘dp1
’’ in the Table 1)

and the newly observed larger pores have an average diameter

of 180 Å (denoted as ‘‘dp2
’’ in Table 1). The impregnation of V

on GaPO4 resulted in increasing the pores of the support from

50 to 70Å (denoted as ‘‘dp1
’’ in the Tabla1) and the newly

observed larger pores have an average value of 280 Å.

The acidity of the supports decreases in the following order:

GaPO4 > Al0.5Ga0.5PO4 > AlPO4 > SiO2. After vanadium

impregnation, the acidity increases in the case of the 5V/AlPO4

and 5V/Al0.5Ga0.5PO4 catalysts but it decrease for 5V/GaPO4

and 5V/SiO2. The acidity of the V-based catalysts decreases as:

5V/Al0.5Ga0.5PO4 > 5V/GaPO4 > 5V/AlPO4 > 5V/SiO2.

XRD revealed for the AlPO4, Al0.5Ga0.5PO4 and GaPO4

supports that they remained amorphous during the synthesis
rption average

eter (Å)

Total pore

volumea (cm3 g�1)

XRD phase

composition

dp2

b

– 0.55 Amorphe

180 0.28 V2O5 + AlPO4

– 0.26 Amorphe

180 0.11 V2O5 + Al0.5Ga0.5PO4

– 0.23 Amorphe

280 0.08 V2O5 + GaPO4

– 0.08

436 0.15 V2O5

adium.



Fig. 1. XRD patterns of V2O5 + AlPO4 (MM1),V2O5 + Al0.5Ga0.5PO4 (MM2) and V2O5 + GaPO4 (MM3).
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when V is absent. On the contrary, impregnation of vanadium

on these supports induced their crystallization. However, the

crystallization of the supports is suggested to be partial, because

compared to the pure crystalline supports, only the most intense

peaks of the support are visible, still as broad bands rather than

as sharp peaks. Also, XRD shows the presence of crystalline

V2O5 in the 5V/Al0.5Ga0.5PO4, 5V/AlPO4, 5V/GaPO4 and

5V/SiO2 catalysts.

In order to check if this crystalline vanadium oxide is

responsible for the crystallization of the supports, three

mechanical mixtures: V2O5 + AlPO4 (MM1), V2O5 +

Al0.5Ga0.5PO4 (MM2) and V2O5 + GaPO4 (MM3) were pre-

pared. Then, these mechanical mixtures were calcined in

the same conditions as for 5V/AlPO4, 5V/ Al0.5Ga0.5PO4 and

5V/GaPO4 catalysts, i.e. at 500 8C during 3 h under air. XRD

patterns of these calcined mechanical mixtures MM1, MM2 and

MM3 are displayed in Fig. 1. All the diffractograms show peaks

characteristic of crystalline V2O5 (represented by V in Fig. 1).

But no peaks of crystalline phases of AlPO4, Al0.5Ga0.5PO4 and

GaPO4 are observed in XRD patterns of mechanical mixtures

MM1, MM2 and MM3, respectively. Thus one can conclude

that: (i) the only presence of crystalline V2O5 is not responsible

for the crystallisation of the phosphate supports during the 2nd

calcination step and (ii) more generally the fact to calcine again

at 500 8C does not cause the crystallization of the supports.

In order to carry out an in situ follow-up of the changes of the

structure of the solids during calcination, X-ray analyses were

realized during a heat treatment in the presence of air. The results

of this analysis on the sample 5V/Al0.5Ga0.5PO4 not calcined are

shown in Fig. 2, The XRD pattern at room temperature does not

present any peaks, demonstrating that one starts from an
Fig. 2. In situ XRD patterns of the 5V/Al0.5Ga0.5PO4 not calcined.
amorphous sample. However, when the temperature reaches

500 8C, the first diffractogram exhibits three peaks (2u = 218,
228, 368), which correspond to crystalline Al0.5Ga0.5PO4 support

(represented by ‘‘S’’). The peaks of the crystalline V2O5

(2u = 208, 268, 328, represented by ‘‘V’’) appear in the second

XRD pattern. The same was observed for the 5/V AlPO4 and

5V/GaPO4 non-calcined samples (not shown).

The Raman spectra of the V2O5, 5V/Al0.5Ga0.5PO4,

5V/AlPO4, 5V/GaPO4 samples in the 250–1200 cm�1 region

are shown in Fig. 3. Neither the amorphous supports nor the

crystalline ones exhibited bands in Raman (not shown).

However, the presence of V2O5 crystalline in the 5V/AlPO4,

5V/Al0.5Ga0.5PO4, 5V/GaPO4 and 5V/SiO2 catalysts (bands at

993, 702, 530, 484, 401, 305 and 285 cm�1) is revealed by

Raman. The additional presence of polymeric vanadate species

was detected in 5V/AlPO4, and 5V/GaPO4 (bands at 930 and

1020 cm�1 respectively due to bridging V–O–V bonds and

terminal V O bond) [15,16].
Fig. 3. Raman spectra for (A) 5V/Al0.5Ga0.5PO4, (B)5V/AlPO4 (C) 5V/GaPO4

(D) V2O5. (V) V2O5, (P) Polymeric vanadote.



Fig. 4. TPR-H2 profiles for (A) 5V/SiO2, (B) 5V/ AlPO4 (C) 5V/Al0.5Ga0.5PO4

and (D) 5V/GaPO4.

Fig. 5. XPS spectra showing the V2p3/2 region of the (A) 5V/AlPO4, (B)

5V/Al0.5Ga0.5PO4 and (C) 5V/GaPO4 after TPR-H2.
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Fig. 4 shows the TPR-H2 profiles for the 5V/AlPO4,

5V/Al0.5Ga0.5PO4, 5V/GaPO4 and 5V/SiO2 catalysts. The

AlPO4, Al0.5Ga0.5PO4 GaPO4 and SiO2 supports do not present

any peak in this technique (not shown). TPR-H2 profile for

5V/Al0.5Ga0.5PO4 exhibits two major reduction peaks at 497

and 560 8C, whereas 5V/AlPO4, 5V/GaPO4 and 5V/SiO2

samples present only one major reduction peak at 527, 538 and

678 8C respectively. The TPR-H2 profile for V2O5 exhibits

three major reduction peaks at 679, 725 and 900 8C, as

described in [10] and confirmed by other authors [17]. Bosch

et al. [18] have attributed this result to the reduction sequence:

V2O5
þ5
! V6O13

þ4:33
! V2O4

þ4
! V2O3

þ3

The binding energy values of the V2p3/2 peak for the samples

before TPR-H2 are shown in Table 2. The XPS results for V2p3/

2 signal after reduction with hydrogen are presented in Fig. 5.

Several authors [19–21] have calculated the average oxidation

state by peaks deconvolution of the V photoelectron signal. In

our case, this cannot be done, since the peak of V2p3/2 in the V-

based catalysts is very broad because of the low V-loading. The

binding energy values of the V photoelectron peaks in the range

517.5–517.6, at 516.5 and at 515.9 eV are commonly attributed

to respectively V5+, V4+ and V3+ oxidation state of vanadium
Table 2

XPS data for V-based catalysts fresh and after catalytic test

Sample Fresh

P2p/[(Al2p) + (Ga3d] V2p3/2/P2p C1s/P2p

5V/AlPO4 0.98 0.13 1.90

5V/Al0.5Ga0.5 PO4 0.99 0.15 1.87

5V/GaPO4 0.99 0.15 1.89
[19]. Thus, the state of oxidation of vanadium in the samples

before reduction is close to +5 (see Table 2). After TPR-H2, on

5V/AlPO4 and 5V/GaPO4 the V2p3/2 peak is centred at about

516.7 and 516.4 eV, respectively, which could be attributed to

V4+. However, on 5V/Al0.5Ga0.5PO4 the V2p3/2 peak is centred

at about 515.8 eV, suggesting that the oxidation state of the

vanadium on this catalyst is close to V3+. Despite the decon-

volution of V2p3/2 peak cannot be done, as mentioned above,

the broadness of the lines suggests the presence of vanadium in

several oxidation states.

The atomic ratios for 5V/AlPO4, 5V/Al0.5Ga0.5PO4 and

5V/GaPO4 fresh and after reaction are shown in Table 2. For all

the spent V-based catalysts, the P2p/[(Al2p) + (Ga3d)] atomic
After test

V2p3/2 (eV) P2p/[(Al2p) + (Ga3d)] V2p3/2/P2p C1s/P2p

517.2 0.98 0.85 2.69

517.0 0.99 1.04 2.71

517.0 0.99 0.56 2.82



Table 3

Data for V-based catalysts and supports in propane ammoxidation

Sample Conv. C3H8 (%) Conv. NH3 (%) Selectivity (%)

ACN AcCN C3H6 C2H6 COX

AlPO4 26 20. 4 33 45 4 10

5V/AlPO4 49 95. 14 18 19 1 24

Al0.5Ga0.5PO4 24 23. 5 34 35 4 10

5V/Al0.5Ga0.5PO4 48 96 27 10 30 3 28

GaPO4 20 14 7 26 44 4 11

5V/GaPO4 31 81 12 29 37 2 14

SiO2 18 21 5 24 32 10 21

5V/SiO2 23 93 8 21 22 6 32

Temperature: 530 8C; feedstock: C3H8/O2/NH3 = 1.25/3/1, 0.1 g catalyst. ACN: acrylonitrile; AcCN: Acetonitrile.
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ratio remains constant, whereas the V2p3/2/P2p atomic ratio

increases for all the catalysts. The C1s/P2p atomic ratio slightly

increases after test whatever the catalyst, and this could be due

to some coke deposition.

3.2. Catalytic activity

In a previous work [10] we have reported that, (i) the

Al0.5Ga0.5PO4 support is not selective to acrylonitrile (ACN),

and (ii) the selectivity to ACN is greatly enhanced for the

5V/Al0.5Ga0.5PO4. Moreover, results obtained with a mechan-

ical mixture (Al0.5Ga0.5PO4 + V2O5) suggest that a cooperation

between V2O5 and Al0.5Ga0.5PO4 operates [10]. The observed

products obtained during the propane ammoxidation in the

presence of the catalyst were acrylonitrile (ACN), acetonitrile

(AcCN), propylene, ethylene, carbon oxides (COx), N2 and

N2O. The V-oxide supported catalysts showed a higher

performance in propane ammoxidation at 530 8C. These

results are summarized in Table 3. It can be seen that the
Fig. 6. Conversion of propane and selectivities as a function of the reaction temper

without V impregnated (see color code on the figures).
supports present a low selectivity to nitriles products, being

more selective to acetonitrile. The supports also exhibit a higher

selectivity to propylene. The ethylene detected is probably

formed from a parallel cracking reaction. SiO2 is the most

selective support towards ethylene production. Although an

homogeneous conversion is observed, all supports show a

higher conversion (Table 3) than that corresponding to

homogeneous reaction. This suggests that the supports are

active in propane ammoxidation.

The vanadium incorporation on the support leads to (i) an

increase in the conversion of both propane and ammonia, (ii) an

increase in the selectivity of acrylonitrile (ACN), (iii) a

decrease in the C3H8, AcCN and C2H4 selectivities and (iv) an

increase in the COx selectivity.

Fig. 6 shows the conversion of C3H8 and the selectivity to

ACN at 500, 530 and 550 8C for the supports (AlPO4,

Al0.5Ga0.5PO4, GaPO4 and SiO2) as well as for the V-based

catalysts (5V/AlPO4, 5V/Al0.5Ga0.5PO4, 5V/GaPO4 and

5V/SiO2). The propane conversion increased with the reaction
ature for (A) AlPO4, (B) Al0.5Ga0.5PO4, (C) 5V/GaPO4 and (D)/SiO2, with and
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temperature for both supports and the V-based catalysts. The

AlPO4, Al0.5Ga0.5PO4, GaPO4 and SiO2 supports are poorly

selective to ACN whatever the temperature measured.

Improved performances (increased conversion of the propane

and selectivity to ACN) are induced by the impregnation of

vanadium, regardless the nature of the support and the reaction

temperature. For all V-based catalysts the selectivity to ACN

reaches a maximum at 530 8C.. At this temperature the

selectivity to ACN increases as follows:

5V=Al0:5Ga0:5PO4ð27%Þ > 5V=AlPO4ð14%Þ
> 5V=GaPO4ð12%Þ > 5V=SiO2ð8%Þ

However, the increase in selectivity to ACN is the highest for

vanadium impregnated on Al0.5Ga0.5PO4 while it is the lowest

for 5V/SiO2. The latter result suggests that the higher selectiv-

ity to ACN is not due to vanadium only but is due to the

simultaneous presence of V and a phosphate support.

4. Discussion

4.1. Change in the textural properties due to the

impregnation of vanadium on the supports AlPO4,

Al0.5Ga0.5PO4 and GaPO4

As discussed previously in [10], the BET surface area of

5V/Al0.5Ga0.5PO4 decreases noticeably (79%) with respect to

that of the Al0.5Ga0.5PO4 support. In the present work, we

observed the same phenomenon for the 5V/AlPO4 and

5V/GaPO4 catalysts, where a diminution of the BET surface

area (76 and 90% for 5V/AlPO4 and 5V/GaPO4 respectively)

was observed. It was also observed after vanadium impreg-

nation that the total pore volume decreases by 49, 52 and 65%

in 5V/AlPO4, 5V/Al0.5Ga0.5PO4 and 5V/GaPO4 respectively.

In order to discriminate if the decrease in both the BET

surface area and the pore volume as well as the appearance of

new pores are due to the presence of vanadium oxide and/or to

an effect of the 2nd calcinations of the support when V is

impregnated, the AlPO4, GaPO4, Al0.5Ga0.5PO4 supports were

calcined in the same conditions as the V-based samples

(500 8C, 3 h). For all the calcined supports a monomodal

distribution was observed, which indicates that the new pores

present in V-based catalysts are due exclusively to impregnat-

ing vanadium on the supports. On the contrary, the calcination

of the AlPO4, Al0.5Ga0.5PO4, GaPO4, supports lead to a

diminution of the BET surface area and of total pore volume.

This diminution depends on the type of support. Thus, for the

AlPO4, Al0.5Ga0.5PO4, GaPO4 a diminution in the BET surface

area of 22, 44 and 54% respectively was observed, and a

diminution of 7, 30 and 30% of the total pore volume was

observed.

Despite the fact that the BET surface areas for the supports

decreased as a result of the calcinations, it does not explain the

much more marked loss in the BET surface areas measured for

the V-based catalysts. Consequently, the diminution of the

BET surface area in the 5V/AlPO4, 5V/Al0.5Ga0.5PO4 and

5V/GaPO4 catalysts could be explained by two phenomena: (i)
blocking of pores by V2O5 particles (which also produces a

diminution of the total pore volume) and (ii) rearrangement in

the surface during the calcination causing a partial crystal-

lization of the support.

4.2. Crystallization of the support and the V2O5

XRD of V-based catalysts (5V/AlPO4, 5V/Al0.5Ga0.5PO4

and 5V/GaPO4) showed the crystallization of the supports

AlPO, Al0.5Ga0.5PO4 and GaPO4 at 500 8C. This is remarkable

since the pure supports are XRD amorphous when they were

calcinated at 500 8C, and need high temperatures for their

crystallization: 1100 8C for AlPO4, 950 8C for Al0.5Ga0.5PO4

and 750 8C for GaPO4 [12]. XRD and Raman spectroscopy also

reveal the presence of crystalline V2O5. Similar results were

previously reported by Chary et al. [22] and Lindblad et al. [23]

who observed the formation of crystalline V2O5, as well as the

crystallization of amorphous AlPO4 after vanadium impreg-

nation.

In the same way, it was shown that crystalline V2O5 is not

responsible for the support crystallization. However, the

vanadium species able to induce the crystallization of the

support is a ‘‘not yet crystallized vanadium oxide’’. Actually,

when the support crystallizes in presence of V, the support

crystallizes first and then only the vanadium oxide.

4.3. TPR-H2

The number of peaks in their respective TPR-H2 experi-

ments suggests that the reduction of V proceeds in two steps on

Al0.5Ga0.5PO4, whereas on AlPO4, GaPO4 and SiO2 it occurs

mainly in one step. TPR-H2 shows that V species are reduced

with a facility decreasing as:

5V=Al0:5Ga0:5PO4ð1ststepÞ > 5V=AlPO4 > 5V=GaPO4

> 5V=SiO2:

XPS leads to a similar conclusion as it can be seen that, after

an identical TPR-H2 programme, the oxidation state is close

to +3 for 5V/Al0.5Ga0.5PO4, whereas in the other V-based

catalysts the final oxidation state of vanadium was close to +4.

This different final oxidation state, which must be regarded in

the line with the presence of the two TPR-H2 peaks observed

in 5V/Al0.5Ga0.5PO4 material, indicates that vanadium is

reduced in a larger extent on 5V/Al0.5Ga0.5PO4 than on

5V/AlPO4, and 5V/GaPO4.

4.4. Relationship between synergy and the physico-

chemical properties of the V-based catalysts

The three V-based samples have specific surface areas

comparably smaller than those of the supports. XRD results

reveal that the presence of vanadium induced the crystallization

of all the supports (AlPO4, Al0.5Ga0.5PO4 and GaPO4) in

similar extents. This suggests that the extent of the synergy to

ACN selectivity is not due to differences in the textural or the

structural properties in the catalysts.
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Raman spectroscopy and XRD show the presence of

crystalline V2O5 in the three V-based catalysts. In 5V/AlPO4

and 5V/GaPO4 catalysts, together with crystalline V2O5,

polymeric vanadates were detected. Since the selectivity to

ACN increases as follows:

5V=Al0:5Ga0:5PO4ð27%Þ > 5V=AlPO4ð14%Þ
> 5V=GaPO4ð12%Þ > 5V=SiO2ð8%Þ

it suggests that polyvanadates are not the most selective species,

and that they cannot explain entirely the highest selectivity

observed for 5V/Al0.5Ga0.5PO4.

The V2p3/2/P2p atomic ratio for spent V-based catalysts is

higher than that of the fresh catalysts. These results indicate that

the vanadium oxide spreads over the support, which can be

responsible for the observed increase in catalytic performances.

Such an increase is more marked for 5V/Al0.5Ga0.5PO4, which

could explain, at least in part, the higher catalytic performance

shown by this catalyst.

On the other hand, it seems that crystalline V2O5 plays a

crucial key role in this matter. In the catalytic system NiSbV

(1/2/0.3) [24] the V2O5 presence also was detected. This

catalyst displays a certain activity in the reaction of propane

ammoxidation. But in our case the activity is favoured by

cooperation between the support and the V2O5.

As for textural and structural arguments, and for the

presence the polymeric vanadates, the acidity of the V-based

catalysts does not explain satisfactorily the extent of the

synergy to ACN selectivity. Indeed the order of the acidity

does not mach with the order of selectivity to ACN for the

V-catalysts.

On the contrary, the order of selectivity to ACN coincides

with the order of the reducibility of the vanadium species. The

higher facility of V2O5 reduction on Al0.5Ga0.5PO4 could thus

explain in a convincing way the higher selectivity to ACN

obtained in the 5V/ Al0.5 Ga0.5PO4.catalyst.One has to admit

that, at this stage, the hypothesis should still be experimentally

supported. However, by analogy with other similar systems

(Mo oxide catalysts or VPO oxide catalysts used in oxidation

reaction), the idea that catalysts containing a small amount of

reduced metal with fully oxidized metal are more selective,

could be a reasonable one [25,26].

5. Conclusions

Catalytic performances are boosted by the presence of

crystalline V2O5 formed on (Al)(Ga)PO supports. The extent

of the synergy is not related to any variation of acidity, texture or

structure neither to the presence of polymeric vanadates. But the

extent of the synergy seems related to the extent of the facilitation

of the reduction of V2O5. Al0.5 Ga0.5PO4 nonetheless offers the

easiest reduction of V2O5 but also offers a certain tunability of the
reduced species stabilized. Although the origin of the best

performance of these V reduced species should still be

experimentally evidenced, one assumes that this combination

explains the best performance of 5V/Al0.5 Ga0.5PO4 in propane

ammoxidation.

Acknowledgements

The authors gratefully acknowledge the ‘‘Fonds Spécial de
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