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Vanadyl–aluminum binary phosphate: Al/V ratio influence on their
structure and catalytic behavior in the 2-propanol conversion
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Departamento Qúımica Orgánica, Universidad de Córdoba, Campus de Rabanales, Edificio Marie Curie (C-3), E-14014 Córdoba, Spain

Abstract

The synthesis of aluminum–vanadium–phosphorus (AlVPO) systems by sol–gel method was carried out with several P/Al/V
molar ratios. They were calcined at 450–550◦C as previously applied in the synthesis of amorphous AlPO4 catalysts. Materials
were characterized by chemical analysis, thermogravimetric analysis, X-ray diffraction, UV-Vis,31P and27Al MAS NMR,
scanning electron microscopy and nitrogen adsorption. The textural properties and morphology of AlVPO materials were
influenced by the Al/V ratio and thermal treatment. As the porosity of the solids decreased, both the BET surface areas as well
as their primarily amorphous character did as well, while the vanadium content and calcination temperature increased. After
calcination, the presence of two pure phosphate phases, AlPO4 (�-cristobalite) and�-VOPO4, was observed. Their catalytic
behavior in the conversion of 2-propanol was studied. Both the activity for 2-propanol conversion and the selectivity values to
propene and propanone were also greatly affected by the Al/V ratio values. Thus, the activity of the AlVPO systems increased
with the aluminum content, whereas the 2-propanone selectivity decreased slightly. On the basis of kinetic study we conclude
that dehydration to propene and dehydrogenation to propanone could proceed via different active sites and mechanisms.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Vanadium is a key element in the formulation of
catalysts utilized in the selective oxidation of hydro-
carbons in the vapor phase. Among these catalysts,
vanadium–phosphorus mixed oxides (V–P–O) have
been the subject of extensive research, due principally
to their widespread use as catalysts for the oxidation of
n-butane to maleic anhydride (e.g. [1]). Several phases
have been identified in different oxidation states of
vanadium, depending on the formation of a specific
phase mainly in the preparation method[2,3]. Fur-
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thermore, a wide variety of metal cations have been
used as promoters not only of vanadyl pyrophosphate,
which is considered to be critical for active and se-
lective industrial catalysts, but also in other vanadyl
phosphate phases[1,4,5].

On the other hand, aluminum phosphates, AlPO4,
have also been intensively studied as catalysts and
metal supports in a great variety of gas or liquid-phase
chemical processes. Furthermore, their texture, struc-
ture, and acid–base character as well as their catalytic
properties can also be improved or modified by the
incorporation of other metal oxides, e.g. TiO2, Al2O3,
V2O5, ZrO2, B2O3 [6–10] and transition metal phos-
phates[11,12]. However, only a limited number of
articles can be found in the literature concerning the
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use of aluminum phosphate as the support for V–P–O
catalysts, although it has been demonstrated to provide
a good support material for these V–P–O catalysts in
the production of maleic anhydride[13,14].

As far as the decomposition of 2-propanol is con-
cerned, it has been extensively utilized as a test
reaction for the characterization of acid and basic
(redox) metal oxide sites[15–20]. The alcohol de-
composes through two parallel reactions: dehydration
to propene mainly on acid sites, and dehydrogena-
tion to 2-propanone on basic, or concerted acid–base
pair sites, or on active sites with redox and basic
properties. Some conditions also give rise to the for-
mation of diisopropyl ether by dehydration involving
two molecules of 2-propanol, which takes place on
acidic sites. However, the role of acidic and basic
sites in the formation of propene and 2-propanone
still has not been well established. Recently it has
been reported as well that the dehydration and dehy-
drogenation of 2-propanol are also strongly affected
by such experimental conditions as reaction temper-
ature, 2-propanol partial pressure and other factors
[21,22].

In this respect, our investigation is concerned with
the study of some systems based on aluminum–vana-
dium–phosphorus (AlVPO) prepared by coprecipita-
tion, in a similar way to how amorphous aluminum
phosphate (AlPO4) synthesis[23] has been carried
out. This is done in order to obtain insight into the
effect that the aluminum presence might have on
structure, physical and surface properties of V–P–O
systems and, consequently, on their catalytic behavior,
especially in some oxidation reactions. We found in
previous research that the calcination of the AlVPO
system over 550◦C promoted an important decrease
in catalytic activity not only in the 2-propanol reaction
but also in oxidation reactions of benzene, toluene and
o-xylene, probably related to the structural changes
that took place[24]. Thus, the present paper reports on
the preparation, characterization and catalytic behav-
ior in the decomposition of 2-propanol on AlVPO sys-
tems with several P/V/Al molar ratios, and calcined at
450 and 550◦C, respectively. The materials have been
characterized by several physical methods: thermo-
gravimetric analysis (TGA), X-ray diffraction (XRD),
diffuse reflectance UV-Vis spectroscopy (UV-Vis),
scanning electron microscopy (SEM),27Al, and 31P
MAS NMR, and nitrogen adsorption. Surface acid

characterization was also carried out through pyridine
chemisorption.

2. Experimental

2.1. Catalysts

The AlVPO systems were prepared from appropri-
ate amounts of NH4VO3 reduced with oxalic acid,
AlCl3·6H2O, and H3PO4 (85 wt.%) by precipitation
with aqueous ammonia and stirring at 0◦C until pH
4. After filtration, the solids (AlVPO-I, AlVPO-II
and AlVPO-III, where I, II and III indicate the dif-
ferent Al/V molar ratios that decreased from I to
III) were calcined in air at 450 and 550◦C for 3 h
to obtain six catalysts denominated AlVPO-I-450,
AlVPO-I-550, AlVPO-II-450, etc. (as shown in detail
in Fig. 1).

As a reference, a VPO system (P/V molar ratio=
1/1.3) was also obtained[24]. H3PO4 (85 wt.%) was
added to the blue solution of VO2+. The dark green
precipitate obtained was washed, dried and calcined in
the same way as described above for AlVPO catalysts.
Two different catalysts were obtained by calcination
at 450 and 550◦C (VPO-450 and VPO-550). All the
solids synthesized were screened to<0.149 mm.

2.2. Chemical analysis

The final Al, V and P contents of the catalysts were
determined by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) analysis on a
Perkins Elmer Optima 3000. The samples were com-
pletely dissolved in HNO3, 2 wt.%, diluted to suitable
concentrations and measured against standard solu-
tions.

2.3. Textural properties

Surface area and pore size information were ob-
tained from the adsorption–desorption isotherms of ni-
trogen at its liquid temperature, using a Micromerit-
ics ASAP 2000 apparatus. Prior to measurements, all
the samples were degassed to 0.1 Pa. BET surface ar-
eas were calculated assuming a cross-sectional area of
0.162 nm2 for the nitrogen molecule.
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Fig. 1. Schematic drawing of the preparation schedule for AlVPO
systems.

2.4. Thermogravimetric analysis

TGA were performed on a Cahn 2000 thermobal-
ance in the presence of static air with a 21 mg sample.
The heating rate was 10◦C min−1 (temperature range:
30–800◦C). The samples used were the dried precip-
itates (120◦C, 24 h) prior to calcination.

2.5. XRD measurements

XRD patterns were carried out using Ni-filtered Cu
K� radiation (λ = 1.5418 Å). Finely ground sam-

ples were scanned at a speed of 2◦ min−1 (2θ =
10–50◦) using a Siemens D-500 difractometer (35 kV,
20 mA).

2.6. NMR spectroscopy measurements

27Al (pulse: 2�s; recycle delay: 2 s) and31P (pulse:
2.6�s; recycle delay: 6 s) MAS NMR spectra were
recorded at resonance frequencies of 104.26 and
161.98 MHz, respectively, with a Bruker ACP-400
multinuclear spectrometer (external magnetic field,
9.4 T). All the measurements were carried out at room
temperature with a standard Bruker double-bearing
MAS (5.5 kHz) probe. About 200 mg of sample ma-
terial was placed in the rotor with a volume of about
0.35 cm3. Al(H2O)6

+3 and H3PO4 solutions were
used as external standard references for Al and P
chemical shifts, respectively. In order to preserve
quantitative analysis, no mathematical procedures of
NMR signal treatment, such as multiplication by an
exponential function, were used. Also, the chemical
shifts given for aluminum were not corrected for
second-order quadrupole effects.

2.7. UV-Vis diffuse reflectance spectroscopy

Diffuse reflectance spectra in the UV-Vis region
(200–800 nm) were collected with a Variant Cary
1E UV-Vis spectrophotometer equipped with a re-
flectance attachment using polytetrafluoroethylene as
reference.

2.8. Scanning electron microscopy

SEM studies were carried out in a Jeol appara-
tus, model JSM6300, equipped with an Oxford Instru-
ments detector model link ISIS.

2.9. Surface acid properties

The surface acidity (Bronsted- and Lewis-acid sites)
was measured in a dynamic mode by means of the
gas-phase adsorption of pyridine (Py) at 100, 200 and
300◦C, using a pulse chromatographic technique[11].
The pulse size was in the range of gas chromatog-
raphy linearity, corresponding to 0.1–0.5 monolayer.
The acidity measurements were repeated several times
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and good reproducibility of the results was obtained
(ca. 7%).

2.10. 2-Propanol conversion

The 2-propanol conversion (dehydration and dehy-
drogenation) process was studied by using a micro-
catalytic pulse reactor inserted between the sample in-
let and the column of a HP-5890 II GC. Initially a
series of pulses of varying sizes were injected into
the catalyst in order to optimize the pulse size within
the linear range of the adsorption isotherm. Thus, cat-
alytic measurements were performed under the fol-
lowing conditions: 2-propanol (liquid) volume/pulse
size 2�l; reaction temperature, 170–250◦C (at 40◦C
intervals); catalyst weight, 20 mg; flow rate of nitro-
gen carrier gas, 10 cm3/min. Before the experiments,
the samples were pretreated by in situ heating un-
der nitrogen (10 cm3/min) for 30 min at 300◦C. The
2-propanol pulses were injected successively till con-
stant values of conversion and yield of products were
attained (usually after 3–4 pulses). The final values re-
ported are the mean of values obtained in three or four
successive pulses after the stationary state of activity
was obtained.

The reaction products: propene, 2-propanone
and diisopropyl ether, were analyzed by GC with
FID detection. The column was 2 m long (1/8 in.,
stainless-steel) packed with 5% celanesse-ester on
Chromosorb G AW-DMCS 80/100 at 50◦C. A blank

Table 1
Chemical composition, textural properties and surface acidity versus pyridine, of different systems

Catalyst Chemical composition (mol%) Al/V (M) SBET (m2/g) Vp (ml/g) Py (�mol/g)

Al V P 100◦C 200◦C

AlVPO-I 41.1 17.2 41.7 2.34 43.2 0.20 – –
AlVPO-I-450 40.0 17.5 41.5 2.32 17.7 0.05 9.9 5.6
AlVPO-I-550 41.2 17.3 41.5 2.39 2.7 – – –
AlVPO-II 29.1 30.8 40.1 0.94 12.0 0.08 – –
AlVPO-II-450 28.6 30.6 40.8 0.93 4.3 0.01 2.6 –
AlVPO-II-550 27.0 30.9 42.1 0.87 1.0 – – –
AlVPO-III 15.3 50.1 33.4 0.31 4.8 0.03 – –
AlVPO-III-450 16.1 50.0 33.9 0.32 1.9 – – –
AlVPO-III-550 15.1 49.2 35.7 0.31 1.4 – – –
VPO – 57.1 42.9 – 2.0 – – –
VPO-450 – 56.4 43.6 – 1.8 – – –
VPO-550 – 57.5 42.5 – 0.9 – – –

test showed the absence of thermal reaction in the
absence of the catalyst.

3. Results and discussion

3.1. Chemical composition

The final P, Al and V contents of AlVPO and VPO
systems are shown inTable 1. On going from AlVPO-I
to AlVPO-III, the vanadium content increased by a
factor of 3 (Al content decreased to the same de-
gree). Furthermore, the P/V + Al molar relation for
the AlVPO systems, similar to that for the VPO sys-
tems, was between 0.7 and 0.8. Only the AlVPO-III
systems showed a lower value equal to 0.5–0.6. No
changes were observed in either AlVPO or VPO sam-
ples subjected to thermal treatment.

3.2. TGA measurements

TG profiles of AlVPO samples were very similar
and they were all characterized by two weight losses
up to 400◦C. The first one, under 200◦C, can be at-
tributed to the desorption of physically adsorbed wa-
ter and 2-propanol, while the second one, between
200 and 400◦C, is higher and can be associated to
the removal of ammonium chloride. The final weight
losses were 38.8, 30.5 and 34.8 for AlVPO-I, II and
III, respectively. At temperatures over 400◦C, slight
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weight losses (<2 wt.%) were observed that could be
due mainly to the condensation of surface hydroxyls,
as occurred in AlPO4–metal oxide systems[7,9,10],
and/or to dehydration of the vanadyl hydrogenphos-
phate hydrates[2]. VPO systems displayed almost the
same behavior as previously described[24].

3.3. Textural properties

The nitrogen isotherms obtained for AlVPO and
AlVPO-I-450 samples were type IV of the BDDT clas-
sification [25], exhibiting H1 hysteresis loops which
corresponded to mesoporous solids[26]. The other
AlVPO systems, as well as the AlVPO-I, after heat-
ing at 450◦C, displayed reversible Type II isotherms
that corresponded to non-porous adsorbents.Table 1
compiles the values of BET surface area,SBET, for all
solids, and the pore volumes,Vp for those solids with
porosity. TheSBET values decreased as the amount
of vanadium increased. In addition, AlVPO catalysts
showed surface areas appreciably higher than VPO
catalysts.

3.4. XRD measurements

Fig. 2 shows the XRD patterns of all AlVPO sys-
tems. The XRD patterns of the uncalcined AlVPO
systems suggest that they were poorly crystallized,

Fig. 2. XRD patterns of uncalcined and calcined AlVPO systems.

since no characteristic peaks can be easily indexed.
Reflections relative to�-VOPO4 (JCPDS 27-948)
and to AlPO4 crystallized in �-cristobalite form
(JCPDS 11-500) were observed after calcination
at 450◦C. The crystalline character of both com-
pounds increased with vanadium content in the solids,
especially �-VOPO4, and with thermal treatment.
Also, the AlVPO-I-450 and AlVPO-II-450 diffrac-
tograms exhibited two new lines. There was a small
one at 2θ = 15.5◦ (d = 5.65 Å), characteristic of
VOHPO4·0.5H2O, and the other one was at 2θ =
20.5◦ (d = 4.36 Å), which is incompatible with the
orthorhombic symmetry of�-cristobalite but may be
related to the presence of structural defects[7]. Both
of them either disappeared or showed appreciably de-
creased intensities after calcining the solids at 550◦C.
As far as the diffractograms of the calcined AlVPO-III
systems were concerned, new lines appeared at 2θ =
15.4◦ (d = 5.76 Å), 2θ = 20.16◦ (d = 4.4 Å) and
2θ = 31.8◦ (d = 2.88 Å). These increased in inten-
sity in the sample calcined at 550◦C which can be
indexed to V2O5 (JCPDS 9-387). This fact can be ex-
plained taking account the lower P/Al +V ratio value,
in Table 1, presented by these AlVPO-III systems.

With respect to VPO samples, the uncalcined sam-
ple showed a small degree of crystallinity with an
XRD pattern corresponding to hemihydrate vanadyl
hydrogenphosphate VOHPO4·0.5H2O. In addition,
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Fig. 3. 31P MAS NMR spectra of uncalcined and calcined AlVPO systems.

VPO samples calcined at 450 and 550◦C turned into
fully crystallized�-VOPO4 [24].

3.5. 31P and 27Al MAS NMR spectroscopy

31P MAS NMR spectra of AlVPO systems are
shown inFig. 3. As can be seen, the spectra of un-
calcined AlVPO systems showed a very broad signal.
This could be related to the presence of some vanadyl
hydrogen phosphate hydrates containing V4+, given
the paramagnetic character of this cation[27], and
to the mainly amorphous character of the solids in
accordance with results from XRD. Similar behavior
was reported to uncalcined VPO[24]. However, the
spectra of the calcined AlVPO exhibited two major
resonances, whose isotropic chemical shift values
appeared at around−10 and −29 ppm, and their
corresponding spinning sidebands (SSB). The first
resonance, which was also displayed in the spectra of
calcined VPO systems, can be attributed to�-VOPO4
[27]. The second one corresponded to P atoms in
tetrahedral coordination with P–O–Al bonds, i.e.
P(OAl)4 environments[7]. The relative intensity of
both the resonances was according to the chemical

composition of each of the AlVPO systems. Further-
more, both resonances narrowed after calcining the
samples at 550◦C, indicating the whole formation
and crystallization of the two phases. In addition,
those isotropic chemical shift values suffered negligi-
ble changes with the composition of the systems, thus
implying that there was no change in the electronic
environment of the P sites.

27Al MAS spectra of the uncalcined AlVPO, in
Fig. 4, also indicated the amorphous character of the
systems as well as the presence of mainly tetrahedral
Al (peak at around+41 ppm) with some octahedral
aluminum (peak at around−7 ppm) atoms. As can
also be seen inFig. 4, the thermal treatment caused
the disappearance of the−7 ppm signal as well as
the narrowing and slight shifting towards a lower fre-
quency value (from+41 to+39.8 ppm) for the tetra-
hedral aluminum signal. These facts suggest a total
removal of water molecules, changing the aluminum
atoms from octahedral to tetrahedral coordination, and
the crystallization of AlPO4. Thus, a+39 ppm compo-
nent is typical of tetrahedral aluminum sharing oxygen
atoms with four tetrahedra of phosphorous [Al(OP)4]
[7].
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Fig. 4. 27Al MAS NMR spectra of uncalcined and calcined AlVPO systems.

3.6. UV-Vis diffuse reflectance spectroscopy

UV-Vis spectra of uncalcined and calcined AlVPO
samples are reported inFig. 5. In the case of the uncal-
cined samples, the presence of some absorptions were
observed between 550 and 850 nm, which were as-

Fig. 5. Diffuse reflectance UV-Vis spectra of uncalcined and calcined AlVPO systems.

signed to d–d transitions of V4+ (d1) [28]. There was
also a charge-transfer band at around 240 nm, indicat-
ing that V4+ ions were present, according to the above
results found using other characterization techniques.
These bands disappeared after calcination, suggesting
that V4+ has been mostly oxidized to V5+ and, accord-
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ingly, the spectra of calcined AlVPO showed princi-
pally charge-transfer bands in the 300–500 nm range,
which are characteristic of vanadium compounds with
V5+ cations in octahedral symmetry[28].

3.7. Scanning electron microscopy

SEM results,Fig. 6, showed a non-homogeneous
distribution in morphology, texture and particle size
for all uncalcined and calcined AlVPO systems. In ad-
dition, the average size of particles decreased slightly
and some changes in morphology were also observed,
when the vanadium amount and/or the calcined tem-
perature increased. As far as the VPO systems are

Fig. 6. SEM micrographs: (a) AlVPO-I; (b) AlVPO-I-450; (c) AlVPO-III; (d) AlVPO-III-450; (e) VPO; (f) VPO-450.

concerned, the uncalcined one showed a morphology
of thin elongated platelets randomly aggregated into
non-uniformly sized clumps (Fig. 6(e)). After calci-
nation, the VPO was shown to be quite uniform in
size particles formed by randomly oriented angular
platelets (Fig. 6(f)). Similar morphologies were previ-
ously reported for VOHPO4·0.5H2O and�-VOPO4,
respectively[29].

3.8. Surface acidity measurements

The results obtained in pyridine chemisorption ex-
periments on AlVPO systems calcined at 450◦C are
shown inTable 1. The AlVPO system with the high-
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est aluminum content not only adsorbed the highest
amount of pyridine, but also was able to retain it at
the highest temperature, 200◦C (at 300◦C, pyridine
was not adsorbed). As a result, both the surface acid-
ity (Bronsted- and Lewis-acid sites) and the strength
or energy of those acid sites increased when the alu-
minum content on AlVPO systems increased. In fact,
the AlVPO with the smallest aluminum content (or the
highest vanadium content) was not able to retain pyri-

Table 2
Conversion, selectivity, and apparent rate constants for propene (kKC3H6) and propanone (kKC3H6O) formation, for 2-propanol decomposition
on all catalysts and temperatures studied

Catalyst T (◦C) Conversion (mol%) Selectivity (mol%) kKC3H6

(�mol/atm m2 s)
kKC3H6O

(�mol/atm m2 s)
C3H6 C3H6O C6H14O

AlVPO-I-450 170 3.3 87.2a 8.0 4.8 0.33 0.03
190 4.8 83.5 5.7 10.8 0.42 0.03
210 10.4 82.4 4.1 13.5 0.87 0.04
230 22.0 83.9 2.9 13.3 1.95 0.07
250 40.4 88.0 2.5 9.5 4.23 0.12

AlVPO-I-550 170 0.2 100 – – 0.19 –
190 0.5 79.0 21.0 – 0.32 0.09
210 1.0 86.4 13.6 – 0.70 0.11
230 2.6 86.9 8.0 4.7 1.77 0.17
250 5.7 89.8 5.5 4.7 4.36 0.27

AlVPO-II-450 170 0.7 75.0 25.0 – 0.28 0.09
190 1.2 74.0 19.0 6.0 0.47 0.12
210 2.7 76.0 14.0 1.03 0.19
230 7.0 83.0 8.9 8.1 2.82 0.30
250 14.8 86.2 6.0 7.8 6.21 0.43

AlVPO-II-550 190 0.1 100 – – 0.20 –
210 0.2 100 – – 0.40 –
230 0.5 100 – – 0.90 –
250 1.4 89.6 10.4 – 2.33 0.27

AlVPO-III-450 190 0.1 100 – – 0.14 –
210 0.4 80.2 18.8 – 0.38 0.09
230 1.4 77.1 13.2 9.7 1.21 0.21
250 3.1 82.7 10.3 6.9 2.70 0.34

AlVPO-III-550 210 0.3 53.3 46.7 – 0.21 0.19
230 0.5 68.0 32.0 – 0.45 0.21
250 1.1 79.1 20.9 – 1.11 0.29

VPO-450 210 0.06 100 – – 0.11 –
230 0.2 100 – – 0.22 –
250 0.6 79.0 21.0 – 0.44 0.12

VPO-550 210 0.05 100 – – 0.11
230 0.2 60.0 40.0 – 0.33 0.22
250 0.5 73.0 27.0 – 0.81 0.30

a Selectivity values at isoconversion are marked in italics.

dine at any temperature studied. This same behavior
occurred in the VPO systems.

3.9. 2-Propanol conversion

In all the catalysts studied, 2-propanol decomposi-
tion produced propene as the major product (selec-
tivity values > 70%) and propanone, as shown in
Table 2where the selectivity values obtained at the
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170–250◦C temperature range are collected. Diiso-
propyl ether was also sometimes observed, although
the selectivity values attained were rarely higher than
10%. Furthermore, the total conversion of 2-propanol
along with the propene selectivity values increased,
while the propanone selectivity values decreased with
the increasing reaction temperature.

On the other hand, for all the catalysts studied both
the dehydration to propene and the dehydrogenation
to propanone data, were found to fulfill the Basset–
Habgood rate equation[30] for first-order reactions,
where the partial reactant pressure is low and the ad-
sorption rate is faster than the rate of surface reaction
(the latter being the rate determining step). Thus, only
the data for under 20 mol% of 2-propanol conversion,
where the equilibrium reaction can be ignored, were
used for the calculation. The Basset–Habgood was in
the form

ln

[
1

1 − X

]
= kKRT

(
W

F

)

whereX is the conversion of 2-propanol to propene or
to propanone,kK the apparent rate constant of both de-
hydration and dehydrogenation processes,W the cat-
alyst weight, andF the flow rate of carrier gas.

The kK values, in�mol/atm m2 s, for propene and
propanone formation at each reaction temperature
studied for all calcined AlVPO and VPO, are also col-
lected inTable 2. Even when we added the effect of the
surface area, those results indicated that in both reac-
tions the AlVPO systems were more active than VPO
ones and the activity of the systems increased with the
aluminum content and decreased when the calcination
temperature increased from 450 to 550◦C. Taking into
account the general conclusion that acidic sites on cat-
alyst surfaces catalyze the dehydration of 2-propanol
[15,16,18], those sites seem to predominate in our cat-
alytic systems. Furthermore, the presence of aluminum
in the precipitation medium of the VPO system would
not only generate a higher number of acidic sites but
also stronger ones, according to the results obtained
in pyridine chemisorption (Table 1). However, the
dehydrogenation ability of systems seems to be more
related to the amounts of vanadium in the solids.
Thus, in general, the values of propanone selectivity
increased with the vanadium content in AlVPO sys-
tems, the values obtained for the AlVPO-III systems
being similar to those obtained for VPO systems, at

the reaction temperature where they showed activity
(Table 2). In addition, the selectivity values at isocon-
version (about 3 mol%;Table 2) again indicated that
dehydrogenation took place to a greater extent in the
AlVPO systems with the highest vanadium content,
since the selectivity depended on temperature. How-
ever, considering the basic/redox sites to be necessary
for propanone formation[16,17], the presence of
AlPO4 could modify their density and/or strength on
VPO. This would explain the activity AlVPO systems
showed with respect to propanone formation at lower
temperature values than VPO ones. It would explain
as well the reducibility of AlVPO which took place at
lower temperatures, and better catalytic performance
than VPO systems, according to TPR experiments and
oxidation reactions of hydrocarbons[31], respectively.

On the other hand,Table 3collects the activation
parameters (Ea and lnA) for propene and propanone
formation, obtained from the Arrhenius equation by
plotting lnkK values, inTable 2, versusT−1 as well
as the values of those parameters obtained on AlVPO
(P/V/Al = 1 and calcined at 450–750◦C tempera-
ture range) systems previously studied[24]. Thus,
all catalysts obtained higher activation energy values
for propene formation than for propanone formation.
These results are in agreement with those reported by
Cunningham et al.[32] and Grzybowska-Swierkosz
et al. [33] for pure V2O5 and V2O5/TiO2 cata-
lysts, respectively. Furthermore, our values range
around those found by Cunningham et al. (Ea C3H6 =
20 kcal/mol andEa C3H6O = 14 kcal/mol) and by
Grzybowska-Swierkosz et al. (Ea C3H6 = 16 kcal/mol
andEa C3H6O = 6 kcal/mol).

The markedly different values of activation energies
obtained for both reactions suggest that the dehydra-
tion may proceed via a different mechanism than that
found in dehydrogenation. This observation is also
supported on the basis of different values of the isoki-
netic parameters in both reactions. These isokinetic
parameters were obtained from the relationship found
between lnA andEa (as shown inFig. 7), according
to the most habitual expression of the “compensation
effect” or “isokinetic relationship”[34–36]:

ln A = ln α + Ea

θR

whereθ is the isokinetic temperature at which identi-
cal values of reaction rate constant,α, are obtained. In
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Table 3
Activation parametersEa and lnA obtained from apparent rate constants inTable 2with the AlVPO and VPO catalysts, and from apparent
rate constants obtained with AlVPOa (P/V/Al = 1/0.5/0.5) previously[24]

Catalyst Ea C3H6 (kcal/mol) lnA (mol/atm g s) Ea C3H6O (kcal/mol) lnA (mol/atm g s)

AlVPO-I-450 15.0± 2.0 4.9± 0.6 11.6± 0.9 −1.9 ± 0.2
AlVPO-I-550 18.0± 1.0 6.1± 0.5 9.2± 0.9 −5.3 ± 0.6
AlVPO-II-450 18.0± 1.0 7.0± 0.6 9.3± 0.8 −4.2 ± 0.4
AlVPO-II-550 19.0± 1.0 5.7± 0.4 – –
AlVPO-III-450 23.0 ± 1.0 10.2± 0.6 17.0± 2.0 1.8± 0.2
AlVPO-III-550 21.7 ± 0.8 7.6± 0.3 6.0± 1.0 −9.0 ± 2.0
AlVPO-450a 26.0 ± 4.0 15.2± 2.0 8.4± 07 −5.6 ± 04
AlVPO-550a 18.0 ± 1.0 5.7± 0.5 12.6± 0.5 −2.3 ± 0.1
AlVPO-650a 20.0 ± 2.0 5.5± 0.6 – –
AlVPO-750a 26.0 ± 4.0 11.0± 2.0 – –
VPO-450 17.3± 0.4 2.68± 0.06 – –
VPO-550 24.0± 1.0 9.4± 0.5 – –

fact, if a compensation effect holds for a reaction se-
ries, exhibiting similar isokinetic parameters, a single
common interaction mechanism, through a common
transition state, can be expected[34–36]. Thus, with
the catalysts here studied the propene and propanone
formation from 2-propanol decomposition must in-
volve different active sites and/or different inter-
mediates.

Fig. 7. Compensation effects in the conversion of 2-propanol
between lnA andEa for different catalysts inTable 3. In both the
cases data are fitted with significance levels higher than 99.9%.

4. Conclusions

In summary, significant changes took place in
vanadyl phosphate (VPO) surface properties due to
the presence of aluminum in its precipitation medium.
Thus, the formation of AlVPO systems with some
porosity, which increased along with surface areas
when the aluminum content increased, was observed
through textural analysis. Furthermore, the vanadyl
phosphate crystallization process was delayed, show-
ing the amorphous character in uncalcined AlVPO
systems independently of Al/V ratio value. This was
contrary to uncalcined VPO, which showed some de-
gree of crystallinity. After calcination at 450◦C, the
formation of �-VOPO4 and AlPO4 (�-cristobalite)
took place, whose crystalline character increased,
especially in the case of�-VOPO4, with the vana-
dium content in the AlVPO systems and with the
thermal treatment. In addition, the presence of alu-
minum produced catalysts that exhibited improved
catalytic activity for 2-propanol decomposition. Thus,
AlVPO systems were more active than VPO ones,
and the activity of AlVPO systems increased with
the aluminum content and decreased when the cal-
cination temperature increased from 450 to 550◦C.
This occurred in both the dehydration process to
propene, which was the more important process, and
dehydrogenation to propanone. However, propanone
selectivity decreased slightly as the aluminum content
increased. These results can be interpreted in terms
of the differences in the number and strength of acid
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sites (considered to be responsible for dehydration
to propene) observed in pyridine chemisorption ex-
periments, and in the modification that could result
from the presence of aluminum content in the density
and/or strength of VPO basic/redox sites (responsible
for dehydrogenation). Furthermore, on all AlVPO and
VPO catalysts studied, we propose that dehydration
and dehydrogenation of 2-propanol might proceed
not only through different active sites but also via
different mechanisms, according to the differences
obtained in the activation parameters for the two
processes.
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