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The influence of the preparation methods of V-Mg-0O catalysts on their catalytic properties in
the oxidative dehydrogenation of propane has been studied. By using MgO with surface areas from
49to 141 m* g~! as supports, and carrying out the incorporation of vanadium starting from vanady!
oxalate or ammonium metavanadate, it has been found that different V species are formed, with
V/Mg ratios at the catalyst surface ranging from 0.02 to 0.5. A new preparation procedure which
allows a homogeneous dispersion of vanadium along the MgO is presented. The highest activity
and selectivity are obtained on catalysts with an Mg-enriched surface in which isolated VO,
tetrahedra are present. Similar trends for the influence of the V/Mg surface atomic ratio on the
selectivity to propene and for the shift of the binding energy (B.E.) of the Ols line, obtained by
XPS, are observed. The higher the shift of the B.E. of the Ols line, the higher the selectivity to
propene. For this reason, a correlation between the low nucleophilic character of the oxygen and

the selectivity for the ODH of alkanes has been tentatively proposed.

INTRODUCTION

V-Mg-0 catalysts are active and selec-
tive in the oxidative dehydrogenation
(ODH) of propane (/-3). Also, these cata-
lysts are effective in the ODH of n-butane
(1, 4), 1-butene (5, 6), cyclohexane (7), or
ethyl-benzene (5, 8). In addition, other me-
tallic orthovanadates have been proposed
as effective catalysts in the ODH of alkanes
but high selectivities to olefins are only ob-
tained at low alkane conversion levels
(9-12).

The presence of isolate VO, tetrahedron,
as well as the absence of V=0 double
bonds, and differences in the redox proper-
ties of the cations in metallic vanadates (4,
10-14) have been proposed as responsible
for the oxydehydrogenation properties of
vanadium-based catalysts.

In the case of V-Mg-O catalysts, the
presence of Mg,V,0z (/, 2) and/or o-
Mg,V,0; (3), result in catalysts with high
activity and selectivity for the ODH of pro-
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pane. However, only catalysts containing
isolated VO, tetrahedra at the catalyst sur-
face (/16) or the Mg,V,0q phase ({1, 15, 17)
show better selectivity in the ODH of
n-butane.

The obtenation of a determinated Mg-
vanadate phase (Mg;V,04, a- and
B-Mg,V,0, or MgV,0q) is controlled by the
preparation procedure. Then, starting from
a V,0,/MgO molar ratio of 1:3, the Mg-
orthovanadate is formed only at long
calcination times, while the Mg-pyrovana-
date is the principal phase at intermediate
calcination times (/8). In catalysts prepared
by impregnation methods, and with low va-
nadium contents, Mg-orthovanadate and
MgO are obtained. However, if potassium
impurities are present (/5) or an Mg-silicate
is used as support (/3, 14), Mg-vanadates
other that Mg;V,Oy are formed, concluding
that the formation of Mg,V,0q can be sup-
pressed or slowed down due to the presence
of different impurities.

In the present paper, V-Mg-O catalysts
have been prepared using different prepara-
tion procedures which involve modifica-
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tions in: the source of V, the characteristics
of MgO, and the incorporation of V on the
MgO. The different phases formed have
been characterized, and the influence of the
preparation methods on their catalytic prop-
erties in the ODH of propane is presented.

EXPERIMENTAL
Catalyst Preparation

V-Mg-0 catalysts were prepared by im-
pregnation, using as support three magne-
sium oxides and a magnesium oxalate. The
preparation of the supports was carried out
according to the following methods:

(a) By precipitation, at pH = 5-6, of a
magnesium acetate solution with an oxalic
acid solution. The solid obtained was fil-
tered, washed, and dried at 80°C for 16 h
(19). This solid was identified as magnesium
oxalate, 8-MgC,0, (MgX). The calcination
of MgX at 700°C for 3 h produces a magne-
sium oxide denoted MgO-1.

(b) By precipitation, at pH 10, of an Mg-
sulphate solution with an NH,OH solution.
In these conditions Mg(OH), was obtained
(20), and after filtering, washing, and drying
at 80°C for 16 h, it was calcined at 600°C for
6 h to produce a magnesium oxide denoted
MgO-2.

(c) By precipitation, at pH 6.5, of a mag-
nesium nitrate solution with an (NH,),CO;
solution (/). After filtering, washing, drying
at 80°C for 16 h, and calcining at 700°C for
3 h, a magnesium oxide denoted MgO-3 was
obtained.

Vanadium supported catalyst were pre-
pared using ammonium metavanadate (AV)
or vanady] oxalate (VO) solutions as vana-
dium precursors.

MgO-1 and MgO-3 samples were impreg-
nated with an AV solution, using the proce-
dure described previously (/). Then, it was
dried at 70°C, kept at 80°C for 16 h, and,
finally, calcined in air at 550°C for 3 h. The
resulting catalysts were denoted V/MgO-1
or V/MgQ-2 series.

MgO-2 or MgX were impregnated with a
VO-solution (containing a V,0s/oxalic acid
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molar ratio of 1/3), dried in a rotavapor at
90°C, then kept at 80°C for 16 h, and finally
calcined in air at 550°C for 3 h. The resulting
catalysts were denoted VO/MgO-2 or VO/
MgX.

The vanadium magnesium catalysts re-
ferred to as V/MgO-1, V/MgO-3, VO/
MgO-2, and VO/MgX are preceded by a
number that indicates the wt% of vanadium
given as V,0;.

Catalyst Characterization

The specific surface area of the catalysts
and supports were obtained by using the
BET method, from the nitrogen isotherms
at 77 K in an ASAP 2000 apparatus, and
taken 0.164 nm? as the cross-section of ni-
trogen.

X-ray diffraction (XRD) patterns were ob-
tained using a Phillips 1060 diffractometer
operated at 40 kV and 20 mA employing
nickel-filtered CuK« radiation (A = 0.1542
nm).

The infrared spectra were recorded at
room temperature in a Nicolet 205xB spec-
trophotometer equipped with a Date station.

The laser Raman spectra were recorded
with a Dilor spectrometer. The emission line
at 484 and 514.5 nm from Ar™* (spectra Phys-
ics, Model 165) was used for excitation. The
output power of the laser was reduced to
25 mW to avoid sample volatilization. The
sensitivity was adjusted according to the in-
tensity of Raman scattering. Wavenumbers
reported in the spectra are accurate within
~2cm .

Thermogravimetric analysis were per-
formed on a Nestz system over the tempera-
ture range 30-800°C. The reference material
was Al O, previously ignited at 1100°C. The
sample and reference were located in plati-
num crucibles. The measurements have
been carried out at a heating rate of 10°C/
min, under a flow of air (100 ml/min).

X-ray photoelectron spectroscopy (XPS)
data were obtained in a Leybold Heraeus
LHS 10 spectrometer, working in the AE =
constant mode, interfaced to a data system
which allowed accumulation of spectra. The
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spectrometer was equipped with a magne-
sium anode (MgK«a = 1253.6 eV), operated
at 12 kV and 10 mA. The samples were out-
gassed at room temperature to a pressure
of 107? Torr. A binding energy (B.E.) of 83.8
eV, corresponding to the Au/4f;, peak, was
used as an internal reference. The accuracy
of the B.E. as determined with respect to
this standard value was within =0.2 eV. Ra-
tios of the atomic concentrations in the outer
surface layers of the samples were estimated
from the corresponding XPS peak area ra-
tios using the equation

(V/Mg)xps
= (Av/AMg)(O-Mg/O'V)()\Mg/AV)(KEV/KEMg)1/2

where o is the effective ionization cross-
section of ejected electrons calculated and
tabulated by Scofield (27), KE is the kinetic
energy of the electrons, A is the normalized
peak area after linear background subtrac-
tion, and A is the escape depth which was
calculated from the formulas given by Vullis
and Starke (22).

Catalytic Experiments

The catalytic experiments were carried
out in a fixed bed, continuous stainless steel
tubular reactor (i.d. 20 mm; length 520 mm).
A coaxially centered thermocouple was
used, which could be moved up and down
along the catalyst bed for temperature pro-
filing. The catalyst charge was 0.5-1.0g
(particle size 0.25-0.42 mm) mixed with
Norton Silicon Carbide (particle size 0.59
mm) to obtain a total volume of 3 ¢cm®, All
experiments were conducted at atmospheric
pressure. The feed consisted of propane,
oxygen and helium in a molar ratio of 4/8/
88. Different contact times, W/Fina g, h
(mol C,Hg) ™!, were used to obtain different
propane conversion levels. The reaction has
been studied in the temperature interval
400-550°C.

Blank runs showed that under the experi-
mental conditions used in this work the ho-
mogeneous reaction can be neglected. In all
cases, the lower flow used was 100 ml min~!.
Analysis of reactants and products were
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TABLE 1
Magnesium Oxides Used as Support
Support® Precursor SeeT V pore
(m*/g) {cm'/g)
MgO-I Magnesium oxalate 141 16.8
MgO-2 Magnesium sulphate 95.2 0.65
MgO-3 Magnesium nitrate 49.3 —

* MgO with different surface area.

carried out by gas chromatography using
three columns: (i) plot capillary, 50 m; (ii)
Molecular Sieves 5A (1.5 m X 4"); (iii) pora-
pak Q 3.0 m x {").

RESULTS

Catalyst Characterization

The specific surface area of the support,
as well as, the chemical composition and
the specific surface area of the catalysts are
presented in Tables 1 and 2, respectively.
Large differences in the specific surface area
of MgO were obtained depending on the
preparation procedure. In addition, sensible
differences in the specific surface areas of
V-Mg-0O catalysts were observed, de-
pending on the preparation method, sup-
port, and vanadium content. In the VO/
Mg X series the higher the vanadium content
the lower the specific surface area was.

The DTA curves obtained for different
catalysts are shown in Fig. 1. For compari-
son, the DTA curve obtained from a magne-
sium oxalate, MgX, is also included (Fig.
l1a). In this sample an endothermic peak at
~205°C, due to the elimination of crystalli-
zation water, and an exothermic peak at
~490°C associated to the degradation of or-
ganic compounds is observed. Meanwhile,
in VO/ MgX other peaks besides the two
observed in the MgX sample are obtained:
(i) an endothermic peak at 150-170°C that
can be assigned to elimination of water inter-
acting with the vanadyl oxalate; (ii) an exo-
thermic peak at 250-300°C, corresponding
to the degradation of organic compounds
interacting with vanadium; and (iii) an exo-
thermic peak at ~410°C, which is only ob-
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TABLE 2
Physicochemical Characteristics of V-Mg-O Catalysts
Sample SBET V,04 (wt%) (V/IMg)ca Method
atomic ratio?

TVO/MgX 1419 7.1 0.034 Vanadyl oxalate on magnesium oxalate
20V0/MgXx 136.0 19.7 0.109 Vanadyl oxalate on magnesium oxalate
34VO/MgX 101.6 33.5 0.224 Vanadyl oxalate on magnesium oxalate
48VO/MgX 428 48.1 0.412 Vanadyl oxalate on magnesium oxalate
18V0O/MgO-2 88.83 18.3 0.099 Vanadyl oxalate on MgO-2
38V0O/Mg0O-2 87.94 37.5 0.266 Vanadyl oxalate on MgO-2
19V/MgO-1 118.1 19.3 0.106 Ammonium metavanadate on MgQO-1
19V/Mg0O-3 59.9 19.0 0.104 Ammonium metavanadate on MgO-3

4 V/Mg atomic ratio was done by atomic absorption spectrometry.
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Fi1G. 1. DTA curves of V-Mg-O catalysts: (a) magne-
sium oxalate, (b) 20VO/MgX, (c) 34VO/MzgX, (d)
48VO/MgX, (e) 19V/MgO-1, (f) 1I8VO/MgO-2, and (g)
38V0O/Mg0-2. Composition and preparation methods
in Table 2.

served on 34VO/MgX (Fig. 1c) and 47VO/
MgX (Fig. 1d) samples and which corre-
sponds to the formation of a-Mg,V,0; (3).

Some differences in the DTA curves of
MgO-impregnated samples were observed,
specially in the range 400-500°C. In the V/
MgO series (Fig. le), the presence of an
endothermic peak at 400°C could be as-
signed to the formation of MgO from the
decomposition of Mg(OH),, in accordance
with our XRD results of the non calcined
samples (23) and the DTA data obtained
from the V,0,/Mg(OH), samples (3).

In the case of the VO/MgO-2 series, the
decomposition of Mg(OH), (endothermic
peak at 400°C) is observed in the 18VO/
MgO-2 (Fig. If) but it is not clearly seen in
the 38V0O/MgO-2 sample (Fig. 1g). In addi-
tion to this, the exothermic peak at ~470°C
(corresponding to decomposition of Mg-ox-
alate) is observed in the two samples, al-
though this peak is more intense in the
38V0O/Mg0-2 sample. We must indicate that
a-Mg,V,0; (exothermic peak at 410°C) and
Mg,V,04 (endothermic peak at 420°C) are
also observed even though the correspond-
ing intensities are low.

XRD of the calcined samples are shown
in Figs. 2 and 3. The presence of MgO and
Mg,V,0y is observed in all catalysts, except
in the 7VO/MgX and 18VO/MgO-2 samples
in which only MgO was observed. On the
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Fi1G. 2. XRD patterns of the VO/MgX catalysts with different vanadium content: (a) 7VO/MgX,
(b) 20VO/MgX, (c)} 34VO/MgX, and (d) 48VO/MgX. Symbols: (W) MgO, (O) Mg,;V,05, and (A)
a-Mg,V,0;.

FiG. 3. XRD patterns of catalysts prepared by impregnation of MgO: (a) 19V/MgO-3, (b) 19V/MgO-
1, (¢) 18VO/MgO0-2, and (d) 38V0O/MgO-2. Symbeols as Fig. 1.
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F1G. 4. Infrared spectra of the VO/MgX series: (a)
TVO/MgX, (b) 20VO/MgX, (¢) 34VO/MgX, and (d)
48VO/MgX.

other hand, in catalysts with high vanadium
loading (>25 wt%), a-Mg,V,0,, in addition
to MgO and Mg,V,0;, has been observed.

In the infrared spectra (Figs. 4 and 5) the
presence of bands at 916, 860 and 690 cm ™'
are observed in all catalysts, including the
7VO/MgX and 18V/MgO-2 samples. These
bands can be associated to the presence of
Mg,V,04 (3, 4, 8). In samples with high va-
nadium content, the presence of bands at
968 and 575 cm™!, in addition to the bands
at 916, 860, and 690 cm™', indicate the pres-
ence of a-Mg,V,0, and Mg,V,0;4 (3, 4, 8).

Similar conclusion can be reached from
the Raman spectra of the 7VO/MgX and
18VO/MgO-2 samples (Figs. 6a and 6b, re-
spectively) in which the presence of bands
at 850 and 820 cm™! clearly show the pres-
ence of Mg, V,04 (8, 14, 24). Moreover, the
bands at 940 and 902 cm™! observed in sam-
ples with high vanadium content (Figs. 6c
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and 6d), can be assigned to an a-Mg,V,0,
phase (8, 14, 24). We must indicate that in
catalysts containing =20 wt% of V,0s, the
broad band centered at 860 cm™! in Raman
spectra could indicate the presence of
smaller amounts of other magnesium-vana-
dates (a-Mg,V,0, or 8-Mg,V,0-) and iso-
lated VO, tetrahedra. Thus, by Raman spec-
troscopy those has been observed in the
950-900 cm™! range while isolated VO, tet-
rahedra has been observed at 800 cm™' (/4).

The surface composition of the catalysts
was determined by XPS measurements. The
binding energies (B.E.) obtained for the
Cls, Ols, Mg2p, and V2p,, lines are pre-
sented in Table 3. For the Cls lines two
values, corresponding to carbon on the sur-
face (B.E. = 284.9 e¢V) and C==0 bonds
(B.E. ~289.5 eV), are obtained. While a
similar value for the V2p,, line (B.E.
~517.1 = 0.2 eV) was observed on the dif-
ferent catalysts, small differences in the

800 400

1200 '
cm”

FiG. 5. Infrared spectra of catalysts prepared by im-
pregnation of MgO: (a) 19V/MgO-1, (b) 19V/MgO-3,
(c) 18VO/Mg0-2, and (d) 38VO/MgO-2.
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F1G. 6. Raman spectra of differents V-Mg-0 sam-
ples: (a) 7VO/MgX, (b) 18VO/MgO-2, (c) 48VO/MgX,
and (d) 38V/MgO-2.

B.E.’s corresponding to the Ols and Mg2p
lines were obtained. Withrespect to the Ols
line, except in the 19V/MgO-1 sample in
which two bands at 530.1 and 531.2 eV were
obtained, in the other samples only one band
was observed.

The intensities of the signals correspond-

ing to the V2p;, and Mg2p were measured
and atomic ratios on the catalyst surface,
(V/Mg)yps, were calculated (Table 3). The
relationship (V/Mg)yps and the V/Mg
atomic ratios obtained by chemical analysis,
(V/Mg)c, , are presented in Fig. 7. For the
VO/MgX series similar values for the V/Mg
ratio at surface and bulk can be observed,
although on catalysts with a high vanadium
content a V-enrichment of the surface was
found.

On MgO-impregnated samples with low
vanadium content, lower (V/Mg)yps ratios
with respect to the VO/MgX series were
obtained. When the V content is high, a
V-enrichment of the catalyst surface has
been observed.

Catalytic Results

The catalytic properties of V-Mg-O during
the oxidative dehydrogenation of propane
are presented in Table 4. Depending on the
vanadium content and/or on the catalyst
preparation procedure, differences in total
activity as well as in selectivity to propene
were obtained. Partially oxygenated prod-
ucts were not observed on any catalysts.

From a comparative point of view, the in-
fluence of the reaction temperature on the
propane conversion, obtained at the same re-
action conditions ondifferent V-Mg-O cata-
lysts, is shown in Fig. 8. The highest activity
is obtained for the 20V/MgX catalyst.

TABLE 3

XPS Results of V-Mg-0 Catalysts

Sample Binding energy (eV) (V/Mg)xps
atomic ratio
Cls Ols V2pin Mg2p
TVO/MgX 284.9: 289.4 530.0 517.1 48.9 0.0218
20V0/MgX 284.9; 289.4 530.3 517.2 489 0.1048
34VO/MgX 284.9; 289.7 530.3 517.2 49.3 0.2179
48VO/MgX 284.9; 288.9 530.0 517.2 49.5 0.5384
18VO/Mg0-2 284.9; 289.3 530.4 517.3 49.2 0.0351
38VO/MgO-2 284.9; 289.7 530.2 517.3 49.5 0.4520
19V/MgO-1 284.9; 289.7 530.1; 531.2 517.1 493 0.0545
19V/MgO-3 284.9; 289.7 530.6 517.3 49.5 0.0548
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FiG. 7. V/Mg XPS atomic ratio vs V/Mg chemical atomic ratio: VO/MgX series (@), VO/MgO-2

series (O), 19V/MgO-1 sample (V). and 19V/MgO-3 sample ().

TABLE 4

Oxidative Dehydrogenation of Propane on V-Mg-0O Catalysts®

Sample WIF? X7 (%) Selectivity CO/CO, T
C;H, (%) ratio Q)

TVO/MgX 8.9 5.84 40.4 0.53 500
16.1 35.0 0.59 550

20V0/MgX 2.7 5.37 61.4 0 500
16.3 433 0.36 550

34VO/MgX 8.9 8.41 58.2 0.42 500
26.1 42.3 0.51 550

48VO/MgX 13.4 6.33 51.6 0.37 500
16.2 40.1 0.49 550

18VO/MgO-2 8.9 8.32 59.6 0.17 500
25.4 38.9 0.48 550

38V0O/Mg0-2 8.9 8.36 50.9 0.40 500
232 334 0.59 550

19V/MgO-1 8.9 13.1 44.1 0.47 500
29.5 27.5 0.57 550

19V/MgO-3 12.4 6.45 63.7 0 500
16.7 56.4 0.38 550

9 CyHy/O,/He molar ratio of 4/8/88.
» Contact time, W/F, in g, h (mol C;Hy) ™"
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FiG. 8. Influence of reaction temperature on the propane conversion, obtained on the VO/MgX
series (a) and on the MgO-impregnated catalysts (b). Symbols 7VO/MgX (A), 20VQ/MgX (A), 34VO/
MgX (V), 48VO/MgX (V), 18VO/Mg0-2 (@), 38VO/MgO-2 (B), 19V/MgO0-3 (<), and 19V/MgO-1
{CJ). Experimental conditions: C;H;/O,/He molar ratio of 4/8/88; W/F = 124 g, h (molc‘Hx)".

In Fig. 9 the influence of the contact time
on the propane conversion at different reac-
tion temperatures can be seen for the 20V/
MgX catalyst. A linear correlation between

& 580°C
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L
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FiG. 9. Influence of the contact time (W/F, in g, h/
mol C;) on the propane conversion, obtained on the
20VO/MgX catalyst, at different reaction tempera-
tures.

contact time and propane conversion is ob-
served until 30% of propane conversion.

Since sensible differences in the surface
areas of the catalysts were obtained, the
comparison of the catalytic activity has been
carried out from the initial rates of propane
conversion (in mol h™! m~?). The influence
of the vanadium content on the initial rate
for propane conversion is given in Fig. 10.
From these data it can be concluded that
the maximum activity is also obtained on the
20VO/MgX catalyst. However, on catalysts
with the same vanadium content, the activ-
ity is different for catalysts prepared using
different procedures.

In Fig. 11 it is presented the influence
of the propane conversion on the selectiv-
ity to propene, at 550°C, on different
V-Mg-O0 catalysts. In the VO/MgX series,
the 34VO/MgX sample (Fig. 1l1a) is the
most selective, while in the MgO-impreg-
nated series the 19V/MgO-3 sample (Fig.
11b) is the most selective one. We must
indicate that in the temperature range
500-550°C, an influence of the reaction
temperature on the selectivity to propene
was not observed.
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DISCUSSION

In our calcination conditions, the vana-
dium content of the catalyst determines the
formation of different Mg-vanadates. Thus,
on catalysts with vanadium contents greater
than 30 wt% the presence of Mg;V,0y,
a-Mg,V,0,, and MgO was observed. On the
other hand, on catalysts with vanadium con-
tents =20 wt% only Mg;V,0; and MgO were
detected. This has been consistently found
by the different techniques used here, i.e.,
DRX, IR, and Raman spectroscopies. The
only exception was in 7VO/MgX and 18VO/
MgO-2 in which Mg,V,0; was detected by
IR and Raman spectroscopies but not by
XRD. This would indicate that on these
samples the crystallites of Mg, V,04 must be
smaller than 30 A.

It has been observed that during impreg-
nation of MgO with an aqueous vanadyl oxa-
late solution, Mg-oxalate and/or magnesium
hydroxide are formed, while during the im-
pregnation of MgO with an aqueous ammo-
nium metavanadate solution, magnesium
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Fi1G. 11. Influence of the propane conversion on the selectivity to propene obtained, at 550°C, on
the VO/MgX series (a) and on the MgO-impregnated catalysts (b). Symbols: 7VO/MgX (4A), 20V0O/
MgX (A), 34VO/MgX (V), 48VO/MgX (V), 18VO/MgO-2 (@), 38VO/MgO-2 (B), 19V/MgO-3 (),

and 19V/MgO-1 (OJ).



PROPANE OXYDEHYDROGENATION ON V-Mg-O CATALYSTS

hydroxide is formed (23). This agrees with
the DTA results that show the transforma-
tion of Mg(OH), to MgO (peak at 400°C)
for the 19V/MgO-1 sample (Fig. le) and the
degradation of magnesium oxalate to MgO
(peak a ~490°C) in the 18VO/MgO-2 and
38V0/MgO2 samples (Figs. If and lg, re-
spectively).

Large differences in the surface V/Mg
atomic ratios depending on the preparation
methods were observed (Table 3). Thus,
while in VO/MgX series a linear correlation
between (V/Mg)yps and (V/Mg)c 4 atomic
ratios occurs, in MgO-impregnated samples
a greater influence of the vanadium content
on the V/Mg surface atomic ratio can be
observed. We propose than these differ-
ences are due to the modification of the MgO
support during the impregnation step, while
in the VO/MgX series these modifications
are not observed and a highly homogeneous
dispersion of vanadium along the catalysts
is obtained.

According to the XPS results, it is more
convenient to compare the catalytic proper-
ties of V-Mg—-O catalysts on the bases of
the V/Mg atomic ratios on the catalyst sur-
face. In Fig. 12 the influence of the (V/
Mg)yps atomic ratio on the specific activity
for propane conversion (Fig. 12a) and on the
selectivity to propene (Fig. 12b) are shown.

At low vanadium contents (<25 wt%)
only Mg,V,0; is present and, the fact that
low (V/Mg)xps ratios are obtained should
indicate the presence of isolated VO, tetra-
hedra on the catalyst surface. In this case,
the activity increases when increasing vana-
dium content but the selectivity to propene
shows a maximum at a V/Mg surface atomic
ratio of 0.05-0.06. On the contrary, at high
vanadium content (>25 wt%), in which
Mg;V,04 and a-Mg,V,0, are detected, a
V-enrichment of the catalyst surface is ob-
tained, and the presence of associated vana-
dium complexes should be expected, and
consequently a decrease in activity and se-
lectivity is observed.

Differences in the catalytic behavior of
metallic orthovanadates has been correlated
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Fig. 12. Influence of the V/Mg surface atomic ratio
of the catalysts on: (a) the initial rate for the propane
conversion (obtained at 500°C), (b) the selectivity to
propene (at a propane conversion level of 20%), and
(¢) the binding energy of the Ols line. Symbols: (@)
VO/MgX series, (O) VO/MgO-2 series, (O) 19V/MgO-
1 sample, and (®) 19V/MgO-3 sample.

with their different redox characteristics
(11, 12). In this sense, a greater reducibility
is observed for V-Mg-0 sampiles, in which
Mg,;V,04 is the main Mg-vanadate phase,
than in the corresponding pure magnesium
orthovanadate.

On the other hand, in pure Mg-vanadates
the highest selectivity to propene and the
highest degree of reduction in the vanadium
species has been observed for «-Mg,V,0,.
The fact that this phase presents the highest
level of reduction has been related to the
presence of corner-sharing VO, tetrahedra
(25).

In our case, the highest catalytic activity
is obtained with catalysts with low (V/Mg)
surface atomic ratio. In this case, one can
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expect to have isolated VO, tetrahedron on
the catalyst surface. A similar conclusion
has been proposed from the results obtained
on sepiolite supported vanadium catalysts
(14).

In addition to this, we must indicate that
the TPR-H, data, obtained for the VO-MgX
catalysts, show two peaks that could corre-
spond to two different vanadium species
(16). From the comparison between TPR-H,
data and the catalytic results it has been
concluded that a parallelism between cata-
lytic activity and reducibility occurs. In this
way, the isolated VO, tetrahedra present a
greater reducibility than the corresponding
pure Mg-orthovanadate.

For comparative purposes, the influence
of the (V/Mg)xps atomic ratio on the binding
energies of Ols and Mg2p lines are consid-
ered (Table 3), since it has been proposed
that changes in the acid-base properties,
which have a clear impact on the catalytic
properties, can be monitored by the varia-
tion of the XPS energies (26). Indeed, in
the case of Mg-based mixed oxides, a
parallelism between the shift of the binding
energies of Ols and Mg2p in different
compounds (as MgO, MgSiO,, MgSO,, or
MgHPO,) and their acid-base properties
has been established. Thus, for a given
atom a decrease in the binding energy of
a cation indicates a decrease of the acid
strength and vice versa. However, the fact
that no paralielism in the shifts of the
binding energies of Mg2p and Ols lines is
observed in our V-Mg-O catalysts could
indicate that vanadium influences in a dif-
ferent manner than Mg cations the surface
oxygens.

In our case, a similar trend in the selectiv-
ity to propene (Fig. 12b) and the binding
energy of the Ols line (Fig. 12c¢) with the
V/Mg surface atomic ratio has been ob-
served on the different V-Mg-0 catalysts,
in such a way that the higher the shift of the
Ols line in a given sample, the higher its
selectivity to propene (Fig. 13). This could
indicate that the incorporation of small
amounts of vanadium on a MgO surface
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catalysts. Symbols as Fig. 12.

modifies, not only the redox properties of
the system, but also the acid—base character
of the oxygens present on the catalyst
surface.

However, on catalysts with a very low V/
Mg ratios at the catalyst surface, the pres-
ence of a greater number of Mg sites can
be responsible for the lower selectivity to
propene.

It has been proposed that the selectivity
of a catalyst during the selective oxidation
of alkanes and aromatic hydrocarbons (27)
and the oxidative dehydrogenation of al-
kanes (9) can be related with the oxidation
degree of the surface. Then, it is not doubt
that the acid—base character of the catalyst
surface oxygens must play an important role
for the oxidative dehydrogenation of al-
kanes, as has been proposed for the selec-
tive oxidation of olefins (28).

In the other hand, the shift of the Ols
binding energy in mixed oxide catalysts has
been related to the nucleophilicity of the
oxygens of the catalyst. The higher the nu-
cleophilicity, the lower the binding energy
of the Ols and the better the catalytic prop-
erties for the selective oxidation of olefins
(29). In this way, the oxidation of olefins
occurs by the formation of C-O bonds.

According to this, and from the data
shown in Fig. 13, it can be proposed that in
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V-Mg-O catalysts the lower nucleophilic-
ity of the oxygen species, the higher the
selectivity to the propane oxydehydrogena-
tion. For this reason, the selectivity to ole-
fins observed for the oxidative dehydroge-
nation of alkanes could be associated with
the presence of VO, tetrahedra that limit
the possibilities for alkene to be activated
through an allylic mechanism and therefore
by the formation of C—O bonds. A similar
conclusion has been recently proposed (30).
In addition, the absence of double V=0
bonds limits the possible incorporation of
oxygen in the intermediate reaction
products.

According to the mechanism proposed for
the selective oxidative dehydrogenation of
alkanes (4), the propane is activated by the
catalyst that abstract an H atom from the
molecule to form an adsorbed propyl radical
and a surface OH group. In this case it has
been suggested that the oxidation reaction
is initiated by highly reactive surface oxygen
species. This active oxygen species could
be related with the presence of isolated VO,
tetrahedra (in V-Mg-0O samples containing
Mg,V,0; as the main Mg-vanadate phase)
or with the presence of corner-sharing
VO, tetrahedra (in samples containing
a-Mg,V,0,). The formation of tetrahedral
V3*+ species are not limited to the case of
V-Mg-0 catalysts. Thus, V/SiO, (31, 32),
V-silicalite (30), V/ALO, (33), V/Sepiolite
(14), and VAPO-5 (34) catalysts do also
present isolated VO, tetrahedron, as the
main V-species, showing a good selectivity
for the oxidative dehydrogenation of al-
kanes. However, in the last cases, this is
possible only at low vanadium contents,
while on V-Mg-O catalysts the formation
of tetrahedral vanadium species occurs also
at higher vanadium contents.

In conclusion, the catalytic properties of
V-Mg-0 catalysts for the oxidative dehy-
drogenation of propane depend on the cata-
lyst preparation methods, being the activity
and selectivity higher on samples with low
V/Mg surface atomic ratios. In this case,
isolated VO, species are present on the cata-
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lyst surface and its higher selectivity could
be related with the lower nucleophilic char-
acter of the oxygen species on the catalyst
surface.
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