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Abstract

The oxidative dehydrogenation of propane was studied over VMgO catalysts in a wide range of V contents (545 wt%).
The highest propene yields were observed for samples with low-to-medium V content. Electrical conductivity measurements
demonstrated the presence of anionic vacancies, which participated to the redox catalytic cycle. The reoxidation step was
shown to be rate limiting. Microcalorimetry measurements and DRIFT spectroscopy showed that an acid /base balance was
equally required. Thus, the highest propene yields corresponded to adjusted redox potential combined with a strong Lewis
acidity and a mild basicity. These observations, completed by the structural properties of the VMgO solids, led to the

description of the active sites for the ODHP reaction.
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1. Introduction

Magnesium vanadates are known to be effi-
cient catalysts for the oxidative dehydrogenation
(ODH) of light alkanes [1-4]. Patel and co-
workers [1] attributed the higher selectivities
observed on magnesium orthovanadate
(Mg ,V,05) to the presence of Mg-O-V bonds.
These bridging units are assumed to be less
readily reduced than the V-O-V units found in
magnesium pyrovanadate (a-Mg,V,0,). By
comparing the performances of various ortho-
vanadates for the ODH of butane, the authors
claimed that the easier the reducibility of V
ions, the higher the combustion activity of the
catalysts. On the contrary, Guerrero-Ruiz et al.

" Corresponding author.

[2] proposed to relate the highest selectivities to
propene obtained on the a-Mg,V,0, phase with
the high initial rate and level of reduction exhib-
ited by this solid. They concluded that the easier
the reduction of the catalyst, the higher its
selectivity to propene. Valenzuela et al. [3] stud-
ied the effect of different additives on the per-
formances of VMgO catalysts in ODH of
propane and assumed a similar relationship be-
tween reducibility and selectivity to propene.
Corma et al. [4] suggested that the incorporation
of small amounts of V on a MgO surface modi-
fied not only the redox properties of the system
but also the acid—-base character of the oxygen
species present on the catalyst surface, as re-
vealed by shifts of XPS energies. These acid-
base properties were related to the nucleophilic
character of the lattice oxygen anions.
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In order to specify the parameters which
actually control the catalytic performances of
VMgO catalysts, a series of samples with vari-
ous compositions and surface areas were pre-
pared and thoroughly characterised. On the ba-
sis of the catalytic properties reported in [5], this
paper focuses on the structural, acid—base and
redox properties of the tested solids.

2. Experimental

2.1. Preparation method

The V-Mg-O catalysts were prepared by
adding Mg(OH), to a hot aqueous solution of
NH,VO, [5]. Unless otherwise specified the
samples were calcined at 7, = 550°C before
characterization and/or reaction. The number
placed before the formula V/VMgO corre-
sponded to the weight percent of vanadium in
the calcined sample.

2.2. Catalytic test

The catalysts (30 mg) were tested in a fixed
bed micro-reactor at 500°C and atmospheric
pressure. The reacting feed consisted of a
C,H;/0,/He =24/2.0/95.6 mixture with a
total flow rate of 58 ml/min.

2.3. Microcalorimetry

The samples were outgassed at 400°C for 15
h and placed in the microcalorimeter cell.
Known amounts of probe adsorbates (NH, or
SO,) were admitted at 80°C until a final equi-
librium pressure of 133.3 Pa was obtained.
Above this pressure, the probe uptake increased
very slowly as indicated by the adsorption
isotherm and physisorption mainly occurred [6].
In order to evaluate the amount of irreversibly
adsorbed probe (V,, ... ), the sample was evacu-

ds, rr.

ated at 80°C after the first adsorption and a

second adsorption was performed at the same
temperature. The irreversible chemisorption was
determined by the difference between adsorp-
tion and readsorption isotherms at a pressure of
26.7 Pa [6]. Temperature-programmed reoxida-
tions (TPO) were carried out in a heat flow
differential scanning calorimeter coupled to a
thermogravimeter (TG-DSC). The samples were
first reduced under the reaction mixture
C,H,/0,/He (4/2/94 vol%) flowing at 20
ml/min, raising the temperature to 600°C at
5°C/min. The samples were then reoxidised
under O,/He (43 vol%) under same flow rate
and temperature ramp conditions.

2.4. Electrical conductivity

The electrical conductivity ¢ (ochm™! cm™"')
was determined by the formula: o =
(1/R)(h/S), where R is the measured electrical
resistance (ohm), S the cross sectional area of
the electrodes (cm?) and 4 the catalyst bed
thickness (cm). The partial pressure of oxygen
and temperature were varied. All the samples
behaved as semiconductors, with o varying
exponentially with 7 according to o, =
kPS/exp(—E,/RT), where E, is the activa-
tion energy of conduction (kJ/mol). Reduc-
tion—reoxidation sequences were carried out at
500°C in the presence of the reaction mixture
(Pcy, =24 kPa, P, =2.0 kPa), then of oxy-
gen (P, =2.0 kPa) and finally of propane
(Pg , =24 kPa).

2.5. In situ diffuse reflectance Fourier trans-
form infra-red spectroscopy (DRIFT)

The catalyst was loaded into an in situ DRIFT
cell directly connected with the catalytic test
set-up. The sample was pretreated under argon
flow at increasing temperature (5°C /min) up to
550°C, and cooled down to 80°C under argon
flow. It was then exposed at consecutive pulses
(0.03 ml) of basic (NH ;) or acidic (CO,) probe
molecules.
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3. Results

3.1. Catalytic properties

As seen in Fig. 1, a maximum in propene
yields was observed at a low V content (10-14
wt%) for given operating conditions. However,
selectivity to propene exhibited a much lower
sensitivity to V loading, remaining around 65—
75% over a wide range of V content (12-45
wt%) [5].

3.2. Structural properties

All the slopes (1/n) of the various isotherms
log o =f(log P, ) were found to be negative
(Fig. 2A), indicating that all samples behaved as
n-type semiconductors [7,8]. Most of the sam-
ples presented a value of n between 4 and 6.
Though the physical meaning of these values
was not straightforward, it could correspond to
a model of singly (Vy2) or doubly (V3"
ionised anionic vacancies, respectively [7]. Fig.
2B (curve a) presents the effect of V content on
electrical conductivity (o) measured at 500°C
under oxygen pressure. Unpromoted magnesia
presented a high electrical conductivity, which
decreased after V addition (almost two orders of
magnitude) and remained more or less constant
up to 30 wt% V. For higher V loading, o
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Fig. 1. Propene yield (%) of the VMgO catalysts as a function of
vanadium loading.
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Fig. 2. (A) Variations of electrical conductivity (a) with oxygen

partial pressure for the (a) MgO, (b) 14V /VMgO, T. = 800°C, (c)

14V /VMgO, T, =550°C, (d) the 25V/VMgO and the (e)

45V /VMgO samples. (B) Variations of o (curve a) and BET

surface area (curve b) with VMgO catalyst composition at 500°C
under 6.7 kPa of O,.

increased again (one order of magnitude). The
activation energy of conduction ( E,) was calcu-
lated from the slopes of the various curves log
o =f(1/T) at constant P,. The E, values
were very close for the unpromoted magnesia
and for the samples loaded with up to 30 wt%
of V (=140 kJ/mol). This indicated that for
low and medium V content, the electrical con-
ductivity, though considerably hindered after V
addition, remained intrinsically of identical na-
ture [7]. The E, value decreased for the
45V /VMgO sample (104 kJ /mol), tending to a
value characteristic for the metavanadate phase
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[2]. A marked decrease in the BET surface area
was equally observed after V addition (Fig. 2B,
curve b). This effect could at least partially
account for the observed drop in conductivity.

DRIFT investigations presented in [5], re-
vealed that the unpromoted magnesia was
strongly carbonated (mostly unidentate species).
The surface was also partly hydroxylated
(mainly basic OH groups). After promotion with
vanadium the overall carbonate concentration
decreased significantly, especially the uniden-
tate species. The basic OH groups also de-
creased and two types of more acidic hydroxyl
groups appeared. At large V content, only acid
OH groups were detected while bidentate car-
bonate or, most likely, acid carbonate groups
were observed [9].

3.3. Acid-base properties

The acid strength of the VMgO samples re-
vealed by the differential heat of adsorption (Q,
kJ/mol) vs. ammonia adsorption (V4
pwmol /m?) increased up to 14 wt% of V load-
ing (Fig. 3A). For higher loading, the strong
acidity decreased while weaker acid sites devel-
oped above 25 wt% V. This maximum in strong
acidity observed for the 14V /VMgO sample
was also outlined by plotting the initial differen-
tial heat of adsorption Q,. (kJ/mol) vs. V
content (Fig. 4, curve c). In contrast, the total
intrinsic acidity measured by irreversible NH,
adsorption (Fig. 4, curve b) increased regularly
over the range of V addition. Ammonia adsorp-
tion was also followed by in situ DRIFT spec-
troscopy (Fig. 5). Lewis-type (8, (NH,) at 1597
em™!, 8(NH,) at 1165 cm™! and v(NH,) at
3276 cm™') and Bronsted-type acidity
(3, (NH,)* at 1675 cm™', 3 (NH,)* at 1434
cm™! and v(NH,)* at 3375 cm™') [9] were
detected at low V loading (5V/VMgO, curve
a). Mainly Lewis-type acidity (1603 cm™!, 1178
cm ™! and 3274 cm™') was detected at higher V
content (14V/VMgO, curve b). At higher V
content (25V /VMgO, curve c¢), the intensity of
the vibrations ascribed to Lewis sites decreased
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Fig. 3. Differential heat of (A) NH; and (B) SO, adsorption at
80°C vs. the probe uptake for the: (a) 5V/VMgO, (b)
14V/VMgO, (c) 25V/VMgO, (d) 30V/VMgO and ()
45V /VMgO samples.

and vanished on the 45V /VMgO sample (curve
d), which presented only Bronsted-type acidity
(1117 cm™! and 3174 cm™1).
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Fig. 4. Effect of V content on the irreversibly adsorbed (a) SO,,
(b) NH, volume, and on the initial differential heat of NH,
adsorption Qy;, (c).
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Fig. 5. DRIFT spectra recorded at 80°C under Ar flow after the
5th pulse of NH, for the: (a) 5V /VMgO, (b) 14V /VMgO, (c)
30V /VMgO and (d) 45V /VMgO samples.

The basicity of the VMgO samples measured
by sulphur dioxide adsorption (Fig. 3B) re-
mained unchanged for loading up to 25 wt% V.
At higher loading, the basicity decreased to
vanish on the 45V /VMgO sample. The intrin-
sic basicity measured by the amount of irre-
versibly adsorbed SO, per surface unit (Fig. 4,
curve a) was found to markedly decrease from
unpromoted to promoted magnesia, then to be
stable up to 25 wt% V addition, then to de-
crease again and to vanish at very high V
contents. Surface basicity was also investigated
by carbon dioxide adsorption followed by in
situ DRIFT spectroscopy. Pure MgO and low V
content samples showed a strongly carbonated
surface with the presence of unidentate, biden-
tate and free carbonates. As V content in-
creased, the amount of unidentate species
markedly decreased. Only bidentate carbonates
were observed at 14 wt% V, while no CO,
adsorption was observed on the 25V /VMgO
and 45V /VMgO samples.

3.4. Redox properties

Kinetic measurements of electrical conductiv-
ity (o) were carried out at 500°C in the pres-
ence of propane or under reaction conditions.
Fig. 6 reports the data obtained for the
14V /VMgO sample calcined at 800 and 550°C
(a and b) and for the 45V /VMgO sample cal-
cined at 550°C (c). The electrical conductivity

was found to be very sensitive to variations of
feed mixture. An increase in o corresponded to
a reduction phenomenon (release of free elec-
trons available for conduction) and a drop in o
to a reoxidation phenomenon [7]). The slopes of
the increasing or decreasing o curves were
related to the rate of reduction or reoxidation of
the catalyst, respectively. Our main observations
were the following: (i) o increased by several
orders of magnitude when propane or
oxygen /propane mixture was introduced (re-
duction step), (ii) the lowest reduction level was
obtained for the 14V /VMgO sample calcined at
800°C, (iii) the reduction level attained under
propane (point C) was higher than under reac-
tion mixture (point A) for the 14V/VMgO
samples, (iv) the highest rate of reduction was
observed for the 45V/VMgO sample, (v) a
complete and fast reoxidation was observed for
the 14V /VMgO samples, while the
45V /VMgO sample remained partially reduced
and (vi) the rate of reoxidation of the
45V /VMgO sample was very slow.

TPO experiments were also performed in the
TG/DSC set-up after in situ reduction under
reaction mixture from 25 to 600°C. Weight
gains (expressed as weight percentage and as
atomic ratio of gained O atoms per total V
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Fig. 6. Variation of electrical conductivity o during redox se-
quences at 500°C on the (a) 14V/VMgO, T, =3800°C, (b)
14V /VMgO and (c) 45V /VMgO catalysts; initial atmosphere,
oxygen; (A) reaction mixture; (B) vacuum, then oxygen; and (C)
propane [5].
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Table 1
Weight gain and heat release occurring during TPO from 25 to
600°C after reduction under oxygen /propane mixture

Catalysts Am/m Atom O/ AH

(%) atom V (kJ /atom V)
14V /VMgO 22 0.52 103
30V /VMgO 6.3 0.66 121

atom) and heat production (expressed in kJ per
total V atom) due to catalyst reoxidation are
summarised in Table 1.

For both catalysts, the vanadate phase was
rather deeply reduced under reaction conditions
and this reduction was reversible under TPO
conditions. Within the uncertainty of the
TG/DSC measurements, no major difference
was noted between the two samples concerning
the degree of reduction and the heat of oxida-
tion. However, the TPO curves clearly indicated
that the reoxidation process was slower on the
high V content samples, in agreement with the
observations obtained from electrical conductiv-
ity measurements.

4. Discussion and conclusions

The band gap energy value reported in litera-
ture for MgO is in the range of 8.7 eV and
characterises an insulator rather than a semicon-
ductor [10]. However, a high conductivity was
measured on the present MgO sample (Fig. 2).
This strongly suggests a preferential surface
conductivity favoured by mobile adspecies. In-
deed hydroxyl groups and surface carbonate or
hydrogenocarbonates were detected by DRIFT
spectroscopy and these adspecies were reported
to favour electrical conductivity [7].

The addition of even low amounts of vana-
dium oxide to magnesia induced a considerable
loss in electrical conductivity (Fig. 2). The elec-
trical conductivity was shown however to re-
main of identical nature and most likely related
to the magnesia phase up to 25 wt% V. Though
significant, the loss of surface area observed
after V addition (Fig. 2B) cannot explain by
itself the almost two orders of magnitude de-

crease in electrical conductivity. The o decrease
would therefore also arise from the strong sur-
face decarbonation and dehydroxylation ob-
served by DRIFT upon V addition. The above
confirms the assumption of an electrical conduc-
tivity essentially controlled by surface phenom-
ena. Moreover, a thorough characterisation of
the low V contents solids revealed the coexis-
tence of the orthovanadate phase (Mg,V,0y)
with an excess of MgO [5].

For V contents higher than 25 wt%, major
changes in catalyst structure were observed
which corresponded to the development of pure
VMgO phases: (i) the activation energy for
conductivity decreased significantly and o was
shown to tend to a o value characteristic for the
pure magnesium vanadate phases (104 kJ /mol),
(ii) XRD and >'V NMR indicated that the py-
rovanadate phase (a-Mg,V,0,) was dominant
in the 30V /VMgO sample, while the metavana-
date phase (MgV,O,) was present in the
45V /VMgO sample [5].

The high propene yields observed in the low-
to-medium V range seem therefore to be related
to mixed and inhomogeneous MgO/VMgO
phases rather than to pure VMgO phases.

All the catalysts were shown to behave as
n-type semiconductors following the model of
anionic vacancies. Changes in electrical conduc-
tivity during reduction and reoxidation se-
quences (Fig. 6) revealed that a completely
reversible redox capacity was required for ac-
tive catalysts in ODHP. More precisely, the
reoxidation step under oxygen flow (point B)
appeared to be much slower and incomplete on
the little active sample (45V/VMgO). In-
versely, the reduction step which occurred un-
der reacting mixture or under pure propane was
fast in both cases, but even faster for high V
contents. This reduction step, which led to
propene formation even in the absence of oxy-
gen [5], can be written as:

- C,H, +20H™+ 2{V**— O} (1)
20H - H,0+0* + 0O (2)
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where O are anionic vacancies required to ac-
commodate the electrons which participate to
the enhanced electrical conductivity. Actually,
Eq. (1) would correspond to sequential steps
including a first H abstraction from the sec-
ondary C, forming a propyl species followed by
the P-elimination of a second H leading to
propene desorption, as proposed in [1,5].

From the above, the reduction steps can
hardly be considered as rate limiting within the
catalytic redox cycle since the less active cata-
lyst (45V /VMgO) was the easiest to reduce. In
contrast, the reoxidation step was shown to be
slow for the latter. This step, which actually
would correspond to site regeneration according
to:

0 42~ +0.50, = 0%~ (3)

could therefore be considered as rate limiting.

As discussed in [5], large polymeric units
(V-0-V), are formed on the catalyst surface
for the case of high V contents. These defect
free units would not favour the presence of
anionic vacancies which are required for the
active site regeneration. In contrast, at low-to-
medium V content, isolated or corner linked
VO]~ units in intimate contact with the MgO
phase would form a defect rich surface struc-
ture. According to Eq. (3), this would favour the
reduced site reoxidation and therefore explain
the high catalytic activity of these samples.

At variance with the redox potential, no di-
rect relationship between total acidity and activ-
ity was found since intrinsic acidity was shown
to increase regularly over the range of active
and selective samples (Fig. 4, curve b), while
significant changes in intrinsic activity were
noted. However, it was shown that the nature of
the acid sites varied with V content. Strong
acidity (Fig. 4c) presented a maximum at 14
wt% V where the best catalytic performances
were achieved (Fig. 1a). This strong acidity was
shown furthermore to be mainly Lewis acidity
(Fig. 5b). In addition to strong acidity, a mild
and constant basicity was also measured over
the whole range of active catalysts (Fig. 5,

curve a). For high V content, no basicity was
measured, which corresponded to less active
and selective samples.

It can therefore be deduced that the most
active and selective catalysts combine both a
strong Lewis acidity and a mild basicity. Refer-
ring to the above equations describing the selec-
tive catalytic cycle, the required anionic vacan-
cies could be considered as the actual Lewis
centers being electron acceptors, while the lat-
tice oxygen atoms which participate to the
alkane C-H bond activation by forming OH
groups (V-0-V, V-O-Mg or V =0) would
constitute the required surface basicity.

On the other hand, it was also proposed in [5]
that acid /base pair sites would equally be in-
volved in the non selective pathway. This would
occur via the formation of O~ adspecies arising
from the reaction of gaseous oxygen with sur-
face according to:

0.50,+ O + 0% =20~ (4)

These nucleophilic species would competi-
tively attack the C atoms of propyl radicals to
form propoxy intermediates, which would step-
wise be transformed into acetate, carbonate or
carboxylate and further on into combustion
products according to:

C,H, 0, 0"—>CO,_, OH" (5)

It can be concluded that an acid /base bal-
ance is needed for good catalytic performances
in ODHP. Too high basicity or absence of
basicity favours the unselective route at the
expenses of the selective one, as observed at
very low or very high V contents, respectively.
It could also interfere on the catalytic cycle via
the surface dehydroxylation step (Eq. 2). In
contrast, a mostly acidic surface without basic-
ity would hinder key activation steps such as H
abstractions and also propene desorption, as ob-
served for very high V loadings.

To summarise, the highest propene yields
were observed for samples with low-to-medium
V contents (around 14 wt%). This composition
would ensure the fast redox turn-over involved
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in the propane-to-propene process. It also corre-
sponds to a strong Lewis acidity and a mild
basicity, which de facto may also be considered
as a prerequisite for performing ODHP cata-
lysts.
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