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Synergetic effects in the oxidative dehydrogenation of pro-
pane have been studied over magnesium vanadate catalysts
containing three different Mg/V ratios: 1/2, 2/2, and 3/2, de-
noted as MgV(1/2), MgV(2/2), and MgV(3/2). Four types of
catalysts were analysed: (a) pure magnesium vanadate oxides,
(b) mechanical mixtures of the pure magnesium vanadate ox-
ides, (c) mechanical mixtures of the magnesium vanadate oxides
with a-Sb,0,, and (d) impregnated MgV(2/2) and MgV (3/2)
with Sb ions. Synergetic effects are observed in MgV(3/2) and
in MgV(2/2) oxides when they are in presence of a-Sb,0,. In
the mixtures of MgV(3/2) with «-Sb,0,, the principal effect is
an increase in the selectivity with a corresponding decrease in
propane conversion, whereas in the mixtures of MgV(2/2) with
a-Sb,0,, there is a strong increase in propane conversion with
a moderate increase in propene yield. Concerning the mixtures
of MgV(3/2) and MgV(2/2), synergetic effects in the conversion,
in the yield, and in the selectivity are observed. However, no
synergetic effects in selectivity or conversion are exhibited by
MgV (2/2) and MgV(3/2) when they are mixed with MgV (1/2).
Highly dispersed (Sb,0O,), formed on impregnated MgV (2/2)
and MgV(3/2), sinters and detaches from MgV(2/2) and
MgV(3/2) surfaces. No formation of a new phase or contamina-
tion in the presence of a-Sb,0, takes place when MgV(3/2) is
used. Thus, these catalysts contain two separate phases in con-
tact. In MgV (2/2) + a-Sb,0, mechanical mixtures a new phase,
MgSb,0¢, (formed during the test) is also present in small
quantities. The mixtures of MgV(3/2) with MgV(2/2) reveal
neither formation of a new phase nor contamination. The syner-
getic effects in the selectivity exhibited by MgV(3/2) mixed with
MgV(2/2) and with a-Sb,0, is explained by a remote control
mechanism. MgSb,04, formed in MgV(2/2)-containing cata-
lysts, is responsible for the increase in complete oxidation and
the strong decrease in selectivity. 01996 Academic Press, Inc.

1. INTRODUCTION

Catalysts containing magnesium, vanadium, and oxygen
(MgVO) are presently under intensive study. They are

1 On leave from Departamento de Quimica Inorgdnica, Facultad de
Quimica, Universidad de Salamanca, Espafia.

promising for the industrially important oxidative catalytic
dehydrogenation (OD) of alkanes. These catalysts seem
to provide adequate quantities of the oxygen species to
activate the reaction of alkanes into alkenes (and dienes)
at relatively low temperatures, thus avoiding total oxida-
tion (1-3).

Three different crystalline phases, namely, 8-MgV,04
(methavanadate), «-Mg,V,0,; (pyrovanadate), and
Mg;V,0Og (orthovanadate), have been observed in MgVO
catalysts. For simplicity, they are referred to as MgV(1/2),
MgV (2/2), and MgV(3/2) phases, respectively. Different
explanations of their activity have been given.

Chaar et al. (1, 2) prepared different MgVO catalysts
by impregnation of MgO powder with basic aqueous solu-
tions of ammonium vanadate. Only the presence of
MgV (3/2) phase has been detected in these catalysts. The
authors found that they were selective for the OD of al-
kanes to alkenes. The absence of any oxygenate products
was attributed to the fact that alkenes adsorb relatively
weakly on MgV O catalysts and the MgV O surface does not
contain a high concentration of oxygen active for oxidation.
The weak adsorption of basic alkene molecules on those
catalysts is explained by the fact that MgV O catalysts are
also basic. Concerning the surface active oxygen, they con-
sider that V=0 groups are very important for oxygenate
formation. They support such an explanation on the basis
of previous results (3-5) in which it was shown that the
activity of the V,0s, either unsupported or supported on
TiO, and Al,O3, could be correlated with the amount
of surface V=0 species. These V=0 groups possess a
characteristic infrared stretching frequency around 1022
cm™! which is also present on V-P-O catalysts (6). How-
ever the presence of that band is not observed on the
MgV (3/2) phase. Consequently, they argue that if this
V=0 group is important for oxygenate formation, the fact
that oxygen is not in the form V=0 on the MgV(3/2)
phase may account for the absence of oxygenate formation.

However, Siew Hem Sam et al. (7) have observed, in
catalysts prepared by impregnating Mg(OH), with vana-
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DEHYDROGENATION OF PROPANE OVER MgVO CATALYSTS

date solutions and subsequent calcination at different tem-
peratures, that the maximum yield and selectivity for the
OD of propane were obtained in cases where the MgV (2/
2) phase had developed. When testing the single phases,
they found that the MgV(2/2) phase was both more active
and selective for the OD of propane, producing minor
amounts of oxygenates, principally acrylaldehyde. Con-
versely MgV(3/2) would be responsible for total oxidation
and MgV(1/2) would not be very selective for the OD of
propane and leads principally to ethanal. The specificity
of the MgV(2/2) phase is explained by considering the
difference in the local environment of vanadium by oxygen
atoms in the three different vanadates. In the MgV(3/2)
phase, vanadium ions are in isolated tetrahedral sites. In
MgV (2/2), V,0; units are formed by two corner-sharing
VO, distorted tetrahedra with long V-O bridges within
these groups. A short V-O bond is also observed in one
of the tetrahedron. In MgV(1/2), vanadium ions are in
highly distorted octahedral sites. The authors argue that
the presence of two different V—O bonds in the MgV(2/
2) phase is responsible for the specificity of this phase for
the selective OD of propane. The V-O short bond could
initiate a hydrogen abstraction and the bridging O could
participate in the OD mechanism by catalyzing the forma-
tion of water.

The highest selectivity for the OD of propane was also
attributed to the MgV(2/2) phase by Guerrero Ruiz et al.
(8). The stabilization of V** ions associated with surface
oxygen vacancies and the easy reducibility of the MgV (2/
2) phase seem to favor the oxygen atom extraction from
this phase compared to the MgV (3/2) phase.

An attempt to explain the selectivity of the reaction of
oxygen with different alkanes over three catalysts, MgV (2/
2), MgV(3/2), and phosphorous vanadium VPO (con-
taining principally (VO),P,0) phase), has been presented
by Michalakos et al. (9). In propane oxidation, they found
only CO as the predominant product on the VPO catalysts
whereas propene was detected with MgV(2/2) and MgV (3/
2) catalysts.

The authors make an attempt to explain the catalytic
activity and selectivity pattern observed in these catalysts
by considering both the nature of the active site and the size
of the surface intermediate (in this case a propyl radical). In
the case of the (VO),P,0; phase, the V,Og structural units
(active sites) would contain the reactive lattice oxygen
which is supposed to be an oxygen ion bridging two easily
reducible vanadium ions. It is possible to calculate the
appropriate size of the propyl radical which would allow
it to bond to both vanadium ions constituting the active
site (the separation of the vanadium ions in the catalysts
being estimated from crystallographic data) and thus to
be readily attacked by the reactive lattice oxygen. Thus,
the formation of fully oxidized products would then be the
favored reaction. Otherwise, dehydrogenation should be
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the predominant reaction. Considering this, the authors
argue that propane would react on MgV(2/2) as if the
reactive sites were isolated VO, units, as in MgV(3/2), in
which there is no oxygen ion bridging two vanadium ions.
This explanation would imply that the oxygen ions in
MgV (3/2) have a lower tendency to form C-O bonds. The
formation of propene on both MgV(2/2) and MgV(3/2) is
explained by using this assumption.

In arecent paper, Wang et al. (10) compared the catalytic
and electrocatalytic oxidations of propane on MgVO cata-
lysts prepared in a way similar to that reported by Chaar et
al. (2). Their results appear to indicate that electrochemical
supplied oxygen is more selective toward propene than
oxygen supplied from the gas phase. The reactor used was
an yttrium-zirconium tube inside which the catalyst was
deposited; the outside bottom of the tube was painted with
two patches of Ag film which acted respectively as counter
and reference electrodes. This assembly was connected to a
variable resistance and to a galvanostat/potentiostat (GP).
Thus, depending on the on/off switch of the GP, oxygen
could be pumped toward or from the catalyst by the exter-
nally applied current. Mechanisms of both catalytic and
electrocatalytic oxidation of propane were tentatively sug-
gested. Surface oxygen vacancy in the neighborhood of a
surface vanadium ion was identified as surface active spe-
cies. This oxygen ion vacancy could be filled either from
oxygen in the gas feed or electrically supplied oxygen. The
rate determining step would involve heterolytic splitting
of a methylenic CH bond in the C;Hg molecule to form a
surface bonded C;H-ion and a surface hydroxyl ion. The
subsequent extraction of a methyl hydrogen by the formed
surface hydroxyl ion in the neighborhood would lead to
the desorption of H,O and C;Hg.

On the other hand, Gao et al. (11) confirmed the depen-
dence between the activity of MgV O catalysts and the Mg/
V ratio suggested by Chaar et al. (1, 2) and Siew Hew Sam
et al. (7).

In a recent work (12) a new phenomenon has been
observed. The catalytic performances of a two-phase
MgVO catalyst are very different from those of the corre-
sponding pure phases; namely, the selectivity of the
MgV (3/2) phase can be improved by the MgV (2/2) phase
when there is an excess of magnesium with respect to the
stoichiometry of this second phase. This suggests that the
presence of more than one phase can promote the selectiv-
ity in the reactions of propane with oxygen.

In the present work, an attempt is made to identify
the factors operating in this kind of promoter effect, as
observed in multiphase catalysts during the oxidative dehy-
drogenation of propane. A starting hypothesis can be that
phase cooperation could be due to remote control (13-22),
a mechanism which has been shown to operate on the
oxidation of olefins to unsaturated aldehydes (13, 14, 16),
the oxidative dehydrogenation of ethanol to acetaldehyde
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(17), the oxidative dehydrogenation of butene to butadiene
(18), the oxidation of butane to maleic anhydride (19, 20),
and the dehydration of N-ethyl formamide to propionitrile
(an oxygen-aided reaction) (10). As @-Sb,O,, as an exter-
nal phase, was shown to promote selectivity of the active
phases in these four reactions, we studied mixtures of cata-
lysts which contained principally MgV (1/2), MgV(2/2),
and MgV(3/2) catalysts on the one hand and «-Sb,0O, on
the other.

The strategy followed in this work was to prepare sepa-
rately powders containing one of the three phases, to mix
them with «-Sb,04, and to study the synergetic effects.
Aside from the remote control, a common explanation of
synergy in such experiments is the formation of a surface
contamination layer of elements of one phase on the sur-
face of the other phase. In order to examine a possible
tendency of mutual contamination between MgVO cata-
lysts and antimony, samples of MgVO catalysts artificially
contaminated with Sb, namely impregnated with Sb ions,
were also prepared.

Another explanation of the synergetic effects is the for-
mation of a new phase. The influence of such a new phase
associating two (Mg, Sb) elements in a mixed compound
has also been studied by preparing mixed phases, in partic-
ular MgSb,Og, and studying their catalytic activity.

Some thermal pretreatments, of long duration, involving
mixtures of MgVO + «-Sb,0O, have also been carried out.
The objective of these treatments was to further investigate
a possible tendency of the oxides in the mechanical mix-
tures to react together and to form new phases.

In general, MgVO catalysts are not constituted of pure
isolated phases. As discussed above, it is therefore interest-
ing to also study the synergetic effects existing between
two different MgV O catalysts. For this reason catalyst mix-
tures of MgV (2/2) + MgV (3/2), MgV (2/2) + MgV(1/2),
and MgV (3/2) + MgV(1/2) have also been investigated.

In order to correlate the catalytic activity with the solid-
state characteristics of the single and the biphasic catalysts,
a detailed physicochemical characterization was carried
out on all catalysts before and after the catalytic test or
after the thermal pretreatments.

X-ray diffraction measurements were performed to de-
termine the crystalline phases and also to detect phase
modifications or formation of new compounds.

Surface contamination was studied by means of analysis
by electron microscopy (AEM) and photoelectron spec-
troscopy (XPS). AEM can yield information concerning
the composition of each particle of each phase and XPS
can reveal the composition of the outermost surface layers
of the samples and detect the transformations occurring
at 15-20 monolayers of depth from the external surface.

As surface oxygen plays a role in the reaction, and sev-
eral interpretations take into account the ease with which
oxygen from the surface can react with the hydrocarbon,
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thermoreduction measurements were also carried out.
Acidity has often been mentioned as an important property
for oxidation catalysts. For this reason acidity was mea-
sured by ammonia TPD (NH; TPD).

One of the teachings of this paper is that the catalytic
activity of the MgVO system is not easy to reproduce
with high precision. The results presented in this paper
correspond to research executed in this laboratory over a
long period of time and by many researchers. In spite
of the precautions taken during the experiments, some
dispersion in the results has been observed. The reasons
for that dispersion are not clear. It is hoped that this work
would help to understand and to control such irreproduc-
ibility.

2. EXPERIMENTAL

2.1. Materials

The products used as starting materials for catalyst prep-
aration were: ammonium metavanadate (NH,VO;), anti-
mony (III) oxide (Sb,Os;), and antimony (III) acetate
(Sb(C,0,H3); all from Merck (p.a. grade); magnesium hy-
droxide (Mg(OH),) (Merck, purity 95%), magnesium ni-
trate (Mg(NOs), - 6H,0) (Fluka, p.a. grade), and citric acid
(CsO;Hg) from UCB (p.a.). HCI was Janssen p.a., 37%.
Gases were from L’Air Liquide, propane > 99%, He
99.995%, H, 99.99997%, NH; 99.998%, and O, 99.5%; they
were used without any further purification.

2.2. Catalyst Preparation
2.2.1. Single-Phase Catalysts

Three types of oxides were prepared.

(a) Antimony oxide. Pure a-Sb,O, was obtained by
calcination of Sb,0O; in air at 873 K for 20 h.

(b) Magnesium vanadate oxides. Pure MgVO oxides
with Mg/V atomic ratios = 1/2,2/2, and 3/2 were prepared
by the citrate method (23) which is known to be a powerful
method for making homogeneous oxides containing two
or several metallic elements.

The main preparation steps of the MgVO catalysts ac-
cording to the citrate method were as follows. First, a
transparent solution of magnesium nitrate or magnesium
hydroxide and ammonium metavanadate with the desired
atomic Mg/V ratio were prepared. Then citric acid was
added in such a proportion to have 1.1 equivalent-gram
of acid function per valence-gram of metal. The solution
thus obtained was evaporated in a Rotavapor at 308 K
until a viscous solution was obtained. The viscous solution
was dried at 353 K for 15 h (an amorphous solid organic
compound was obtained). This compound was decom-
posed at 573 K for 16 h. Finally the calcined solid was
ground into a fine powder. The amounts of reagents, tem-
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TABLE 1
MgV(X) Preparation Conditions

NH,VO, Mg(HO), Mg(NO3), - 2H,0 Citric Acid
Sample (g) (g) () (g) Temperature (K) Time (h)

MgV(1/2)0 21.1 53 58 773 10
823 6

873 6

923 6

MgV(2/2)0 178 8.9 65 773 10
823 6

873 6

923 6

MgV(2/2)1 8.9 195 411 833 20
MgV (2/2)I1 8.9 19.5 411 873 15
MgV (2/2)I11 8.9 19.5 41.1 873 15
MgV (2/2)IV 8.9 19.5 411 873 15
MgV(3/2)0 154 8.9 6.5 773 10
823 6

873 6

923 6

973 6

MgV (3/2)1 7.7 254 40.7 873 20
MgV (3/2)I1 7.7 254 40.7 873 15
973 7

1073 20

MgV (3/2)I11 7.7 254 40.7 873 20
MgV(3/2)IV 7.7 254 40.7 923 20

Note. 0, 1, 11, 111, and IV indicate preparation number.

perature, and time of calcination to obtain 10 g (I, II, III,
and IV) or 20 g (0) of these catalysts are reported in Table
1 (numbers denote MgV O preparation conditions) and the
nomenclature in Table 2.

(¢) Magnesium antimonate. Pure MgSb,O4 was pre-
pared in a similar procedure as indicated for the prepara-
tion of magnesium vanadate catalysts but in this case, anti-
mony acetate in an aqueous HCI solution and magnesium
nitrate were used. Temperature and time of calcination
were 873 K and 20 h, respectively.

2.2.2. Two-Phase Catalysts

These catalysts were prepared from MgV (1/2), MgV (2/
2), Mg/V (3/2), and a-Sb,0y,, either by mechanically mix-
ing or by impregnation of the MgV catalysts with Sb ions.
Pure MgVO oxides were submitted to a similar treatment
to that used to prepare the two-phase catalysts.

(a) Mechanical mixtures of MgV(2/2) + MgV (1/2),
MgV(3/2) + MgV(1/2), and MgV(3/2) + MgV (2/2).
These were prepared by dispersing both oxides in n-pen-
tane by magnetically stirring for 30 min. The suspension
was then stirred in an ultrasonic vibrator Transonic 32 for
10 min at room temperature. After evaporation of the n-
pentane under reduced pressure and continuous agitation,

the mixtures so obtained were finally dried in air at 353 K
overnight. These mixtures will be denoted in the following
manner (see Table 2): MMgV(X)0MgV(Y) or
MMgV(X)IIMgV(Y), in which X (or Y) is the Mg/V
atomic ratio and 0 or IT denote MgV (X)) preparation condi-
tions (Table 1).

(b) Mechanical mixtures of MgV (2/2) or MgV (3/2) ox-
ides with a-Sb,0,. Two methods were employed for the
preparation of these mixtures:

(i) Intensive agitation: This involved vigorously mixing
the suspension of the powders in 200 ml of a light paraffin
(n-pentane) for 3 min by means of a mixer (Ultra-Turrax
from Janke & Kunkel) at room temperature. After evapo-
ration of the n-pentane under reduced pressure, the mix-
tures so obtained were finally dried in air at 323 K over-
night. They will be denoted as in the following
MMgV(X)ISb(ia) (see Table 2). Symbols as in 2.2.2.a.

(ii) Magnetic agitation: The same method was used as
for the preparation of the MMgV(X)ISb(ia), except that
the suspension was only agitated magnetically for 20 min.
No Ultra-Turrax mixer was used. Samples will be denoted
as in the following MMgV(X)0Sb or MMgV(X)ISb (see
Table 2). Symbols as in 2.2.2.a.

(c) Expression of the mechanical mixture composition.
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TABLE 2

Preparation Conditions and Notation for the Single and Multiphasic Catalysts

Preparation
Catalyst Preparation method V/Mg number (n) Notation
Single Phase Citric method 1/2,2/2,3/2 0, I, 11, III, IV MgV (1/2)n, MgV (2/2)n,
MgV(3/2)n
Two phases Mechanical mix- Between single phase MgV(X) MMgV(2/2)0MgV(1/2)
tures of single (X = 1/2,2/2, 3/2) catalysts MM¢gV(2/2)0MgV(1/2)
phase oxides by MMgV(2/2)0MgV(2/2)
magnetic stirring MMgV(2/2)IIMgV(1/2)
MMgV(2/2)IIMgV(1/2)
MMgV (3/2)IIMgV(2/2)
Between MgV(X) (X = 1/2, 2/2, 3/2) MMgV(2/2)0Sb
and a-Sb,04 MM¢gV(3/2)0Sb
MMgV(2/2)ISb
MM¢gV(3/2)ISb
Mechanical mix- Between MgV(X) (X = 1/2, 2/2, 3/2) MMgV(2/2)IS(ia)

tures of single
phase oxides by

and «-Sb,04

MMgV (3/2)ISb(ia)

intensive agi-
tation
Impregnation MgV(X) (X = 2/2, 3/2) with Sb ions MgV (2/2)I11/L
MgV (3/2)II1/L
Calcination of me- MMgV(2/2)IVSb/T
chanical mixtures MMgV(3/2)IVSb/T

The composition is expressed as mass ratio by Rm = weight
A/(weight A + weight B), where A is one of the MgVO
oxides and B is a-Sb,0,, for the mixtures with «-Sb,O,
(see Section 2.2.2.b) or the other MgVO oxide, for
the mixtures between the two MgVO oxides (see Sec-
tion 2.22.a). In the case of MMgV(X)0Sb and
MMgV(X)0MgV(Y) mechanical mixtures the Rm values
are 0, 0.5, and 1.0 and for MMgV(X)ISb(ia) and
MMgV(X)IIMgV(Y') mechanical mixtures the Rm values
are 0, 0.25, 0.5, 0.75, and 1.

(d) MgV(2/2)I1l and MgV (3/2)11I catalysts impregnated
with antimony ions. Nominal loadings corresponding to
the weight of a-Sb,0, theoretically necessary to form one
or three monolayers (‘“‘nominal” loadings) were prepared
by impregnation. The preparation method is similar to that
reported by Weng et al. (13). The quantity of antimony
necessary to form one monolayer of «-Sb,0, on the surface
of the MgV (2/2)III and MgV (3/2)III was calculated on
the basis of the BET surface area and the dimension of
the unit cell of a-Sb,O,. This value is 0.16 nm?, assuming
that a-Sb,0, is deposited according to the arrangement of
the (100) face and that the a-Sb,0, layer has the thickness
of the unit cell. Values of 1.46 and 3.18% were calculated
for the percentage in weight of «-Sb,0, necessary to form
one monolayer on the surface of the MgV (2/2)11I (3.3 m?/
g) and on the MgV(3/2)I11(7.2 m?/g) samples, respectively.

The procedure followed for the preparation was as fol-

lows: 250 ml of a CHCI; solution containing Sb** and Sb>*
ions with a ratio Sb**/Sb>" = 1 was prepared with 7.40 g
of SbCl; and 9.65 g of SbCls. The quantities of the Sb3*/
Sb>* solution required to form 1 or 3 monolayers on the
surface of 1.5 g of MgV(2/2) III or MgV (3/2)I11 (0.5 or
1.5 ml for MgV (2/2)I1I and 1.3 or 3.9 ml for MgV(3/2)III)
were dissolved in 75 ml of CHCl;. Slow evaporation of
the solvent was performed in the Rotavapor at 308 K under
reduced pressure. The powder thus obtained was washed
with a very dilute NH; solution in order to eliminate CI™
(complete elimination was checked with AgNOj; solution).
The powder was finally dried at 383 K overnight. The cata-
lysts were used as such, without calcination.

The same procedure was also used for the pure MgV (2/
2)III and MgV(3/2)I11 catalysts. Samples were denoted
(see Table 2) as MgV(X)III/L, in which X is the Mg/
V atomic ratio of the catalysts and L is the number of
monolayers deposited on the catalyst (1 or 3).

(e) Calcined mechanical mixtures of MgV(2/2)IV + a-
Sb,04 or MgV (3/2)IV + a-Sb,0,. Two mechanical mix-
tures, MgV (2/2)IV with a-Sb,0, and MgV (3/2)IV with a-
Sb,0y, each with Rm = (.5, were both calcined using two
different conditions: (i) 823 K for 1, 3, and 6 days and (ii)
923 K for 2 days. Samples were denoted (see Table 2) as
MMgV(X)IVSb/T, T being the temperature of calcination
in K.

(f) Mechanical mixture of MgSb,0¢ + a-Sb,O4 (Rm =
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0.5). This was prepared by the procedure described in
2.2.2.b (ii).

2.3. Catalyst Characterization

All catalysts were characterized before and after the
catalytic test using the following physicochemical methods.

2.3.1. BET Surface Areas

BET surface areas were measured using a Micromeritics
ASAP 2000 instrument by adsorption of krypton at 77 K
on 200 mg of samples previously degassed at 423 K for 2 h.
Theoretical specific surface areas for the fresh mechanical
mixtures of catalysts A and B were calculated by the
equation

(SBET)theo = (SgET)A " RM + (SgeT)8* (1 — Rm),

in which (Sgget)a and (Sget)s are the BET surface areas
of the oxides A and B, respectively, and Rm is the mass
ratio is defined as in 2.2.2.c.

2.3.2. X-Ray Diffraction (XRD)

XRD patterns were obtained with a KRISTAL-
LOFLEX Siemens D5000 diffractometer using CuK«1 ra-
diation (A = 154.18 pm) and a secondary monochromator.
A Ni filter was used. The samples, in powder form, were
analyzed without treatment after deposition on a quartz
monocrystal sample holder supplied by Siemens. The iden-
tification of crystalline phases was made using references
from the literature and the ASTM files (DIFRACT-AT
software/SOCABIM). The percentage purity of a phase
was estimated from the ratio of the integrated areas of the
most relevant peaks of the phase and the impurity (20 =
35.22 for MgV(3/2) and 20 = 28.03 for MgV (2/2)).

2.3.3. X-Ray Photoelectron Spectroscopy

XPS analyses were performed with an SSX-100 model
206 X-ray photoelectron spectrometer from FISONS. The
analysis chamber was operated under ultrahigh vacuum
with a pressure close to 5 X 10 Torr. X-rays produced
by a monochromatized aluminum anode (AlKa = 1486.6
eV) were focused in an area of around 1 mm? (1000 wm
spot). The pass energy was set at 50 eV (resolution 2);
under these conditions the energy resolution (FWHM, full
width at half maximum, of Au4f;,,) was 1.0 eV. The surface
positive charge originating from the ejection of photoelec-
trons was compensated by a “floodgun’ operating at 6 eV
using a nickel grid set at 3 mm above the samples. Pow-
dered samples were placed into small troughs.

The ClS, V2p3/2, V2p1/2, O 1S, Sb 3d3/2, Mg ZS, and
C 1s bands were swept successively. The Sb 3ds,, peak
overlaps the O 1s peak. In some catalysts, the most intense
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Mg (Auger) peak was swept instead of Mg 2s. The binding
energy (BE) values were calculated with respect to C 1s
(BE of C-C,H fixed at 284.8 eV).

The composite peaks (like O 1ds—Sb 3d band and V 2p
peaks) were decomposed by the least squares fitting rou-
tine provided by the spectrometer manufacturer.

In the decomposition process the Gaussian/Lorentzian
ratio was 85/15, the difference in binding energies between
the V 2p;,, and V 2p,,, peaks was set to 7.3 eV, and the
V 2p3,/V 2p,, ratio was set to 2.0. The decomposition of
the V 2p peaks with no area and interval constraints was
also carried out.

Nonpretreated V,05 and V,0, standards have been ana-
lyzed. Also V,0s standard pretreated in O, atmosphere
and calcined simultaneously for 13 h at 773 K, as well as
V,0, standard pretreated in H, atmosphere and calcined
simultaneously at 393 K for 1 h, have been analyzed. Partic-
ular precautions have been taken with the pretreated sam-
ples: in order to avoid contact with the atmosphere the
powder was kept and pressed in n-octane. The powder
covered with an n-octane droplet was immediately pumped
in the preparation chamber.

The XPS atomic ratios V/Mg, V/Sb, Sb/Mg, C/Mg, C/
V, and C/Sb were calculated from XPS intensities by using
atomic sensitivity factors provided by the spectrometer
manufacturer.

The theoretical V/Mg ratio was calculated from the sam-
ple stoichiometry whereas the V/Sb ratio was estimated
by the expression

Rm/Mw[MgV(3/2) or MgV (2/2)]

h =
V/Sbiheo 1— Rm/Mw[a-Sb,04]

where Mw is the molecular weight.

2.3.4. Electron Microscopy and Electron Microanalysis

Transmission electron microscopy (TEM) and electron
microanalysis (AEM) were performed with a JEOL-JEM
100 C TEMSCAN equipped with a Kevex 5100 C energy
dispersive spectrometer for electron probe microanalysis
(EPMA). The accelerating potential was 100 kV. The sam-
ples were ground, dispersed in n-pentane with an ultrasonic
vibrator, and deposited on a thin carbon film supported
on a standard copper grid.

In principle, AEM permits the detection of a contami-
nant at the level of 1%.

2.3.5. Vanadium Oxidation State

The average oxidation state of vanadium was deter-
mined by double titration. The main titration steps were
as follows: 200 mg of catalyst were dissolved in 200 ml of
hot H,SO, (2 M) solution. The obtained solution was first
titrated with 0.02 M KMnO, (volume 1) which oxidizes
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the V3* and V*' ions into V3. This was followed by adding
an excess of 1 N Fe(NH,),(SO,), acidified with 2 M H,SO,
to reduce the V°* ions into V**. The solution thus obtained
was cooled and then 20 mg (NH,),S,05 were added to
oxidize the excess Fe?* ions. Finally the V** ions were
titrated with 0.02 M KMnO, (volume 2). The average oxi-
dation state of vanadium was calculated by oxidation state
= 5 — (volume 1/volume 2).

2.4. Temperature Programmed Desorption of NH;
(NH; TPD)

TPD was carried out using a versatile apparatus
equipped with a thermal conductivity detector (24, 25).
Samples MMgV(X)0Sb with Rm = 0.5 were studied. As
a-Sb,0, does not show any adsorption of NHj3, experi-
ments were carried out with the same amount of the
MgV (X)0 components in the catalyst, namely 200 mg of
pure MgV (X)O0 catalysts and 400 mg for the mixture. Sam-
ples were pretreated under helium at 723 K for 30 min.
After cooling at 298 K they were exposed to NH; for 30
min and flushed, at that temperature, with helium for 30
min. NH; TPD measurements were carried out from room
temperature to 723 K under a flow of helium and at a
heating rate of 10 K/min.

Weak, intermediate, and strong acidity have been arbi-
trary ascribed to the acid sites describing NHj; three ranges
of temperatures: weak acidity from 373 to 473 K, interme-
diate acidity from 473 to 573 K, and strong acidity above
573 K.

The acidity distribution of catalysts has been expressed
as the ratio between the integrated area of the NH; band
developed in a given range of temperature and the total
integrated area of the NH; band. A total specific acidity
is calculated by dividing the total area of the NH; band
by the BET surface area of the sample.

2.5. Thermoreduction and Thermo-oxidation
Measurements

Thermoreduction experiments (TR) were carried out
with a Setaram MTB 10-8 microbalance connected to a
vacuum and gas-handling system. The catalyst (30 mg) was
outgassed under vacuum (10-3 Torr “1Torr = 133.3 N
m~2) at 723 K for 15 min; H, was introduced at a partial
pressure of 760 Torr. The reduction was carried out at
723 K for 2 h. The sample weight changes due to reduction
were recorded as a function of time. Once reduction was
complete, a vacuum was employed (10-3 Torr) and oxygen
was introduced (partial pressure of 760 Torr). The sample
weight changes were recorded again as a function of time.

The relative weight change percentage is defined as the
ratio between loss of sample weight (Am) and sample initial
weight (m,).
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2.6. Catalytic Activity Measurements
2.6.1. Reaction Test

The catalytic tests were carried out in a continuous gas-
flow system. The catalyst (particle size between 500-800
pm) was supported on a fixed quartz chip bed (density
N4, thickness about 2 mm) in a U-type quartz microreactor
(internal diameter 24 mm) operating under atmospheric
pressure. The reactor was inserted in an electrically heated
furnace. The temperature of the catalyst bed was moni-
tored by a thermocouple placed in a thermowall in the
center of the bed. The composition and the flow rate of
the gas feed mixture were measured using mass flow con-
trollers which were calibrated for each specific gas (pro-
pane, oxygen, and helium).

Before reaching the reactor, the gas feed mixture passed
through a preheater at 503 K. Electronic devices controlled
by thermocouples inserted in the furnace and preheater
were used. The lines between the reactor and the chroma-
tograph were kept at 423 K to prevent any condensation
of the reaction products.

The reaction conditions were as follows: (i) for catalysts
containing MgV (X)0, partial pressures for propane, oxy-
gen, and helium were 60.8, 182.4, and 516.8 Torr, respec-
tively; the total feed was 37 ml/min and the reaction tem-
perature was 823 K. The amounts of catalyst were 70, 100,
and 200 mg. The volumes of the catalyst bed were 0.27,
0.39, and 0.77 cm® and contact times were 0.44, 0.63, and
1.26 s. (ii) for all the other tests, partial pressures of pro-
pane, oxygen, and helium were 42.4, 114.6, and 603 Torr,
respectively; the total feed was 33 ml/min and the reaction
temperatures were 773, 793, and 813 K. In the case of
samples containing MgV(X)I catalyst (noncalcined and
calcined), 500 mg were used for the of impregnated sam-
ples. For those containing MgV (X)II catalysts, 1g was used.
For samples containing MgSb,0Og, 200 mg were used. The
volumes of catalyst bed were 0.8, 0.9, and 3.4 cm® and the
contact times were 1.45, 1.63, and 6.18 s, respectively. The
range of rates of reaction per unit area are calculated from
the lowest and the highest conversion values for each type
of catalyst.

Under the conditions used for samples containing
MgV (X)0 catalysts, the empty reactor showed a small ac-
tivity (less than 2% conversion and less than 1% propene
yield, which represents above 10% of the propane conver-
sion and the propene yield measured during experiments).
No activity was observed for the empty reactor. Tests using
MgV(X)0 catalysts were carried out as follows: after the
desired temperature of reaction was reached, the reactor
was maintained at this temperature for about 3 h, after
which measurements were made. For the other samples,
using the other experimental conditions, the same proce-
dure was followed. A typical run, with the same charge of
catalyst, lasted for about 12 h with three steps at 773, 793,
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and 813 K. The reactor was also maintained at each tem-
perature for about 3 h.

The possible existence of diffusion effects have also been
considered. However, the catalysts have practically no mi-
croporosity (low surface areas and BET data). On the
other hand, the porosity data for the present systems are
similar to those observed in MoO3; + a-Sb,O,. As in that
case, no limitation due to internal diffusion was detected
at similar flow rates and reaction rates (26). A limiting
effect of internal diffusion has therefore to be ruled out.

In order to avoid preferential channelling in the catalytic
bed, the ratio of the reactor bed/particle size should be
greater than 10 (27). In our case this ratio is between 10
and 16.

2.6.2. Analysis of Reactants and Products

The reaction products were analyzed by on-line gas chro-
matography. An INTERSMAT IGC 121 ML chromato-
graph equipped with a catharometer was used. Analyses
were automatically monitored by an integrator IGC-1D
coupled to an electronic interface. For the study of
MgV (X)0 catalysts, analyses were made using two col-
umns: a stainless steel VZ-07 (20 ft X 1/8 in., 60/80 mesh,
He carrier flow of 30 ml/min) for CO,, propane, and pro-
pene and a washed molecular sieve SA (6 ft X 1/8 in., 80/
100 mesh, He carrier flow of 15 ml/min) for oxygen. The
temperature of the furnace was 313 K. For tests with
the other samples a stainless-steel Hayesep R column
(1/8 in. X 6 ft 80/100 mesh, He carrier flow of 30 ml/min)
was used to separate propane, propene, and CO, at a
temperature of 343 K. The main products were propene
and CO,. Oxygen was not analyzed in these last tests.
Traces of another product were detected situated after
the peaks assigned to CO,. This product could not be
identified. No other oxygenate products was observed.

2.6.3. Expression of the Catalytic Activity

Catalytic activities are expressed as conversion of pro-
pane (C), selectivity (S), and yield (Y) of product as de-
fined below:

_ moles of propane consumed

C% -
° moles of propane in feed

X 100

Y = moles of propene produced % 100
moles of propane in the feed

moles of propene produced Y

% = X 100 = — X 100.
5% moles of propane consumed C

2.6.4. Expression of the Synergetic Effects

The kinetics of the various oxidation reactions have not
been determined, because our objective was an approxi-
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mate ranking of the various catalysts and the qualitative
detection of synergy effects on the basis of measurements
made in fixed conditions.

For simplification, we based the calculation of the syner-
getic effect on the simplified assumption of a zero order.
This is an acceptable approximation for low conversions
but cannot be expected to hold if a substantial transforma-
tion of propane occurs. Using these approximate values,
the synergetic effect observed for the mechanical mixtures
is expressed as the increase of conversion or yield com-
pared to the properly weighted average values obtained
for the components of the mixture when alone.

The synergetic effects are calculated by the formula

Xag — X,
Synergy effect = —2E_ 4B 5 1,
X(a+B)

where Xap is the conversion, yield, or selectivity of the
mixture and Xa.p) is the conversion, yield, or selectivity
which would be observed in the absence of any synergetic
effect, defined for a mixture with a given Rm as

C(A+B) = Rm X CA + (1 - Rm) X CB,

Y(A+B) = Rm X YA + (1 - Rm) X YB,
and

AB) " Rm X Ca + (1 — Rm) X Cg’

in which C, and Cy are the propane conversion and Y,
and Yp are the yield in propene of the samples A and
B, respectively.

3. RESULTS
3.1. Sample Characterization

3.1.1. MgV(X) Oxides and the Mechanical Mixtures
MMgV(X)MgV(Y) and MMgV(X)Sb

(a) BET. BET surface areas of the pure oxides are
presented in Table 3. In general, the BET surface areas
of the mixtures (obtained by 0, I, II, III, and IV sample
condition preparation) are the same as those calculated
using the formula in Section 2.3.3.

Within the precision limit of the BET method no differ-
ence between fresh and used catalysts can be detected for
either pure oxides or mechanical mixtures.

(b) XRD. For catalyst MgV(1/2)0, the XRD pattern
corresponds to B-MgV,04 (ASTM file 34-13, Galy (28),
and Parker and Cauley (29). A small amount of a-MgV,0¢
(20 = 20.69 and 31.06) was observed. For MgV(2/2)0
catalyst, the XRD pattern corresponds to a-Mg,V,0,
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TABLE 3

BET Surface Areas (m?/g) and Crystalline Phases for Fresh
MgV(X)n and a-Sb,0,

Sample Fresh XRD crystalline phases
MgV(1/2)0 4.5 B-MgV,04 + traces a-MgV,04
Mgv(2/2)0 7.6 0{-Mng207
MgV(2/2)I 4.9 a-Mg,V,0,

MgV (2/2)I11 34 a-Mg,V,0,

MgV (3/2)0 52 Mg;V,05 + traces a- and $-Mg,V,0,
MgV(3/2)I 16.0 Mg;V,05 + traces a-Mg,V,0,

MgV (3/2)I1 34 Mg;V,05 + traces a-Mg,V,0,

MgV (3/2)I11 8.7 Mg;V,05 + traces a-Mg,V,0;
a-Sb,0, 0.7 Cervantite

a-Sb,0y 2.5 Cervantite

Note. X = Mg/V atomic ratio and n = 0, I, II, and III preparation
conditions (Secton 2.2.1.b).

(ASTM file 31-816, Clarck (30)). No impurity was detected
(see Fig. 1A and Table 3). MgV(2/2) 1, 11, 111, and IV also
show the XRD pattern of a-Mg,V,0; with slight impurities
which could not be identified (see Fig. 1B). For MgV(3/
2)0 catalyst, the XRD pattern corresponds to Mg;V,Oq
(ASTM file 37-351, Lubin (31)); small amounts of «- and
B-Mg,V,0; are detected. The XRD pattern of MgV(3/2)
L, 11, III, and IV corresponds to that of Mg;V,0g, with a
percentage purity between 95% (I, IV) and 97% (11, III)
(see Section 2.3.2) (see Fig. 1B and Table 3). The XRD
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pattern of the antimony oxide corresponds to that of -
Sb,0, (cervantite). XRD patterns of the mechanical mix-
tures corresponded to the superposition of those observed
for the individual pure catalysts. In the case of both pure
oxides and mechanical mixtures, no change was observed
in the position or the intensities of the peaks after reaction.
No new peak was observed after test.

(¢) Vanadium oxidation state. In both single and two
phase catalysts, the average oxidation state of vanadium
was +5, before and after catalytic test.

(d) XPS. Some remarks concerning the decomposition
of the asymmetric V 2p peaks must be made before exam-
ining the XPS results.

(i) The reconstruction of the V 2p envelope using the
constraints described in Section 2.3.3 leads to an incorrect
fitting, which is evidenced by controlling the quality of the
statistic parameter y°. The fitting is especially bad for the
V 2py,; peak. This is a result of the strong influence of the
O 1s (or O 1s + Sb 3ds,) peak in background subtraction.

(i) The reconstruction of the V 2p envelope (see Fig.
2), with no area and interval constraints, was carried out
in order to achieve a better fitting and thus to calculate a
more accurate quantity of total vanadium. In the following
this quantity will be used to calculate XPS atomic ratios.

(iii) The binding energy value of 517.3 = 0.2 eV for the
V 2ps,, peak observed for all catalysts corresponds to that
found in the V,0s standard. This value is also in agreement
with literature data (32-35). Another V 2p;, peak, at
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(A) X-ray patterns of 8-MgV,0¢, a-Mg,V,07, and Mg;V,05s. Impurities: ® a-Mg,V,0,, B B-Mg,V,0;, and ¥ a-MgV,0¢. (B) X-ray

patterns of Mg;V,0g and a-Mg,V,0;. Impurities: ® a-Mg,V,0, and * not identified.
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FIG. 2. XPS spectra of V 2p envelope with no area and interval
constraints for (A) pretreated V,0s and (B) MMgV(3/2)Sb(ia), Rm =
0.50, catalyst (see Section 2.3.3).

lower BE value, is also observed for all catalysts in the
range 515.1-516.1 eV. This may be ascribed to V*'. A
similar BE range is reported in the literature (32, 36, 37)
for this oxidation state. In spite of precautions taken in
preparing the V,0, standard (see Section 2.3.3), the most
dominant peak is that of V3*. This prevents the accurate
determination of the position of V 2ps,, of V4*.

(iv) In spite of the fact that the BE separation between
Mg?2s and V 2p;, peaks in greater than between
Mg(Auger) and V 2p;,, and that the Mg 2s atomic sensitiv-
ity factor is smaller (0.575) than that of Mg(Auger) (4.1),
similar XPS V/Mg atomic ratios are obtained when using
one or the other.

The following XPS results are obtained using the above
considerations. Similar binding energy values of V 2p;,,
O 1s, Mg 2s, Mg(Auger), and Sb 3d;/, are observed in all
mechanical mixtures before and after test. These BE values
correspond to those found in pure MgV(X) and a-Sb,0,
oxides (see Table 4A).
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TABLE 4B

XPS Analysis: V/Mg Atomic Ratios
for Pure MgV(X), and Bulk Atomic
Ratio Are Indicated (See Section 2.3.3)

V/Mg
XPS
Sample Fresh Used Bulk
MgV(1/2) 1.54 1.53 2.00
MgV(2/2) 0.73 0.88 1.00
MgV (3/2) 0.53 0.51 0.67

The XPS V/Mg atomic ratios are lower than those of
the bulk (see Table 4B). Similar XPS V/Mg atomic ratios
are found in MgV(X)0 and MgV(X)I oxides, before and
after test. Slightly higher XPS V/Mg atomic ratios are
observed after test for the MgV(2/2) catalyst.

For the mechanical mixtures MMgV(X)0OMgV(Y) and
MMgV(X)IIMgV(Y), the XPS V/Mg atomic ratios corre-
sponded to the addition of those observed for pure cata-
lysts (see Table 4B) and remained unchanged after re-
action.

The XPS V/Mg, V/Sb, and Sb/(V + Mg + Sb) atomic
ratios for the mechanical mixtures MMgV(X)ISb(ia) are
presented in Tables 5A and 5B. Concerning MMgV(2/
2)ISb(ia) (Table 5A), slightly higher XPS V/Mg atomic
ratios are observed after test whereas the XPS V/Sb and
Sb/(V + Mg + Sb) atomic ratios are close to those of the
bulk. In the case of MMgV(3/2)ISb(ia) (Table 5B), the
XPS V/Mg atomic ratios remain unchanged after test
whereas the XPS V/Sb and Sb/(V + Mg + Sb) atomic
ratios are different to those of the bulk. Similar results are
obtained for the mechanical mixtures of MMg(X)O0Sb.

The XPS C/V or C/Mg atomic ratios for all
MMgV(X)0Sb and MMgV (X)ISb(ia) were also measured.
The values are not reported because no change in these
ratios was observed after test.

(e) TEM and AEM. TEM micrographs of MMgV(3/
2)ISb(ia) with Rm = 0.50 before and after test are pre-
sented in Figs. 3A and 3B which can given an overview of

TABLE 4A

XPS Analysis: Binding Energies for V 2p;,, O 1s, Mg 2s, Mg (Auger), and Sb 3d;, Peaks in Pure MgV(X)0,
MgV(X)I, and a-Sb,0, Oxides

BE BE
Sample BE (V 2psp) BE (O 1s) BE (Mg 2s) (Mg Auger) (Sb 3d3,)
MgV(X)n 517.0 = 0.2 516.0 = 0.2 530.0 = 0.2 89.5 = 0.2 304.0 = 0.2
a-Sb,04 539.9 =02
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TABLE 5A

XPS Results for V/Mg, V/Sb, and Sb/(V + Mg + Sb) Atomic Ratios for Fresh and Used
MMgV(2/2)ISb(ia); Bulk Atomic Ratio (See Section 2.3.3) Is Also Indicated

V/Mg V/Sb Sb/(V + Mg + Sb)
XPS XPS XPS
Rm* Fresh Used Bulk Fresh Used Bulk Fresh Used Bulk
0 _ _ _ _ _ _ _ _ _
0.25 0.99 1.05 1.00 0.48 0.23 0.39 0.50 0.69 0.41
0.50 0.76 0.84 1.00 1.18 0.89 1.17 0.23 0.34 0.30
0.75 0.87 1.00 1.00 3.48 3.42 3.51 0.12 0.12 0.12
1.0 0.73 0.88 1.00 — — — — — —

“ Rm is the mass ratio.

the arrangements of the two oxides (see also Table 6). The
larger particles are a-Sb,O,. The smaller particles, spheres
of about 0.05-0.1 u, correspond to MgV (3/2)I (see Fig.
3A). The difference in particle sizes corresponds to the
BET results. The pictures show that a-Sb,O, crystallites
are surrounded by MgV (3/2)I particles. Some MgV (3/2)1
particles remain isolated.

AEM microanalyses were realized for the catalysts be-
fore and after test at different points of the samples. The
results are essentially the same: isolated particles of a-
Sb,0, (point 1) and MgV (3/2)I (points 4, 5, 6, 7, 8).

3.1.2. MgV (X)III Impregnated with Antimony
(MgV(X)ILI/L Catalysts

The BET surface areas and XPS results are reported in
Tables 7A and 7B, respectively. It was verified that the
solvent used for impregnation had no effect on the BET
surface areas (see Table 7A).

An increase in the values of surface areas is observed

after the MgV(X)III catalysts were impregnated with Sb
ions, this increase being larger for higher a-Sb,0O, loadings.
In addition, higher BET surface areas are developed by
the impregnated catalysts after test.

Regarding XPS results, (see Table 7B), XPS V/Mg
atomic ratios are lower than the bulk values. Higher XPS
V/Mg atomic ratios are observed after test for MgV (2/
2)III/L catalysts.

A similar tendency is observed regarding changes in XPS
Sb/(V + Mg + Sb) atomic ratios for both MgV (2/2)I11/L
and MgV(3/2)II1/L catalysts. An increase in this ratio with
Sb content and a decrease of this ratio after test is observed.
Regarding the MgV(2/2)I11/1 catalyst no change in the
XPS Sb/(V + Mg + Sb) atomic ratio is observed after test.

In all samples the XPS C/V atomic ratios show a de-
crease after test. When the antimony content is higher the
decrease is more pronounced. The high XPS C/V atomic
ratio for the MgV (3/2)I11/3 catalyst before test can be due
to a deficient washing of the sample and the fact that CHCl,
had been used in the preparation was not well eliminated.

TABLE 5B

XPS Results for V/Mg, V/Sb, and Sb/(V + Mg + Sb) Atomic Ratios for Fresh and Used
MMgV(3/2)ISb(ia); Bulk Atomic Ratio (See Section 2.3.3) Is Also Indicated

V/Mg V/Sb Sb/(V + Mg + Sb)
XPS XPS XPS
Rm Fresh Used Bulk Fresh Used Bulk Fresh Used Bulk
0 _ _ _ _ _ _ _ _ _
0.25 0.52 0.57 0.67 1.11 0.90 0.34 0.23 0.29 0.53
0.50 0.48 0.49 0.67 3.57 2.48 1.02 0.08 0.12 0.29
0.75 0.42 1.44 0.67 5.88 6.43 3.05 0.05 0.04 0.11
1.0 0.53 0.51 0.67 — — — — — —




DEHYDROGENATION OF PROPANE OVER MgVO CATALYSTS 463

/ 0.2um

MgV(3/2)

0.2um

FIG. 3. TEM micrographs of MMgV(3/2)ISb(ia), Rm = 0.50, (A) before test and (B) after test.
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TABLE 6

Analysis by Electron Microscopy of MMgV(3/2)Sb(ia) before
and after Test

Fresh Used
Point Mg/Sb V/Sb Mg/Sb  V/Sb
1 12 x 1072 9.6 x 1073 0.1 0.2
2 4.9 10.0 18.6 42.4
3 23 6.2 569  107.5
4 274 53.0 ® w
5 546 1003
6 2340 5080
7 4150 9465
7 2746 665.0

Impregnated catalysts, either fresh or used, show only
the XRD patterns corresponding to MgV (2/2) and MgV (3/
2) oxides. No new peaks ascribed to other phases were ob-
served.

3.1.3. Calcined Mechanical Mixtures of MMgV(X)IVSb
with Rm = 0.5 (MMgV(X)IVSb/T Catalysts

For the MMgV(3/2)IVSb catalyst no new phase was
detected by XRD even after 6 days calcination at 823 K.

CARRAZAN ET AL.

The presence of a new phase, MgSb,Og, was observed in
the XRD patterns only after 2 days calcination at 923 K.
In the case of MMgV(2/2)IVSb the formation of
MgSb,0¢ was detected after only 1 day calcination at 823 K.
A change in color from yellow to grey is also observed
for all samples in which the new phase was detected.

The binding energy values of V 2p3,,, O 1s, Mg (Auger),
and Sb 3d;,, are identical to those reported in Table 4A.
The binding energy value of Sb 3d;,, in MgSb,0g is identi-
cal to that of a-Sb,0,.

The XPS V/Mg atomic ratio for MMgV/(2/2)IVSb/T
catalysts (see Table 8A) is even lower than that of the
noncalcined MgV(2/2)ISb(ia) catalyst with Rm = 0.5 (see
Table 5A).

However, no difference in the XPS V/Mg atomic ratio
is observed in MMgV(3/2)ISb/T catalysts at both 823 and
923 K (see Table 8B) compared to that of the noncalcined
sample, MMgV(3/2)ISb(ia) (see Table 5B). No difference
in the XPS V/Mg atomic ratio is observed after test for
both MMgV (X)ISb/T catalysts (X = 2/2, 3/2).

The XPS C/V, C/Mg, and C/Sb atomic ratios for all
MMgV (X)ISb/T were also measured. The values are not
reported because no change in these ratios are observed
after test.

For the sake of clarity, the XPS results for MgSb,0¢
fresh and used and its mechanical mixture with «-Sb,O,

TABLE 7A

BET Surface Areas for Fresh and Used MgV(X)III Treated by CHCl; and Impregnated
with Sb Ions, MgV (X)III/L Catalysts

Sger (m?/g)

Sger (m?/g)

Sample Fresh Used Sample Fresh Used
MgV(2/2)I11/CHCly 33 35 MgV (3/2)[1I/CHCl, 8.7 9.1
MgV (2/2)11/1 3.0 34 MgV (3/2)111/1 9.5 10.3
MgV(2/2)11/3 3.8 4.0 MgV (3/2)I11/3 10.4 10.7

Note. X = Mg/V atomic ratio and L is number of monolayers of Sb ions.

TABLE 7B

XPS Results for MgV(X)III/L Catalysts: V/Mg, V/Sb, Sb/(V + Mg + Sb), and C/V Atomic Ratios for Fresh and Used
MgV (X)III/L Catalysts and Bulk Atomic Ratio (See Section 2.3.3) Are Indicated

V/Mg Sb/(V + Mg + Sb) C/v
Sample Fresh Used Bulk Fresh Used Bulk Fresh Used
MgV(2/2)I11/1 0.69 0.82 1 0.07 0.08 0.01 2.46 1.83
MgV (2/2)I11/3 0.75 0.82 1 0.19 0.10 0.02 3.21 1.76
MgV(3/2)I11/1 0.45 0.49 0.67 0.19 0.14 0.01 2.81 1.97
MgV (3/2)I11/3 0.47 0.54 0.67 0.40 0.24 0.05 7.19 2.36
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TABLE 8A

XPS Results for MMgV(2/2)IVSb/T with Rm = 0.5 and V/Mg, V/Sb, and Sb/(V + Mg + Sb)
Atomic Ratios for Fresh and Used Samples; Bulk Atomic Ratios (See Section 2.3.3), Calcination
Temperature in K, and Calcination Time in Days Are Indicated

V/Mg V/Sb Sb/(V + Mg + Sb)
XPS XPS XPS

Temp. and

calc. time Fresh Used Bulk Fresh Used Bulk Fresh Used Bulk
823 K/1 0.38 — 1.00 0.85 — 1.17 0.24 — 0.30
823 K/2 0.38 0.39 1.00 0.85 0.84 1.17 0.24 0.25 0.30
823 K/6 0.39 — 1.00 0.86 — 1.17 0.25 — 0.30
923 K/2 0.36 0.39 1.00 0.83 0.83 1.17 0.24 0.25 0.30

(Rm = 0.5) are also presented in Table 8C. The XPS Sb/
Mg atomic ratio is lower than that of the bulk in both the
pure MgSb,0¢ and its mechanical mixture with a-Sb,0O,.
For MgSb,0g, a significant increase in XPS C/Mg and
C/Sb atomic ratios is observed after test. However, in
the mechanical mixture these ratios regain the values ob-
served in the fresh MgSb,Og catalyst.

For MMgV (2/2)IVSb/T catalysts, the XPS V/Sb atomic
ratios are similar to those found in noncalcined MMgV (2/
2)ISb(ia) (Rm = 0.5) after test. The similarity in XPS
Sb/(V + Mg + Sb) atomic ratios in both noncalcined,
MMgV(2/2)ISb(ia), and calcined, MMgV (2/2)IVSb, is due
to the low XPS V/Mg atomic ratio found in the calcined
samples.

In MMgV(3/2)IVSb/T catalysts, the XPS V/Sb atomic
ratios (see Table 8B) are similar to those of the noncalcined
MMgV(3/2)ISb(ia) catalysts after test (Rm = 0.5) (see
Table 5B). XPS Sb/(V + Mg + Sb) atomic ratio depicted
by MMgV(3/2)IVSb/T is similar to that of the noncalcined
MMgV(3/2)ISb(ia) (Rm = 0.5) (see Table 5B).

XPS V/Sb atomic ratio remain unchanged after test in
both MMgV(3/2)IVSb/T and MMgV(2/2)IVSb/T cata-

lysts, this ratio being higher and lower than that of the
bulk for MMgV(3/2)IVSb/T and MMgV(2/2)IVSb/T, re-
spectively.

3.2. NH; TPD Measurements (Acidity)

Table 9 shows the acidity distribution for MgV(3/2)0,
MgV(2/2)0, and MgV(1/2)0, calculated as explained in
Section 2.4. Maximum NH; TPD is observed at 448 K for
MgV (1/2)0, at 451 K for MgV(2/2)0, and at 498 K for
MgV (3/2)0.

The specific acidity (total acidity per m?) for both oxides
(Table 9) shows that the number of acid sites decreases
in the following order: MgV(2/2)0 > MgV(1/2)0 >
MgV (3/2). a-Sb,0O, does not possess any acidity.

For MMgV(X)0Sb mixtures (X = 1/2,2/2, and 3/2), the
maximum NH; TPD and the variation in the number of
acid sites are the same as for pure catalysts. However, a
15% decrease in the number of acid sites is observed for
MMgV(1/2)0Sb catalyst (Rm = 0.5), and a 40% decrease
is observed for MMgV(2/2)0Sb and MMgV(3/2)0Sb cata-
lysts (Rm = 0.5) compared to those of the pure MgV (X)
(X = 1/2,2/2, 3/2).

TABLE 8B

XPS Results for MMgV(3/2)IVSb/T with Rm = 0.5 and V/Mg, V/Sb, and Sb/(V + Mg + Sb)
Atomic Ratios for Fresh and Used Samples; Bulk Atomic Ratios (See Section 2.3.3), Calcination
Temperature in K, and Calcination Time in Days Are Indicated

V/Mg V/Sb Sb/(V + Mg + Sb)
XPS XPS XPS

Temp. and

calc. time Fresh Used Bulk Fresh Used Bulk Fresh Used Bulk
823 K/1 0.53 — 0.67 2.50 — 1.02 0.12 — 0.29
823 K/2 0.55 0.59 0.67 2.40 2.40 1.02 0.13 0.13 0.29
823 K/6 0.54 — 0.67 2.40 — 1.02 0.12 — 0.29
923 K/2 0.55 0.59 0.67 2.40 2.50 1.02 0.12 0.13 0.29
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TABLE 8C

XPS Results for MgSb,0O¢ and Its Mechanical Mixture with a-Sb,0,: XPS Sb/Mg, C/Mg,
and C/Sb Atomic Ratios for Fresh and Used Samples, and Bulk V/Mg Atomic Ratio Are

Indicated (See Section 2.3.3)

Sb/Mg
XPS C/Mg XPS C/Sb XPS
Sample Fresh Used Bulk Fresh Used Fresh Used
MgSb,04 0.70 0.73 2.00 0.70 1.13 1.00 1.54
MgSb,04 + a-Sb,04 — 0.75 2.00 — 0.60 — 0.80

TABLE 9
Acidity Distribution and Total Acidity for MgVO Oxides

Acidity force” Total
specific
Sample Weak Intermediate Strong acidity”
MgV(1/2)0 40 43 17 2.1
MgV(3/2)0 25 38 36 1.6
MgV(2/2)0 40 38 32 4.4

“See Section 2.4.

3.3. Thermoreduction

Results are presented in Fig. 4. a-Sb,0, undergoes only
very little reduction. MgV (2/2)0 catalyst exhibits the low-
est induction time for the reduction whereas V,0s presents
both the highest rate of reduction and maximum reduction
level (see Fig. 4A).

Compared to the MgV(3/2)0 catalyst, the Mg/V(2/2)0
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exhibits both a higher rate of reduction and a maximum
reduction level (see Fig. 4A).

In the case of the mechanical mixtures of Rm = 0.5, a
significant increase in the relative weight change and in
the maximum reduction level is noted compared to the
pure catalysts (see Fig. 4B).

3.4. Catalytic Activity Measurements

Some remarks concerning the development of the exper-
imental work must be pointed out before analyzing the
catalytic results. This section will be organized as suggested
in the literature.

Different sample preparations and catalytic conditions
(see Sections 2.2.1.a, 2.6.1 and 2.6.2) were carried out in
order to achieve a better understanding of the role played
by MgV (X) oxides (X = 1/2, 2/2, and 3/2) in the OD of
propane, according to the strategy proposed in the Intro-
duction.

First, MgV(X)0 oxides and their mechanical mixtures,
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FIG. 4. Relative weight change % (Am/mg %) versus time for (A) MgV(X )0 oxides, V,0s, and a-Sb,O,4 and (B) MMgV(X)0Sb mechanical

mixtures with Rm = 0.5. X = Mg/V atomic ratio.
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TABLE 10

Catalytic Results: Conversion of Propane, Conversion of Ox-
ygen, Selectivity to Propene, and Formation of CO, as a Func-
tion of vol% Oxygen and vol% Propane at 823 K for
MgV(2/2)0 Catalyst

0,/C;Hy 0% CHy C% S%  C%(0)) Y% (CO,)
1:1 8 8 9 714 10.2 11
2:1 16 8 10 700 85 195
3:1 24 8 14 678 3.9 22.0
1n 8 8 9 714 10.2 15.1
2/1 8 4 7 697 103 175

MMgV(X)0MgV(Y), were tested in order to evaluate their
activities in the OD of propane. MgV(2/2)0 and MgV
(3/2)0 showed better performances for this reaction than
MgV(1/2)0.

In a second series of experiments, the effect «-Sb,O,4 had
on the active phase in mixtures which contained MgV (X)0
with X = 2/2, 3/2 (MMgV(X)0Sb, Rm = 0.5) was also
studied. The influence of the mixture composition
(MMgV(X)IIMgV(Y) catalysts) and of both the agitation
method and the mixture composition (MMgV (X )ISb(ia)
catalysts) on the catalytic activities were also studied.

Finally, the possible tendency of contamination and for-
mation of a new phase were studied, in samples of
MgV(X)III (X = 2/2, 3/2) contaminated artificially with
Sb ions (MgV(X)III/L catalysts) and in mechanical mix-
tures of MgV (X)IV (X = 2/2, 3/2) and «-Sb,0, calcined
at high temperatures for several days (MMgV(X)IVSb/
T catalysts).

3.4.1. Preliminary Results

(a) Influence of the partial pressure of oxygen propane.
Tests were carried out with the MgV(2/2)0 catalyst (200
mg) using either different oxygen/propane mole ratios (1/
1,2/1, and 3/1 with 8 vol% propane in the feed) or different
propane/oxygen mole ratios (1/1 and 2/1 while maintaining
the oxygen concentration constant at 8 vol%) at 823 K (see
Table 10). The results in Table 10 show that when the
O,/propane molar ratio increases the conversion of pro-
pane and the yield of CO, increase. Simultaneously the
conversion of oxygen and the selectivity to propene de-
crease. O,/C;Hg values in the range 2.7-3.0 were selected
for the catalytic tests (see Tables 10, 11 and 12).

(b) Activity as a function of the mass of catalyst. Figures
5A and 5B show the trends for the conversion and selectiv-
ity for the single phases, MgV (X)0 (X = 1/2, 2/2, 3/2), as
a function of the amount of catalyst (70, 100, and 200 mg).
Figure 5A shows that the conversion is not a linear function
of the mass of catalyst.
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All the MgV(X)0 catalysts show a variation of 8% in
the conversion while approximate constant values are ob-
served for the selectivity.

(¢) Activity as a function of the reaction temperature.
The evolution of catalytic activities were followed as a
function of reaction temperature for both single- and two-
phase catalysts, prepared in the conditions denoted by I,
II, and III. The results reported in Tables 11 and 12 also
include, for the sake of clarity, catalytic activities of
MgV (X)0 and MMgV(X)0Sb (Rm = 0.5) at 823 K. Results
will be discussed in 3.4.2.

(d) Influence of sample preparation method. Similar
trends in catalytic activities (conversion) are observed for
both, MMgV(2/2)ISb and MMgV(2/2)ISb(ia) mechanical
mixtures but the highest conversion is observed for the
mechanical mixtures prepared by intensive agitation (see
Section 2.2.2.b). The better interdispersion between both
oxides in these samples has been corroborated by electron
microscopy observations. For this reason only, the catalytic
activity results of MMgV(X)ISb(ia) are presented in Table
12. Results will be discussed in 3.4.2.

3.4.2. Single Phase Catalysts

Table 11 shows a decrease in propane conversion in the
order MgV (3/2)0 > MgV(1/2)0 > MgV(2/2)0, whereas
the selectivity to propene decreases in the order MgV (2/
2)0 > MgV(1/2)0 > MgV(3/2)0; propene yield remains
approximately the same for the three catalysts.

A comparison between MgV (3/2)I and MgV (2/2)I cata-
lysts shows that propane conversion and propene yield are
higher for MgV (3/2)1. In contrast, selectivity is higher for
MgV (2/2)I. The catalytic activity trend exhibited by
MgV(X)II catalysts is opposite to that observed in
MgV (X)I catalysts. Regarding MgV (X)III catalysts, pro-
pane conversion is similar for both MgV (2/2)III and
MgV (3/2)111, the propene yield and selectivity to propene
being higher for MgV (3/2)III.

An important point to note is that MgV(2/2) catalysts
show a higher selectivity to propene than MgV(3/2) cata-
lysts only when the conversion of propane is low (10%).
At higher conversion the selectivities are approximately
the same.

3.4.3. Biphase Catalysts—Mechanical Mixtures

(a) MMgV(X)ISb(ia) and MMgV(X)0Sb mechanical
mixtures. The results presented in Table 12 show that a-
Sb,0, modifies the performance of the pure MgV (X) cata-
lysts.

MMgV(2/2)ISb(ia) mechanical mixtures (see Table
12A) show an important synergy effect in the conversion
for all Rm. Maximum conversion is detected for Rm =
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3/2).

0.5, but the most important synergy is observed at Rm =
0.25, the intensity of this effect decreasing as the tempera-
ture increases. Regarding the yield, an important synergy
effect is also observed at Rm = 0.25 and to a lesser extent
at Rm = 0.5. In contrast, a synergy effect in the selectivity
to propene is observed for all Rm.

Similar trends in catalytic behavior are observed with
MMgV(2/2)0Sb (see Table 12B) where only an experiment
with Rm = 0.5 has been done.

MMgV(3/2)ISb(ia) mechanical mixtures show a de-
crease in the conversion, namely no synergy effect for all
Rm, except for Rm = 0.25 at 813 K. The intensity of this
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(A) Conversion as function of the mass of catalyst and (B) selectivity as function of the mass of catalyst for MgV (X)0 (X = 1/2, 2/2,

effect slightly decreases with increasing temperature. No
synergy effect in the yield is observed, except for Rm =
0.25. However, a synergy effect in the selectivity to propene
is observed for all Rm.

Both MMgV(3/2)0Sb and MMgV(3/2)ISb(ia) with
Rm = 0.5 show similar trends.

In conclusion, an activity promotion is observed in the
MMgV(2/2)Sb system at the expense of selectivity whereas
the MMgV(3/2) system exhibits an increase in selectivity
by suppression of unselective reactions.

(b) MMgV(X)IIMgV(Y) and MMgV(X)OMgV(Y) me-
chanical mixtures. In MMgV(3/2)IIMgV(2/2) (Table

TABLE 11
Catalytic Results: Conversion, Yield, and Selectivity of MgV(X)n Oxides

773 K 793 K 813 K 823 K
Weight

Sample (mg) C% Y% S% C% Y% S% C%n Y% S% C% Y% S%
Mg/V(1/2)0 100 11.0 6.3 57.0
Mg/V(1/2)0 200 17.0 9.5 56.0
Mg/V(2/2)0 100 9.0 5.9 65.5
Mg/V(2/2)0 200 14.5 9.3 64.5
Mg/V(2/2)1(ia) 500 2.7 3.1 100 5.5 43 77.8 10.6 6.7 63.5
Mg/V(2/2)11 1000 413 6.2 15.1 46.5 6.2 133 51.9 6.2 12.0
Mg/V(2/2)11 500 42 1.7 40.8 5.1 2.4 47 79 3.7 46.8
Mg/V(2/2)111 500 4.5 2.8 62.0 6.2 3.7 59.3 8.6 4.7 54.8
Mg/V(3/2)0 100 14.6 6.7 45.8
Mg/V(3/2)0 200 19.7 8.9 45.3
Mg/V(3/2)1(ia) 500 12.4 5.6 45.6 15.0 7.6 50.2 20.1 9.4 46.7
Mg/V(3/2)11 1000 8.7 0.9 9.5 9.5 1.5 15.7 10.7 3.0 28.2
Mg/V(3/2)IIL 500 29.9 6.1 20.5 39.1 7.7 19.7 474 8.5 17.9

Note. n = 0, I, 11, and III preparation conditions. Experimental conditions for (a) MgV(X)0 samples: partial pressures of propane, oxygen and
helium, 60.8, 182.4, and 516.8 Torr. 02/C;Hg = 3.0, total feed 37 ml/min and range of the rate of reaction of 2.38 X 1077-3.82 X 1077 mole s~! m™2

(see Section 2.6.1) and for (b) MgV(X)n (n

=1, I, III), 42.4, 114.6, and 603 Torr. O,/C;Hg = 2.7, total feed 33 ml/min and range of the rate of

reaction of 1.38 X 1078-1.90 X 10”7 mol s™! m~? (see Section 2.6.1). 1 Torr = 133.3 N m2.
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TABLE 12A
Catalytic Results: Conversion, Yield, and Selectivity to Propene and CO, Formation of MMgV(X)ISb(ia)
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773 K 793 K 813K
Sample Rm C%  Yw  S%  CO, C% Y%  S%  CO, C% Y%  S%  CO,
MMgV/(2/2)ISb(ia) 025 82 42 510 118 202 68 338 28 299 77 2718 348
07)  (08) (114) (14)  (11)  (786) (6) (17) (654)
071 425 =55 1920 518 =57 1050 353 575
0.50 130 48 365 164 22 61 273 290 335 65 194 519
14) (15 (107 @7 @1 (718) (53)  (33) (623)
828 20 68 22 190 =65 52 9 ©
0.75 136 24 146 138 174 30 149 137 295 40 128 323
@1)  (23)  (109) 1) (32) (78.0) (79 (50) (63.3)
150 43 -87 24 60 -8l 273 -20 =80
MgV (2/2)I(ia) 1.00 28 31 100 20 55 43 718 32 106 67 635 55
MMgV(3/2)ISb(ia) 025 14 13 918 1.0 28 25 92 18 76 57 754 35
(B.1)  (14) (45.2) G719 (513) (50)  (23)  (46.0)
-85 -7 103 -4 32 16 52 148 64
0.50 35 21 606 12 43 29 682 17 69 40 577 27
(62) (28) (45.2) (75  (38) (50.7) (100)  (47)  (47.0)
—435 -5 M B -4 M5 -3 -5 0B
0.75 44 35 800 30 59 50 85 51 101 66 658 83
(93)  (42) (45.2) 112) (57 (50.9) (151)  (70) (46.3)
-5 -7 7 47 -12 &8 -3 -6 &
MgV (3/2)I(ia) 1.00 124 56 456 74 150 76 502 108 201 94 467 153

Note. In parenthesis are the theoretical values in absence of synergy (see Section 2.6.4) and underlined, synergy effect (see Section 2.6.4).
Experimental conditions: partial pressures of propane, oxygen, and helium, 42.4, 114.6, and 603 Torr. O,/C;Hg = 2.7, total feed 33 ml/min and
range of rates of reaction of 7.78 X 107-2.43 X 10”7 mol s™' m~2 (see Section 2.6.1).

13A), moderate positive synergy effects are observed in
the conversion and in the yield. The synergy effect is more
pronounced in the conversion at R = 0.75 and in the yield
at Rm = 0.5. A significant increase of selectivity is observed
for Rm = 0.5.

The results obtained with MMgV(X)OMgV(Y) (Rm =
0.5) and the pure phase (MgV(X)0) are presented in Table
13B. MMgV(3/2)0MgV(2/2) catalysts show similar trends
to those observed with MMgV (3/2)IIMgV(2/2). However,
no effects are observed in selectivity or conversion for
MMgV(2/2)0MgV(1/2) or MMgV(3/2)0MgV(1/2), re-
spectively.

3.4.4. Biphasic Catalysts—Impregnated Catalysts

The results are presented in Tables 14A and 14B. At
773 K, the conversion and yield values of MgV (2/2)III/
1 catalyst compared to the nonimpregnated MgV (2/2)I11
catalyst show a decrease, however, the selectivity is higher.

Concerning MgV (3/2)I11/L, there is a continuous de-
crease in the conversion and yield values with increasing
Sb loading; the selectivity value shows an increase at low
Sb loading, whereas values similar to those of the nonim-
pregnated MgV(3/2)I1I catalyst are observed at high Sb
loading.

TABLE 12B

Catalytic Results: Conversion, Yield, and Selectivity to
Propene and CO, Formation of MMgV(X)0Sb at 823 K

823 K
Sample Rm C% Y% S% CO,
MMgV(2/2)0Sb 0.50 20.5 12.2 60.0 5.7
(4.5) (3.0) (67.0) (0.6)
335 307 ~10
MgV (2/2)0 1.00 9.0 59 65.5 12
MM¢gV(3/2)0Sb 0.50 9.5 6.1 64.0 0.3
(7.3) (3.3) (45.0) (0.2)
30 85 a2
MgV(3/2)0 1.00 14.6 6.7 45.8 0.5

Note. In parenthesis are the theoretical values in absence of synergy
(see Section 2.6.4) and underlined, synergy effect (see Section 2.6.4).
Experimental conditions: 60.8, 182.4, and 516.8 Torr. O,/C;Hg = 3.0,
total feed 37 ml/min and range of rates of reaction of 2.38 X 1077-4.64 X
1077 mol s™! m~2 (see Section 2.6.1). 1 Torr = 133.3 N m2.
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TABLE 13A
Catalytic Results: Conversion, Yield, and Selectivity to Propene of MMgV(X)IIMgV(Y)

773 K 793 K 813K
Sample Rm C% Y% S%  CO% C% Y% S%  CO% C% Y% S%  CO%

MgV (2/2)IT 0.00 413 62 151 483 465 62 133 534 519 62 120 621
MgV (3/2)ITMgV(2/2) 0.25 384 57 149 477 475 70 148 601 37 75 139 710
(331) (49) (148) (37.9) (372) (50) (134) (47.4) (416) (54) (130) (49.6)

6 16 12 8 40 10 2 9 9 65 4

MgV(3/2)IIMgV(2/2) 0.50 290 55 190 207 342 70 205 288 371 76 206 358
(250) (35) (140) (27.8) (280) (38) (137) (31.3) (239) (46) (192) (372)

6 57 B 25 2 84 0 -8 s 1 —4

MgV(3/2)IIMgV(2/2) 0.75 274 31 113 259 294 39 134 284 359 54 151 377
(168) (22) (13.1) (17.8) (187) (27) (144) (36.3) (210) (38) (181) (24.7)

6 4 -4 8 57 4 -1 6 o4 -7 sl

MgV(3/2)IT 1.00 87 09 107 7.2 95 15 157 9.1 107 30 282 123

Note. In parenthesis are the theoretical values in absence of synergy (see Section 2.6.4) and underlined, synergy effect (see Section 2.6.4).
Experimental conditions: partial pressures of propane, oxygen, and helium, 42.4, 114.6, and 603 Torr. O,/C;Hg = 2.7, total feed 33 ml/min and
range of rates of reaction of 1.97 X 1077-2.75 X 107° mol s™' m2 (see Section 2.6.1).

In spite of the notably lower Sb content (between 1%
and 10%) of the impregnated catalyst compared to that of
the mechanical mixtures (between 25% and 75%), similar
synergy effects are observed in both types of catalysts (see
Tables 12 and 14).

TABLE 13B

Catalytic Results: Conversion, Yield, and Selectivity to
Propene of MMgV(X)0MgV(Y) at 823 K

823 K
Sample Rm C% Y% S% CO%
MgV(1/2)0 17.0 9.5 56.0 25
MgV (2/2)0 14.5 9.3 64.5 2.5
MgV (3/2)0 19.7 8.9 45.3 3.5
MgV(2/2)0MgV(1/2) 0.50 21.0 9.0 43.0 3.9
(15.7) 94 (59.9) (2.5)
37 -42 =28 56
MgV (3/2)0MgV(1/2) 0.50 16.5 9.3 56.7 2.6
(18.3) 9.1) (49.7) (2.5)
—9.8 2 —14 4
MgV(3/2)0MgV(2/2) 0.50 15.9 11.6 732 2.9
(17.1) (9.1) (532) (3.0)
-7 9 3 -3

Note. In parenthesis are the theoretical values in absence of synergy
and underlined, synergy effect. Experimental conditions: partial pressures
of propane, oxygen, and helium, 60.8, 182.4, and 516.8 Torr. O,/C;Hg =
3.0, total feed 37 ml/min and range of rates of reaction of 1.91 X 1077
35X 107" mol s™' m™2 1 Torr = 133.3 N m™2.

3.4.5. Biphasic Catalysts—Calcined MMgV(X)IVSb/T
Mixture

The catalytic results at 813 K are presented in Table
15 for both noncalcined, MMgV(X)IVSb, and calcined,
MMgV(X)IVSb/823/6, catalysts (X = 2/2,3/2). MMgV(2/
2)IVSb/823/6 shows an important increase in the conver-
sion and in the CO, production (decrease of selectivity to
propene) compared to the noncalcined catalyst. Regarding
MMgV (3/2)IVSb/823/6, an increase in the conversion and
in the CO, production is also observed and this is accompa-
nied by an increase in the selectivity to propene.

3.4.6. MgSb,04 and MgSb,0¢ + a-Sb,0, Mixture

Only the presence of CO, was detected in the products
of the reaction during the catalytic test of MgSb,0Os. Com-
pared to pure MgSb,0O¢ (propane conversion of 7% and
CO, formation of 19%), the mechanical mixture with a-
Sb,O,4 shows an increase of 70% in the propane conversion
and an increase of 80% in CO, formation.

4. DISCUSSION

The above activity results show that synergetic effects
are observed in both MMgV(2/2)MgV(3/2) and
MMgV(X)Sb (X = 2/2, 3/2) catalysts when tested in the
OD of propane to propene.

The aim of this study is to determine if the remote
control mechanism can explain the observed synergetic
effects. However, it is known that several solid-state pro-
cesses can take place when two oxides are mixed together;
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TABLE 14A
Catalytic Results: Conversion, Yield, and Selectivity of Impregnated MgV(2/2)II1 Oxides with Sb ions,
MgV(2/2)II1/L
773 K 793 K 813 K

Sample C% Y% S% CO, C% Y% S% CO, C% Y% S% CO,
MgV (2/2)I11 4.5 2.8 62.0 1.6 6.2 3.7 59.3 24 8.6 4.7 54.8 3.4
MgV (2/2)I11/1 2.6 1.9 72.8 0.8 5.5 29 53.0 1.7 6.9 4.1 59.5 3.1
MgV (2/2)I111/3 22.97 4.8 20.9 28.5 35.1 6.1 17.2 423 45.7 6.5 14.2 55.8

Note. Experimental conditions: partial pressures of propane, oxygen, and helium of 42.4, 114.6, and 603 Torr. O,/C;Hg =

2.7, total feed 33 ml/min and range of rates of reaction of 2.17 X 1078-3.0 X 1077 mol s! m~2 (see Section 2.6.1). 1 Torr

1333 N m™2

i.e., the formation of a new phase, contamination between
the oxides, coke deposition, sintering, etc. There are conse-
quently, a priori, different explanations to the synergetic
effects observed in the different catalysts studied.

The first part of the discussion will therefore examine
the results of catalyst physicochemical characterization.
The possible mechanisms involved in the observed syner-
getic effects will be discussed in the second part.

4.1. Single-Phase Catalysts
4.1.1. MgV(2/2) Catalysts

This catalyst is practically pure a-magnesium pyrovana-
date (@-Mg,V,07). No phase modification and no change
in BET surface area or bulk and surface oxidation state
have been detected after catalytic tests.

Only, a slight increase in XPS V/Mg atomic ratios is
observed. This can be due to V,0s5 segregation at the sur-
face. V,0Os can be segregated as crystallites or by the form
of monolayer. The absence of changes in BET surface
areas suggests that the monolayer form is more likely.
Crystallites would contribute by adding surface areas.

4.1.2. MgV(3/2) Catalysts

Fresh catalyst consists principally of Mg;V,0Og with slight
impurities of a-Mg,V,0; (between 3% and 5%). This is
due to the fact that a transition through a-Mg,V,0; is
necessary to obtain Mg;V,05. More drastic calcination
conditions (time and temperature) would be required to
obtain Mg;V,0Og with a high degree of purity, but in such
conditions very low BET surface areas would be obtained
(see Table 1). No change in catalyst structure or bulk and
surface oxidation state is observed after test.

It must be pointed out that for both MgV(2/2) and
MgV (3/2), XPS V/Mg atomic ratios are lower than those
of the bulk (see Section 2.3.3).

4.2. Biphasic Catalysts
4.2.1. Coke Deposition and Sintering

In this discussion we shall examine two parameters which
could potentially explain some of the observed phenom-
ena. These are deposition of coke and sintering.

There is no deposition of coke on «-Sb,0,. Preferential
coke deposition on MgV (X) oxides (X = 2/2, 3/2) is ex-

TABLE 14B
Catalytic Results: Conversion, Yield, and Selectivity of Impregnated MgV(2/2)II1 Oxides with Sb ions,
MgV@/2)III/L
773 K 793 K 813 K

Sample C% Y% S% CO, C% Y% S% CO, C% Y% S% CO,
MgV (3/2)I11 29.9 6.1 20.5 32.7 39.1 7.7 19.7 454 474 8.5 17.9 59.1
MgV(3/2)I11/1 11.2 32 28.3 15.8 18.3 43 235 26.1 26.2 5.8 222 26.1
MgV (3/2)111/3 6.7 1.2 18.6 8.0 17.7 3.7 21.0 20.6 28.8 5.4 18.6 20.6

Note. Experimental conditions: partial pressures of propane, oxygen, and helium of 42.4, 114.6, and 603 Torr. O,/C;Hg =
2.7, total feed 33 ml/min and range of rates of reaction of 1.61 X 1078-1.36 X 1077 mol s”! m~2 (see Section 2.6.1).
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TABLE 15

Catalytic Results: Conversion, Selectivity, and CO, Produc-
tion of Calcined Samples MMgV(X)IVSb/823/6 (X = 2/2, 3/2)
with Rm = 0.5 at 813 K

Sample C% S% CO%
MMgV(2/2)IVSb noncalcined 2.3 >90 0.9
calcined 22.4 26.2 14.4
MMgV(3/2)IVSb noncalcined 22 15.8 2.9
calcined 9.7 324 13.2

Note. Experimental conditions: partial pressure of propane, oxygen,
and helium: 42.4, 114.6, and 603 mm Hg. O,/C;Hg = 2.7, total feed 33
ml/min and range of rates of reaction of 1.45 X 1078-2.8 X 108 mol s!
m~2 (see Section 2.6.1).

cluded because the XPS C/V (or C/Mg) atomic ratios and
BET surface areas remain nearly constant during test for
MMgV(X)Sb mixtures. On the other hand, the XPS C/V
(or C/Mg) atomic ratios diminish after the test in the cata-
lysts prepared by impregnation. This indicates that, even
if a deposition of coke took place, carbon would be elimi-
nated during reaction.

Sintering is also excluded in MMgV(X)Sb because no
decrease in BET surface area is observed after the test.

This is particularly true for MMgV(3/2)Sb mixtures,
where the large contribution of MgV (3/2) to BET surface
area would make easily detectable a sintering of this phase.

In MMgV(2/2)Sb, other phenomena that take place dur-
ing the test could compensate a hypothetical decrease in
BET surface areas. This will be discussed below.

4.2.2. Formation of a New Phase or a Solid Solution.
Surface Contamination

(a) MMgV(2/2)MgV(3/2) System. The study of the
mixtures of the two vanadates, MMgV(2/2)MgV(3/2), re-
veals neither a formation of a new phase nor contamina-
tion. This is logical for the first possibility. The second
observation indicates that there is no preferential migra-
tion of one element from one phase to the other. This is
also logical because both oxide phases contain the same
metallic atoms in almost the same ratio.

(b) MMgV(X)Sb (X = 2/2, 3/2) systems. We begin by
discussing the case of samples containing MgV (3/2). X-ray
diffraction measurements did not indicate the formation of
a new phase either after catalytic test with the mixtures
MMgV(3/2)ISb(ia) or after calcination for 6 days at 823
K with the mixtures MMgV(3/2)IVSb. No change in the
BET surface areas or sample colors after test or calcination
was observed.

Only in the case of MMgV(3/2)IVSb where calcination
had been performed for 2 days at 923 K could traces of a
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new phase, i.e., MgSb,Og¢, be detected and a change of
color observed. These conditions are very far from those
used under catalytic reaction. At any rate, if MgSb,Og
was formed during the test, this would be only a very
small amount.

In MMgV(3/2)ISb(ia) mixtures, the low XPS Sb/(V +
Mg + Sb) and the high XPS V/Sb atomic ratios compared
to those of the bulk have to be explained. We show below
the reasons which indicate that is due to the difference
in particle size between MgV(3/2)I and «-Sb,O, (Sger
MgV(3/2)I = 16.0 m?*/g and Sggr a-Sb,0O, = 0.7 m?/g).

Indeed, when two phases are mixed, the XPS surface
composition depends on the difference of particle size be-
tween the phases, the aggregation of the particles, and
mutual arrangements between the particles of one phase
and the particles of the other phase (13). Here, the aggrega-
tion of the particles has been minimized, by using a vigor-
ous agitation during preparation, and the effect can not
be attributed to preferential aggregation or special mu-
tual arrangement.

In principle, the lower XPS Sb/(V + Mg + Sb) and the
higher XPS V/Sb atomic ratios compared to those of bulk
might also be explained by a contamination of «-Sb,0, by
MgV (3/2)1. But this assumption must be discarded because
of the similarity of XPS Sb/(V + Mg + Sb) and XPS V/Sb
atomic ratios before and after the test. If a contamination at
room temperature existed, it is highly improbable that it
would remain stable after the sample has been tested at
813 K.

On the other hand, the XPS Sb/(V + Mg + Sb) and
the XPS V/Sb atomic ratios are close to those of bulk in
MMgV(2/2)ISb(ia) catalysts, in which the difference in
particle size MgV(2/2)I and «a-Sb,0O, is only small (Sger
MgV (2/2)I = 4.9 m?/g and Sggr a-Sb,O, = 2.5 m?/g.).

For these reasons we retain the difference in particle
size as the reason of the low values of XPS Sb/(V + Mg
+ Sb) and the high values of XPS V/Sb atomic ratios
compared to those of the bulk.

AEM analyses suggest that MgV(3/2)] has not been
contaminated by Sb ions during the catalytic reaction. In
fact, the AEM analysis is the same before and after reac-
tion. In both cases isolated particles of «-Sb,O, and
MgV (3/2)I were observed. The fact that the AEM Mg/Sb
and V/Sb peak intensity ratios are not the same for all the
particles is explained by the influence of the neighborhood
over the Sb particles. Thus, a contamination seems to be
excluded. The principal argument to exclude the contami-
nation is that the same AEM results are observed for the
fresh and used samples. In both cases, pure MgV(3/2)I
and «-Sb,0, particles are observed with the same variation
in the AEM Mg/Sb and V/Sb peak intensity ratios.

Thus the physicochemical characterization does not de-
tect any change after the test in the case of the MgV(3/2)
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system either in the noncalcined and calcined mechanical
mixtures or in the impregnated samples.

The case of the mixtures containing MgV(2/2) seems
very different. The formation of a new phase, MgSb,0g,
was already detected by X-ray diffraction measurements
when the MMgV(2/2)IVSb mixture was calcined at 823 K
for 24 h. A sample color change was also observed. No
new phase could be detected by XRD in the noncalcined
MMgV(2/2)ISb(ia) after the test. Calcination of MMgV (2/
2)ISb(ia) during the test (12 h) is not sufficient to produce
crystallized MgSb,Og (see Section 2.2.1.e). However, XPS
results indicate that similar changes take place in both
noncalcined MMgV(2/2)ISb(ia) during the test and in cal-
cined MMgV(2/2)IVSb/T catalysts. The decrease in the
XPS V/Sb atomic ratios in MMgV(2/2)ISb(ia) after the
test (see Table 5A) and the similar XPS V/Sb atomic ratios
observed in both noncalcined MMgV(2/2)ISb(ia) after the
test and in calcined MMgV(2/2)IVSb/T (see Table 8A)
seem to be due to the formation of a new phase, containing
more antimony than vanadium, at the surface; this would
be traces of MgSb,0g.

In such a reaction where an element (Mg) is both in
the starting material (MgV(2/2)) and in a surface product
(MgSb,Og) it is difficult to predict the changes in the corre-
sponding XPS signal. The changes after test or after
calcination are indeed relatively small (Table 5A) or even
undetectable (Table 8A). This remark also holds for the
impregnated MgV(2/2)I1I/L samples (see Table 7B),
which will be discussed below.

We notice that the XPS Sb/(V + Mg + Sb) atomic ratios
are not altered by test or by calcination. This is what could
be expected if Sb on the surface of a-Sb,O, would be used
to form MgSb,0¢. This confirms that MgSb,0y is mainly
located on the surface of the mixed sample. As the mor-
phology of both solid reactants (MgV(2/2) and «a-Sb,0,)
changes during a solid-state transformation, it is difficult
to go further in the interpretation and to indicate whether
MgSb,Og is preferentially on the surface of MgV(2/2) or
O(-Sb204.

The formation of MgSb,0g in the mixtures of MgV(2/
2) and a-Sb,0, does not bring about measurable changes
of BET surface areas. This is logical if MgSb,O¢ covers
MgV(2/2) as suggested by the XPS results.

The situation is different in the impregnated samples.
Antimony in that case is initially very highly dispersed as
shown by the high XPS Sb/(V + Mg + Sb) atomic ratios.

The decrease in the XPS Sb/(V + Mg + Sb) atomic
ratio after the test indicates that the highly dispersed Sb,O,
species formed on MgV (2/2)I11 or MgV (3/2)I11 sinters and
detaches partially from the MgV (X)III surface.

The similarity of the XPS Sb/(V + Mg + Sb) atomic ratio
before and after the test for the MgV(2/2)I11/1 catalyst may
be due to the fact that the Sb precursor is not completely
decomposed or due to a small sintering of Sb at surface.
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However, it is not excluded that the stability in the XPS
atomic ratio could also be interpreted by the balance of
two simultaneous phenomena, on the one hand the decom-
position of the precursor (or sintering) and on the other
the contamination of the surface of MgV(2/2)I11. These
results show that if contamination is produced it is very
limited. The principal phenomenon when the amount of
Sb increases is the sintering of the antimony oxide crystal-
lites on the surface of MgV (2/2)I11.

A large number of tiny a-Sb,0, crystallites would thus
form. This would lead to an increase in BET surface area,
as observed in other cases (38). This is indeed what we ob-
served.

As a general conclusion of this section, catalysts con-
taining MgV(3/2) are composed of two separate phases
in contact. For those containing MgV(2/2), MgSb,Og is
present in small quantities in addition to the magnesium
vanadate and «-Sb,0;,.

4.3. Interpretation of the Catalytic Activity Results

At this point, a comparison of the catalytic results in
terms of selectivity to propene is possible, taking into ac-
count that (i) the selectivity is approximately constant,
when varying the amount of the single-phase catalysts,
over a conversion range of 8% width (see Fig. 5) and (ii) for
the MMgV(3/2)Sb and MMgV(2/2)Sb systems, conversion
levels are approximately constant for Rm = 0.25, 0.50, and
0.75 (see Tables 12A and 12B) (in the range selected for
the single-phase catalysts, MgV (X) (X = 1/2, 2/2, 3/2),
however, the selectivities are quite different for both types
of catalysts). A similar behavior is observed in the
MMgV(3/2)0MgV(2/2) system.

This fact cannot be explained by considering the differ-
ent amounts of MgV(2/2) or MgV(3/2) in the mixtures.
Thus, another phenomenon might be considered to explain
the trends of the catalytic results showed by those systems.

The nonlinearity of the conversion with the mass of
catalyst is explained by the inhibitory role of reaction prod-
ucts. Propene, water, CO, and CO, very likely compete
with propane for the catalytic sites. As the amount of active
phase increases, more reaction products are present in the
gas phase, and the inhibition increases, thus diminishing
the contribution of additional quantities of catalysts.

The assumption that above 10% of conversion level, side
reactions would not be completely avoided is another point
to take into account for the interpretation of the synergetic
effects. Synergetic effects must be put into evidence at low
conversion to facilitate the possible explanations. This is
the case of the MMgV(3/2)Sb(ia) system for which high
selectivities are observed for conversion levels below 10%.

4.3.1. MgV(3/2)Sb System

The above discussion shows that the catalytic activity of
mechanical mixture of MgV(3/2) and «-Sb,O, must be
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explained by a cooperative mechanism involving two sepa-
rate, noncontaminated phases.

We are thus led to the conclusion that some cooperation
via a mobile surface species takes place.

As in most of the reactions involving oxygen, «-Sb,0O,
is not active but it is known as a donor of mobile oxygen
species (21-22). The role of @-Sb,0, in the present system
would also be to produce mobile oxygen species which
would migrate to the surface of MgV(3/2). This would be
responsible for the modification of the catalytic perfor-
mance.

Mobile oxygen species can play two roles: (i) react with
propane adsorbed on MgV (3/2) (spill-over oxygen used
as a reactant) and (ii) migrate to the surface of MgV (3/2)
and react with it to modify the properties of the catalytic
sites and improve the selectivity (spill-over oxygen used
as a control species).

In the first case, the principal role of a-Sb,O4 would be
to increase propane conversion. Our results show similar
or slightly lower conversion, compared to those observed
in the absence of the synergetic effect. We therefore come
to the conclusion that the role of spill-over oxygen is to
modify the catalytic sites.

The active MgV(3/2) would contain not only the cata-
lytic sites for the OD of propane but also, in large propor-
tion, those for the total oxidation. Spill-over oxygen would
modify the sites responsible for total oxidation. This ex-
plains why the addition of antimony while maintaining
propene yield, diminishes the overall formation of CO,
(and, consequently, propene conversion).

This explanation is valid both for the mixtures and the
impregnated catalysts. In impregnated MgV (3/2)II1/L, a
detachment of «-Sb,O, during the reaction is observed.
The tiny «-Sb,0, crystallites thus formed play the same
role as @-Sb,0, admixed with MgV(3/2).

4.3.2. MgV(2/2) Sb System

The real structure of the catalysts containing MgV (2/2)
is complicated due to MgSb,04 formation on the surface
during catalytic test. This formation may take place only
during the test, before the new phase can be detected by
X-ray diffraction. MgSb,QOg is a surface species and may
cover either MgV(2/2) or a-Sb,O, or both. Not surpris-
ingly, the catalytic tests show complicated trends.

We tested separately prepared MgSb,O4. This phase
produces only CO,. When MgSb,0¢ is mixed with «-
Sb,0,, a significant increase in oxidation of propane to
CO, and H,O is observed. The dramatic increase in CO,
production when MgV(2/2) has been impregnated with a
high amount of Sb and calcined confirms the conclusion
that MgSb,0Og catalyzes complete oxidation of propane.

The catalyst impregnated with one monolayer of Sb ions
is less active than the nonimpregnated one. This can be
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explained by the fact that at low temperatures (773 K) the
precursor is not completely decomposed and it blocks part
of the sites on MgV (2/2). With increased temperature (813
K), the conversion is just similar to the nonimpregnated
catalyst; this probably arises from the sintering of impreg-
nated Sb ions. Interestingly the selectivity is higher in
MgV (2/2)I11/1 compared to the nonimpregnated catalyst.
Conversely, when the Sb loading increases (MgV (2/2)I11/
3), conversion and yield increases but selectivity decreases.
The essential conclusion is thus that the synergetic ef-
fects in conversion are eventually due to the formation
of MgSb,0g. It is not clear whether a cooperative effect
between MgV(2/2) and a-Sb,0, takes place in addition.

4.3.3. MgV(2/2)MgV(3/2) System

The cooperation between MgV(2/2) and MgV(3/2) has
to be explained, as for MgV (3/2) + a-Sb,0y, by the contact
between two uncontaminated phases.

For the same reasons as in the latter case, this coopera-
tion has to be explained by a remote control mechanism.
It is striking that we had to accept this explanation also in
the case of mixtures of VPO catalysts (19, 20).

The existence of a cooperation between MgV (2/2) and
MgV (3/2) gives arguments to explain the differences ob-
served in the literature concerning the role of the activity
and selectivity of the pyro and the ortho phases. The re-
spective roles of MgV(2/2) and MgV(3/2) in the donor-
acceptor pair constituting the actors in the remote control
mechanism must be identified.

MgV (2/2)I1 shows both high propane conversion and
CO, production, which increase as a function of tempera-
ture. In contrast, MgV (3/2)II shows both low propane con-
version and CO, production, which remain nearly constant
with temperature.

As a whole, mixtures with Rm = 0.5 exhibit a gain in
conversion of propane and in propene yield and selectivity
and a diminution in CO, formation.

But it seems difficult to analyze the effects in more detail.
The addition of MgV(3/2) to MgV(2/2), to make the mix-
ture of composition Rm = 0.25, brings relatively small
effects. One could just conclude that MgV (3/2) is not a very
efficient donor, and, perhaps, that it produces nonselective
electrophilic species as shown by the increase in CO, pro-
duction. This is not incompatible with the fact that a-Sb,0,
improves its selectivity. The conclusion would be that
MgV (3/2) possesses a mixed function as both donor (but
of electrophilic oxygen) and acceptor. If we now take as
the majority phase this same MgV(3/2) and add 25% of
MgV (2/2) (mixture of Rm = 0.75) some synergy appears
and slightly less CO, is produced. MgV (2/2) thus appears
as a donor of selective oxygen species (nucleophilic).

A confirmation of this conclusion could in principle be
obtained by mixing MgV(2/2) with a donor: if MgV(2/2)
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is a donor, another donor would have no promoting effect
on it. Unfortunately, @-Sb,O,, which has no catalytic activ-
ity of its own, produces a compound of very low selectivity,
namely MgSb,Og, when contacted with MgV (2/2).

Our conclusion must therefore be restricted to the fact
that there is a synergy for conversion, and to a certain
extent propene yield, between MgV(2/2) and MgV(3/2).
It seems very likely that both phases have a dual role,
donor and acceptor (especially MgV(3/2)), but it is not
clear whether one of these role’s is predominant.

Concerning MgV(1/2), it seems that a deterioration in
selectivity is observed when MgV(2/2) or MgV(3/2) is
mixed with it. The cooperation effects between phases by
the remote control mechanism implies an increase in the
selectivity; for this reason this mechanism does not operate
when MgV(1/2) is present.

A tentative explanation of the deterioration in the selec-
tivity can be related to the nature of the oxygen species
present in the MgV(1/2) catalysts. These species are able
to attack the hydrocarbon molecules and break its bonds,
form radicals, and facilitate the formation of nonselective
products. The fact that MgV(1/2) is active and nonselective
isin line with this explanation. However, further studies are
necessary to make a further evaluation of these catalysts.

4.4. Thermoreduction and Acidity

The ease in which MgV(2/2)0 is reduced compared to
MgV (3/2)0 (see Fig. 4) has been correlated with the higher
selectivity exhibited by pyrovanadate catalysts (8, 9). This
higher selectivity had been attributed to the particular
structure of the pyrovanadate phase (7-9). This consists
of rows of V,05 units, in which two sharing distorted tetra-
hedra are bridged by long V-O bonds. The selectivity-
determining step of the reaction was supposed to be the
one involving this bridging oxygen (7-9).

However, our results show that this could be the case
only at low propane conversion. At high propane conver-
sion, a decrease in propene selectivity is observed for
MgV (2/2) catalysts (see Table 11), the selectivity being
even lower than that of MgV(3/2) catalysts.

A correlation between relative weight change and selec-
tivity indicates different trends in MMgV(2/2)0Sb and
MMgV(3/2)0Sb catalysts. Whereas MMgV(2/2)0Sb shows
higher relative weight change (see Fig. 4B) compared to
MgV (2/2)0 (see Fig. 4A) and no synergetic effects regard-
ing selectivity, the higher relative weight change observed
in MMgV (3/2)0Sb compared to that of MgV (3/2)0 is corre-
lated with synergetic effects regarding selectivity. This indi-
cates that the correlation between reduction rate and selec-
tivity is more complicated. It therefore seems that the
explanation cannot be exclusively the different local envi-
ronment of vanadium by oxygen atoms in the pyro- and
orthovanadate structures.
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Regarding the correlation between acidic properties
and selectivity in the case of MgV(3/2)0Sb mixtures, a
decrease in the acid site numbers compared to those of
pure MgV (3/2)0 could be associated with the increase in
selectivity exhibited by these catalysts. This effect is in
contrast to that observed in the VPO catalyst in which the
high selectivity observed in the presence of a-Sb,0, during
the oxidation of butane to maleic anhydride was correlated
with high acidity. Thus, it could be suggested that a lower
acidity is necessary to improve OD of propane. However,
to prove this assumption studies in much more detail re-
lated to acidity strength and distribution of the acid sites
are necessary. We remark that in the present study the
distribution of the acid sites has been arbitrary assigned.

5. CONCLUSIONS

1. Synergetic effects are observed in the OD of propane
in MgV (3/2) and MgV (2/2) oxides when they are in pres-
ence of a-Sb,O, (mechanical mixtures and impregnated
catalysts).

In the MgV(3/2)Sb system the principal effect is an in-
crease in the selectivity with a corresponding decrease in
propane conversion. In the MgV(2/2)Sb system the princi-
pal effect is a strong increase in propane conversion with
a moderate increase in propene yield.

2. Physicochemical characterization showed that no for-
mation of a new phase or contamination in the presence
of a-Sb,0, takes place when MgV (3/2) is used.

In the MgV(2/2)Sb system, a new phase, MgSb,Og, is
formed during the catalytic test.

3. The remote control mechanism seems to be the most
plausible explanation for the synergetic effects observed
in catalysts containing MgV (3/2) and «-Sb,O,. The role
of spill-over oxygen produced by a-Sb,O, (Donor) would
be that of inhibiting the nonselective sites. The same mech-
anism explains the synergetic effects found in the mixtures
of MgV (3/2) and MgV(2/2). Both phases probably have
a dual role, donor and acceptor.

The interpretation of the synergetic effects observed
in the MgV(2/2) system is more complicated due to the
presence of the new phase, MgSb,0O¢. It seems that
MgSb,Og is responsible for the high increase in propane
conversion; that increase corresponds mainly to com-
plete oxidation.
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