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Oxidative Dehydrogenation of Propane over V-Mg-0 Catalysts
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Oxidative dehydrogenation of propane was studied at 500-550°C over V-Mg-oxide catalysts
and over the reference phases orthovanadate, pyrovanadate, and metavanadate of magnesium.
Characterization of the reference phases was performed by XRD, IR spectroscopy, TEM, STEM,
and 'V NMR and compared with the V-Mg-Q catalysts. In contrast with previous results by
Kung, it was observed that the actual catalyst for dehydrogenation of propane to propene is
pyrovanadate of magnesium. This specificity is explained on the basis of a dynamic model of the

working catalyst favored by the corner-sharing VO, tetrahedra of the V,04~ units.

Press, Inc.

INTRODUCTION

The catalytic oxidative dehydrogenation
of alkanes to alkenes, dienes, or aromatics
is a challenging problem and a fascinating
route to convert them into chemicals. How-
ever, this catalysis requires high tempera-
tures to activate alkanes, conditions which
favor the complete oxidation of the dehy-
drogenated intermediates.

In order to overcome this problem, it is
necessary to find a catalyst which can acti-
vate the C—H bond of the alkane and which
can provide suitable oxygen atoms, not too
reactive for total oxidation. This should de-
pend on the temperature of the reaction,
the alkane/oxygen ratio, and the residence
time on the catalyst surface.

The V-Mg-O system has been proposed
to be efficient for the oxidative dehydro-
genation of butane (/, 2) and propane (3). It
was postulated that both reactions proceed
via the formation of an alkyl radical.

The same authors proposed that the ac-
tive phase is magnesium orthovanadate and
they suggested that the higher selectivity of
this phase was due to the low density of
V=0 groups responsible for total oxida-
tion.

! Present address: ORKEM Co., Norsolor, CRNC,
62670 Mazingarbe.
2 To whom correspondence should be addressed.

417

© 1990 Academic

We have studied the oxidative dehydro-
genation of propane to propene on V-Mg—
O catalysts with a vanadium content up to
82% (calculated as V,0s) in order to cover
the composition range of the different mag-
nesium vanadates, and we compared these
results with those obtained on reference
phases, whose purity was strictly con-
trolled.

In this paper, we report our results of the
characterization of the V-Mg-O catalysts,
the identification of the active component,
and the correlation with the catalytic
results.

EXPERIMENTAL

Catalysts and reference phases were pre-
pared from magnesium hydroxide and am-
monium vanadate (NH,VO;, Merck).

Mg(OH), was prepared by precipitation
from a magnesium chloride solution
(MgCl, - 6H,0, Merck, 0.25 M) by potas-
sium hydroxide (Prolabo, 0.5 M) After a
first washing with distilled water, the pre-
cipitate was centrifuged and then dried un-
der vacuum at 80°C. The solid thus ob-
tained was freed from any residual chloride
ions by washing repeatedly with water until
the filtrate had a constant electrical conduc-
tivity. The solid was then dried under vac-
uum at 100°C and immediately used for the
preparation of the mixed oxide catalysts in
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order to avoid any further carbonation. An
appropriate amount of Mg(OH), powder
was added to a basic aqueous solution (1%
NH,OH) containing NH,VO;. The suspen-
sion was evaporated to dryness while being
stirred and then finally dried at 110°C. The
resulting solid was ground into a fine pow-
der and calcined at high temperature for dif-
ferent times. Trace amounts of potassium
were detected on the resulting catalysts but
K content was always less than 0.02%. The
BET areas were determined by nitrogen ad-
sorption in an automatic apparatus con-
structed at the Institute of Catalysis. Chem-
ical analysis of the elements was carried out
by atomic absorption spectrometry.

The catalytic test was performed in a
flow system. The catalyst was deposited on
a fixed bed in a quartz microreactor (U
tube, 13 mm diameter) operating under at-
mospheric pressure. The catalytic zone was
isothermal (6 mm height, 0.8 cm? volume)
with a precatalytic (1.7 cm?) and a postcata-
lytic (0.4 ¢cm®) zone. Analysis of reactants
and reaction products was done by on-line
gas chromatography. For the permanent
gases and H,O, a Delsi IGC 120 MB gas
chromatograph equipped with a thermal
conductivity detector was used. Hydrogen
was the carrier gas. Two columns were op-
erated in parallel, a 3-m 3-in. molecular
sieve SA column to separate O, and CO and
a 2-m -in. Porapak Q column to separate
CO; and H,0. For the organic products a
Delsi IGC 120 FB gas chromatograph
equipped with a flame ionization detector
was used. Nitrogen was the carrier gas.
Three columns were operated in parallel: a
4-m #in. Durapak column to separate light
hydrocarbons (methane, ethane, ethene,
propane, propene), a 3-m i-in. Carbowax
column to separate oxygenates (ethanal,
propanal, acetone, acrylaldehyde) and a
2-m #in. AT 1200 column to separate acids
(acetic, propionic and acrylic acids). This
last column was situated in a “‘hot box™
together with the four different injection
valves which were monitored by a Spectra
Physics computer. The reactor was directly
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connected to the hot box to prevent any
condensation of the reaction products. Cat-
alytic runs were automatically monitored
by the computer.

Under the standard condition, the feed
was 2 vol% propane (N 99.99, Air Liquide),
19.6% O,, and 78.4% N, . The flow rate was
50 ml/min and the reaction temperature
was 400 to 550°C. The empty reactor
showed no activity (0.63% propane conver-
sion at 550°C). A typical run lasted for
about 16 h with four steps at 400, 500, 550,
and then 500°C for 2 h. Two analyses were
performed at each temperature. No deacti-
vation of the catalyst was observed.

X-ray diffraction was performed using
CuKa radiation on a Siemens goniometer
equipped with a quartz front monochroma-
tor.

Infrared spectra were obtained between
300 and 1100 cm™! with a Perkin-Elmer 180
spectrophotometer. The catalyst was
mixed with KBr (2/300 mg) and pressed
into a thin wafer.

For XPS experiments, samples were in-
troduced into a Hewlett-Packard HP 5950
A spectrometer and outgassed at room tem-
perature to a pressure of 107 Torr. The
spectrometer was monitored by a computer
and the different spectra were accumulated
from 5 min up to 2 h depending on their
intensity. The experimental spectra were
treated by computer for smoothing, sub-
traction of the background, and determina-
tion of the peak areas.

Electron microscopy investigation was
undertaken using a JEOL 100C electron mi-
croscope for transmission and diffraction
examinations (resolution: 0.3 nm). Micro-
analysis of the elemental composition of the
solids (EDX) was carried out using a STEM
(scanning transmission electron micro-
scope) HBS from Vacuum Generator.

51V NMR spectra were recorded on a
BRUKER MSL-300 spectrometer at 75 Hz
in the frequency range 125 Khz with a radio
frequency duration of 2 us and a pulse repe-
tition rate of 10 Hz. The used scan accumu-
lation number was from 5 X 10% to 30 x 10,
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The chemical shift in the 'V NMR spectra
was measured relative to the VOCl; signal.
We used the sample magic-angle spinning
method (MAS) at frequency 2.5 kHz in zir-
conia rotors. Spectra were recorded with
and without spinning on the reference
phases.

DTA measurements were performed on a
MDTA 85 SETARAM over the tempera-
ture range 20-1000°C. These studies were
carried out on impregnated NH,VOs/
Mg(OH), corresponding to different vana-
dium contents. The reference material was
Al,O; previously ignited at 1100°C. Sample
and reference were contained in platinum
crucibles set in a ceramic block and the
heating rate was 10°C/min. All curves were
obtained under a flow of air.

RESULTS
Catalyst Characterization

V-Mg-O catalysts were obtained from
impregnated NH;VOs;/Mg(OH), after calci-
nation at 550°C for 6 h. Table 1 lists the
compositions and the surface areas of the
catalysts. Chemical analysis of V,0s is in

TABLE 1
Characteristics of the VMgO Catalysts

Catalysts Surface area Composition
(m?*/g)
V205 MgO“
(wt %) (Wt %)
V,05 2.1 100 0
MgO 142.2 0 100
5 V-Mg-0 130.6 5.0 85.8
13 V-Mg-O 117.6 12.8 80.7
29 V-Mg-0 68.3 29.1 63.2
40 V-Mg-O 42.7 38.0 53.5
48 V-Mg-O 35.2 47.8 47.0
60 V-Mg-O 18.7 58.5 38.0
69 V-Mg-O 11.2 65.4 —
82 V-Mg-0O 6.0 79.8 —_

2 Chemical analysis of the elements was done by
atomic absorption spectrometry. The MgO content
was calculated from the values of Mg on the hypothe-
sis of the unique presence of MgO.
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TABLE 2

Characteristics of the Reference Phases

Samples  Surface area Composition
(m?/g)
%V % Mg
Theor. Exp. Theor. Exp.
Mg,V,04 0.9 34.0 34.1 24.0 22.5
aMg,V,0, 1.7 38.9 39.3 18.3 17.1
BMgV,04 0.1 46.0 45.9 11.0 10.3

good agreement with the nominal V,05 con-
tent. A slight discrepancy is observed for
the MgO weight content due to the possible
presence of MgCOs. The color of the cata-
lysts varied from white for MgO to slightly
yellow for catalysts with high vanadium
content.

Magnesium vanadates were prepared
from the solids with the corresponding
nominal vanadium content. Mg orthovana-
date (Mg;V,0s) was prepared from the 60
V-Mg-O catalyst calcined in air 6 h at
550°C, 49 h at 625°C, 60 h at 640°C, 15 h at
750°C, and 15 h at 800°C. It was ground
between each heating.

a-Mg pyrovanadate (Mg,V,0;) was pre-
pared from the 69 V-Mg~O catalyst
calcined in air, 6 h at 550°C, 6 h at 600°C, 6
h at 650°C, and 17 h at 700°C. It was ground
between each heating. 8-Mg metavanadate
(MgV,0¢) was prepared from the 82 V-
Mg-O catalyst in air 6 h at 550°C, 6 h at
600°C, and 24 h at 700°C. It was ground
between each heating. Table 2 lists the
chemical composition and the surface areas
of the reference phases. There is a good
agreement between the experimental and
the theoretical composition.

Results of X-ray diffraction are shown in
Fig. 1 for the reference phases. The spec-
trum for Mg;V,0g (Fig. 1a) is in good agree-
ment with that observed by Lubin (¢). The
purity has been estimated to be 95% with a
slight impurity of 8Mg,V,0,; (28 = 18.9,
28.2) (5, 6). The spectrum for oMg,V,0,
(Fig. 1b) is in good agreement with that ob-
served by Clark (6). The purity has been
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Fi1G. 1. X-ray diagrams of references phases. (a) Mg;V,0s, (®) impurity SMg,V,0+; (b) aMg; V.0,
(®) impurity SMgV,0q; (c) fMgV,04, (®) impurity aMgV,0s.

estimated to be 95% with slight impurity of
BMgV,06 (20 = 14.2) which appeared to be
formed at lower calcination temperatures
(600°C) but almost disappeared at 700°C.
This observation was confirmed by the
DTA study. The spectrum for SMgV,0q
(Fig. 1¢) is in good agreement with the pat-
tern found by Galy and Pouchard (7) and
Parker and Cauley (8). The purity has been
estimated to be 98% with a slight impurity

of the low-temperature form of aMgV,0q
(26 = 20.69, 26.25, 31.06) (6).

The DTA curves obtained for different
vanadium contents are presented in Fig. 2.
They give interesting data on the tempera-
ture of formation of the different vanadates
and their further transformations. Taking
into account the solid state chemistry study
by Clark (6), it was possible to assign the
different thermal peaks to specific events
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F1G. 2. DTA curves for VMgO catalysts. *Nominal content corresponding to Mg;V,0s; **nominal
content corresponding to Mg,V,07; ***nominal content corresponding to MgV,0s.

which are listed in Table 3. Events 1 and 2,
which correspond to endothermic phenom-
ena, are attributed respectively to the de-
composition of NH,VO; and Mg(OH),. Itis
interesting to note how the vanadium con-
tent changes the position of the peaks and
their forms. For the 40 VMgO, the
Mg(OH), decomposition is highly delayed.
The formation of aMg,V,0; is observed
around 400°C (peak 3). The formation of
Mg;V,05 is observed around 600°C (peak

TABLE 3

Transformations of the Oxides

(1) 2NH,VO4(s) — V,04(s) + 2NHi(g) + H,0(g)
(2) Mg(OH),(s) > MgO(s) + H,O(g)

(3) 2MgO(s) + V,05(s) = aMg,V,04(s)

@) 3MgO(s) + V,04(s) = aMg;V,04(s)

(5) aMgV,04(s) = BMgV,0¢(s)

(6) V,0s(s) = V,05(1)

(7) 2BMgV,04(s) — aMg,V,04(s) + V,05(1)

(8) aMg,V,04(s) — BMg,V,04(s)
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Fic. 3. X-ray diagrams of VMgO catalysts. (a) 5
VMgO, (b) 13 VMgO, (c) 29 VMO, (d) 40 VMgO. (®)
MgO, (V) aMg,V,0;.

4). Further events correspond to polymor-
phic transitions or melting of the different
phases. From this study it can be explained
why aMg,V,0 exists as traces in reference
Mg;V,05 and BMgV,0¢ as traces in refer-
ence aMg2V207 .

Results of X-ray diffraction for catalysts
calcined at 550°C are presented in Figs. 3
and 4 from 5 to 69 nominal content of V,0s.
At low vanadium content, diffraction lines
of MgO only are observed. At 29 V,0s nom-
inal content, the aMg,V,0; phase superim-
posed on MgO can be observed. Both
Mg;V,0;¢ and aMg,V,0; are then observed
for 40, 48, and 60 V-Mg-0O. For 69 V-Mg—
0, aMg;V,0; is dominant with traces of
Mg;V,0; and oMgV,0s. 82 V-Mg-0O,
which for simplification is not presented
here, was characteristic of fMgV,0¢ with
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aMg,V,0; and traces of V,0s. This evolu-
tion is quite coherent with the DTA study
(Fig. 2). Further evidence is observed for
60 V-Mg-O calcined at 550 and 650°C (Fig.
5): 650°C is higher than the temperature of
formation of Mg;V;0s. This point is very
important because it can explain why the
temperature of calcination of the catalysts
is so important in promoting the effective
phase responsible for the oxidative dehy-
drogenation. This will be discussed below.

The results of the electron microscopic
investigation on the reference phases are
shown in Fig. 6. The orthovanadate phase
(Fig. 6a) appears to be constituted of large
(1-2 wm) and small (20~30 nm) ovoid crys-
tals. The STEM examination shows that

10 28

+ I
60 50 40 30 20

Fi6. 4. X-ray diagrams of VMgO catalysts. (a) 48
VMgO, (b) 60 VMgO, (c) 69 VMgO. (®) MgO, (V)
Mg; V05, (V) aMg,V;07, () aMgV,0s.
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FiG. 5. Influence of calcination temperature on 60 VMgO (aMg;V,0). (a) 60 VMgO, 550°C; (b) 60
VMgO0, 600°C; (c) 60 VMgO, 650°C. (V) aMg,V,0;, (V) Mg;V,0s.

the composition is homogeneous and all the
ovoid crystals contain both V and Mg in the
ratio Mg/(Mg + V) = 0.45. The difference
from the theoretical ratio of 0.60 can be ex-
plained by the greater absorption of the Mg
radiation by the detector window due to the
low energy of the fluorescence emission of
MgKea. The pyrovanadate phase (Fig. 6b)
appears to consist of better-defined paralle-
lepipeds (200 nm—1 wm) again with a homo-
geneous composition and a ratio Mg/(Mg
+ V = 0.35 (theor. 0.5). The metavanadate
phase (Fig. 6c) presents platelets with vari-
ous shapes (5 nm~1 um) with a good homo-
geneity in the composition and a Mg/(Mg
+ V) ratio = 0.10 (theor. 0.33). The two
catalysts 40 V-Mg-O and 60 V-Mg-O
calcined at 550°C were examined by TEM
and STEM (Figs. 7 and 7b). 40 V-Mg-0O
looks like MgO with small crystallites ar-
ranged like aggregates with a more uniform
size (10-50 nm). The STEM examination
shows V and Mg all over the sample but

with different Mg/(Mg + V) ratios varying
from 0.50 to 0.90. Taking into account the
previous study on the reference samples,
the presence of the three vanadates associ-
ated with MgO can be postulated and their
repartition is not homogeneous. The 60 V-
Mg-0O presents a more heterogeneous as-
pect with regions looking like 40 V-Mg-O
(small crystallites, 10-50 nm) and regions
with larger crystals (50-100 nm) with the
specific shape characteristic of aMg,V,0;.
The STEM examination confirms the two
Mg/(Mg + V) ratios characteristic of the
two families (0.5-0.9 for the first and 0.35
for the second). This corresponds to disper-
sion of vanadates on MgO in the small crys-
tallites and larger aMg,V,0; crystals,
which is in agreement with the X-ray dif-
fraction study (Fig. Sa). Calcination of this
catalyst at 650°C implies a sintering of the
two families. The STEM examination
shows that the Mg/(Mg + V) ratio of the
smaller family is then more centered
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FiG. 6. TEM examination of the reference phases. (a) SMg;V,0s; (b) aMg,V,07; (¢) BMgV,04
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around 0.5 while the larger family gives a
Mg/(Mg + V) ratio characteristic  of
Mg;V,04(0.45) in agreement with the evo-
lution of the X-ray diagram (Fig. 5c).
Infrared spectra of the reference phases
are presented in Fig. 8. Our resuits are
compared in Table 4 with those of Hanuza
and co-workers (9) and Kung and co-work-
ers (I, 2). There is a good agreement be-
tween the different results. However, we
think that some of their peak assignments
are questionable and we are of the opinion
that they may be due to the presence of
some impurities. Thus the v45(VOV) at 715
cm~! and the wg(VOV) at 535 cm™i, ob-
served by Hanuza and co-workers for
aMg,V,0,, should be attributed to the pres-
ence of small amounts of Mg,V,0¢ and
aMgV,0¢, respectively. This is also the
case for the 85(VQ) in aMgV,0; at 406
cm™!, which should be attributed to the

presence of small amounts of Mg;V,0s. It
must be noted as previously mentioned by
Kung and co-workers (1, 2), that the two
bands at 975 and 965 cm™! specific of the
VV¥=0 bond is characteristic of the
pyrovanadate aMg,V,0,. The poor resolu-
tion of the spectrum of aMgV,0¢ in com-
parison with the other two spectra is indica-
tive of a higher distortion of the local
structure of the oxygens around the vana-
dium. The infrared spectra of the catalysts
calcined at 550°C is given in Fig. 9. They
confirm the X-ray diffraction study. The 60
V-Mg-0O with the nominal composition of
the orthovanadate is more typical of the
pyrovanadate with its characteristic bands
(360, 380, 440, 575, 668, 692, 821, 850, 965,
977 cm™1). The presence of the orthovana-
date is visible with a band at 337 cm~!and a
shoulder at 715 cm~L. The spectrum of 69
V-Mg-O is identical to that of aMg,V,0;.
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Fi1G. 7. TEM examination of the VMgO catalysts. (a) 40 VMgO, 550°C; (b) 60 VMgO, 550°C; (c) 60
VYMg0, 650°C.
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Fi1G. 8. Infrared spectra of the reference phases. (a) Mg;V,0s, (b) aMg, V05, (c) pMgV,05.
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Comparison of IR Peak Assignments of the Reference Phases

aMgV,O aMg,V,0, aMg;V,04 Assignment?
H* K ore H? K? ore He K* ore
950 960 986 o 977
965 V=0
926 919 915 916} and {(VO)
883 888 873
856 863 859 865 vas(VOy)
815 820 821 827 834 833 and vps(VO,)
740 740 715 715
692 695 700 696 Vas(VOV)
666 668 }
574 575 485
530 549 535 535 477 470 } rs(VOV)
472 464 463
456
" . 440 444 440 5(VOy)
406 400 402 395 405 and 85(VO)
390
373 375 381 369 373
360
341 8as(VOy)
341 334 334 337 and 3 ,5(VOq)
320 316 318
300 305

@ According to Hanuza (9)
» According to Kung (/, 2). Only quoted values ind
¢ Our results.

The surface compositions of the refer-
ence phases and of the catalyst were deter-
mined by XPS measurement. The atomic
ratios are given by the approximate rela-
tionship: ny/ny = I}/ X (o, VEwlo; VEq),
where o is the cross section of ejected elec-
trons calculated and tabulated by Scofield
{10y, Ey; and Ey, are the kinetic energies of
the electrons, and I; and I, are the area of
peaks corresponding to elements 1 and 2.
Binding energy values for the V,,,, level
were previously determined as being equal
to 516.8 = 0.2 ¢V for V,0s and 515.7 = 0.2
eV for V,04 (11). The results are presented
in Table 5. It appears that the binding en-
ergy values for V,,,, on all samples is higher
than 516.8 eV corresponding to V,0s(V3T)
but the values are not in agreement with

exed.

those published by Kung and co-workers
(2). Indeed it appears that the samples with
a low V content present a lower binding
energy (517.0 eV) for Mgy;V,0z and 40
VMgO. The binding energy values depend
not only on the oxidation state but also on
the covalent character of ion-ligand bonds,

TABLE 35
XPS Results

Samples EL(\\/f)m/z Mg, /015 Vaps/ O M,/ Vayy,
(~]

Mg V05 517.0 0.705 0.23 3.1
aMg,V0; 518.1 0.77 0.27 2.9
BMgV,0, 518.0 0.42 0.34 12
40VMgO 550  517.0 1.0 0.10 10.0
60VMgO 550  518.2 0.4 0.21 2.1
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Fic. 9. Infrared spectra of the VMgO catalysts (calcined at 550°C). (a) MgO, (b) 29 VMgO, (c) 40

VMgO, (d) 48 VMgO, () 60 VMgO, () 69 VMgO.

The Mg/V ratios for the reference phases
were observed to be higher than the ex-
pected theorical value. Thus, it can be con-
cluded that a superficial enrichment in Mg
occurs on the crystal of the three magne-
sium vanadates.

Before discussing the results of the 3V
NMR studies, it appears important to
present some information on the structure
of the three magnesium vanadates and the
local environment of the vanadium atoms
with respect to the O and Mg atoms.

Magnesium  orthovanadate Mg;V,0q
crystallizes in the orthorhombic space
group C,., witha = 0.605, b = 1.144, and ¢
= 0.833 nm and Z = 4. The structure was
refined by Krishnamachari and Calvo (12).
It consists of nearly cubic closest packing

of oxygen atom layers with the Mg ions in
octahedral sites and the V ions in tetrahe-
dral sites (Fig. 10). The VO, tetrahedron is
presented in Fig. 1la. The O packing

Fia. 10. Structure of Mg;V,0; (from Ref. (12)).



F16. 11. Local environment of vanadium (distances
are given in nanometers). (a) Mg;V,0g, (b) Mg, V.0,
(c) MgV,04, (d) V,05. As the local structure of
aMg,V,0; is not yet known and as aMg,V,0; is quite
similar to B, Fig. 11b gives the local structure of
BMg,; V.0, (i3).

around the V atom is highly constricted,
corresponding to a more covalent character
in agreement with the XPS observations.
Magnesium  pyrovanadate, aMg,V,0,
crystallizes in the monoclinic space group
P, witha = 0.660, b = 0.841, ¢ = 0.949 nm
and 8 = 100.61°. The structure given by
Clark and Morley (6) consists of rows of
V,0; groups with long V~O bridges within
these groups (Fig. 12). Each of the terminal
oxygen atoms of the V,0; groups are
shared with two Mg ions, except O of the

PraSled el rivad

Mgsr Mgl Mals Mgl Mgl

P

e PR o
s 4y
M g.’-‘m’ Mg Mgk
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FiG. 12. Structure of aMg,V,0, (from Ref. (13)).
MgO; octahedra between the V,0; groups are only
positioned with the Mg center atom.
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shortest 0.163 nm bond which is connected
to only one Mg ion (I3) (Fig. 11b). Due to
the distortion of the V0, tetrahedron and
to a minor degree of the V ;0 tetrahedron,
the V-0 bonds are less covalent in agree-
ment with the XPS observations. Magne-
sium metavanadate, aMgV,0¢, crystallizes
in the monoclinic space group Cy,, With a =
0.928, b = 0.350, ¢ = 0.673 nm and B =
111.77° with Z = 2. The structure was re-
fined by Ng (14). It consists of VOg octahe-
dra joined by edges and connected together
through MgQOg octahedra (Fig. 13). The VOg
octahedron appears highly distorted (Fig.
11c) as in V,0s5 (Fig. 11d). The ionic charac-
ter of the V—O bonds appears important in
agreement with the XPS observations.
From this presentation it appears that
there are different coordinations of vana-
dium species (9). 3'V NMR provides valu-
able information about the structure of the
local vanadium environment (I5). This
should lead to various 'V NMR spectra for
the different vanadates. The spectra, illus-
trated in Figs. 14, 15, and 16, are compara-
ble with those of Lapina et al. ({5): the
Mg;V,04 presents a very narrow signal (8 =
—550 ppm), showing the absence of qua-
drupolar interaction. With no spinning, the

F1G. 13. Structure of SMgV,04 from Ref. (14)). Only
the O atoms on the top of the VO octahedra joined by
edges have been represented.
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Fi16. 14. 'V NMR spectra of Mg;V,03 (a) without
spinning, (b) with spinning.
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signal is still narrow, showing a low chemi-
cal shift anisotropy. This result is quite in
agreement with the high symmetry of the
vanadium environment (Fig. 11a). The
spectrum of aMg,V,07 presents two signals
(8; = —615 ppm and &, = ~550 ppm) with a
higher density for the second one. The nar-
row width of these peaks is, as previously,
indicative of a low quadrupolar interaction.
The presence of two signals is in agreement
with the local vanadium structure of the
V,0; groups showing two V sites in 1/1 ra-
tio. The NMR spectrum of the sample with-
out spinning shows the presence of a chem-
ical shift anisotropy for at least one peak.
This is in agreement with the fact that for
Vi there is an environment of vanadium
which is very similar to that of MgyV,0s
and thus relatively symmetrical, while for
V. the VO, distortion is higher, which cor-
responds to a higher chemical shift anisot-
ropy. Consequently we can propose the at-
tribution of the peak at —620 ppm to V and
of the peak at ~550 ppm to Vy, the lower
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TABLE 6

Catalytic Result for Propane Oxidation at 550°C on the Reference Phases

Samples BET area Conversion Selectivity(%)
(m%/g) CyHy
(%0) CHg CO, CO Oxygenates
detected

Mg;V,05 1.0g 0.9 8.3 6.0 94.0 — —
Acrylald. 12.0

aMg,V,0; 0.2g 1.7 6.9 53.5 18.8 10.4 Propanal 3.5
Acetic Acid 1.0

aMgV,06 0.7g 0.1 7.4 14.9 17.6 36.6 Ethanal 30.2

intensity of the former signal coming from
the transfer of the signal toward the rota-
tion bands. The spectrum of MgV,04 (Fig.
16) is different with a very high quadrupolar
interaction (15). The observed value (~800
ppm), which is similar to that which is ob-
served for V,0s (I7), corresponds to the
high distortion of the VOg octahedron.

Reaction Study

Catalytic oxydehydrogenation of pro-
pane was studied on the reference phases.
The results are summarized in Table 6 for
the catalytic test performed at 550°C. It
clearly appears that the pyrovanadate,
aMg,V,05, is both more active and more
selective for the oxydehydrogenation of
propane to propene, with the formation of
a small extent of oxygenates, principally
acrylaldehyde. On the contrary, the ortho-
vanadate, Mg;V,0g, is responsible for
total oxidation. Metavanadate, aMgV,0s,
is not very selective for oxydehydrogena-
tion and leads to a high extent of ethanal.
Fig. 17 presents the catalytic result at 500°C
as a function of the vanadium content (ex-
pressed as the weight percentage of V,0s)
for V-Mg~O catalysts calcined at 550°C.
Propane conversion gives two maxima for
13 and 69 VMgO while the selectivity to
propene increases steadily and is maximal
for the 69 VMgO catalyst. Figure 18
presents the catalytic results at 550°C for
the same catalysts. The general trend of the

evolution is the same. From these results, it
can be observed that maximum yields to
propene are obtained for the intermediate
vanadium content (40-69) for which all the
physicochemical characterizations ascer-
tain the presence, in common, of
aMg,V,0;. This point will be discussed be-
low. Figure 19 brings another proof of the
unigue role of the pyrovanadate phase. In-
deed the same curve of propene selectivity
versus propane conversion can be drawn
both for 40 and 60 VMgO 550. These cata-
lysts were examined after the reaction. No
change was observed either by IR or by
XRD examination.

The negative role of the orthovanadate

40 LBO
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° 10; . 20 &
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[} 20 40 60 80 100
%V205

Fi1G. 17. Catalytic results for propane oxidation on
the VMgO catalysts at 500°C. Catalytic conditions: m
= 0.3 g, propane/air = 2/98, and flow rate = 50 ml -
min~!,
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F1c. 18. Catalytic results for propane oxidation on
the VMgO catalysts at 550°C. Catalytic conditions: m
= (.3 g, propane/air = 2/98, and flow rate = 50 ml -
min~}.

appears also in Fig. 20. It was previously
shown by X-ray diffraction, infrared spec-
troscopy and STEM that the calcination of
60 VMgO from 3550 to 650°C involved a
modification of the catalyst from a solid
which was more typical of aMg,V,0; to
Mg3V,05. This is associated with a de-
crease in the propene yield (Fig. 20). The
higher stability of propene in contact with
aMg,V,0; can be compared to that of the
other phases in the course of propene oxi-
dation at 550°C with low propene/oxygen
ratio. (In order to get a better sensitivity on
the detection of the oxygenates, a propene/

Propene selectivity (%),
3

O T ~— T T
0 10 20 30 40 50 60

Propane conversion (%)
F1G. 19. Propene selectivity versus propane conver-

sion. (X} 40 VMgO, 550°C, (@) 60 VMgO, 550°C, (*)
aMg,V,0; (reference phase).
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FiG. 20. Propene selectivity versus propane conver-
sion. (X) 60 VMgO, 550°C, (@) 60 VMgO, 650°C.

air ratio of 2% was chosen, which approxi-
mates the conditions of propane oxidation
for a total of transformation of propane 10
propene.) The results are presented in Ta-
ble 7. Propene is totally oxidized, princi-
pally to CO,, on Mg;V.0y whereas on
BMgV,04 we observe principally the forma-
tion of CO and ethanal. On the contrary,
aMg,V,0; gives lower amounts of CO and
CO, but higher amounts of oxygenates,
principally acrylaldehyde. These results
confirm the classification of the three mag-
nesium vanadates for propane oxidation
and confirm the possibility of a direct route
from propane to propene and oxygenates
on aMg,V,0;.

DISCUSSION

Our data show that magnesium
pyrovanadate is the active phase for oxida-
tive dehydrogenation of propane to pro-
pene. This has been established by charac-
terization of the three magnesium
vanadates by X-ray diffraction, infrared
spectroscopy, TEM and STEM, XPS and
IV NMR, and subsequent study of their
catalytic properties for this reaction. The
specificity of aMg,V,0; was further con-
firmed by propene oxidation. Our conclu-
sion is at variance with the proposals of
Kung et al. (2, 3) who propose that magne-
sium orthovanadate Mg;V,05 is the active
phase. Furthermore, in this latter phase,
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TABLE 7

Catalytic Results for Propene Oxidation on the Reference Phases at 550°C

Samples Conversion Selectivity (%)
(%)
e ———— CO, CO C,H, Oxygenates
C3H6 02
Mg, V,05 0.075g 35.8 22.1 88.8 15.9 0 0
S = 0.9 m¥g
aMg,V,0, 0.3g 38.3 13.5 15.8 32.6 0.15 Acrylaldehyde 35.0
S = 1.7m?g Propanal 1.1
Acetic acid 3.0
aMgV,0, 0.6g 37.8 15.2 28.2 38.6 0.98 Ethanal 30.0
S = 0.1 m¥g
Empty reactor 2.9 0.2 + + + 0

vanadium occupies isolated tetrahedral
sites which are unfavorable for selective
oxidation. This conclusion is confirmed by
the calcination of 60 VMgO from 550 to
650°C, which develops Mg;V,0s and conse-
quently decreases the oxydehydrogenation
to propene.

In order to define the nature of the oxy-
gen responsible for the oxydehydrogena-
tion, we performed a catalytic test without
oxygen in the flow (oxygen was replaced by
nitrogen). Propene is observed from the
very beginning but the conversion and the
selectivity to propene diminish with time
but not abruptly. After regeneration under
air at 500°C for 3 h and purging under nitro-
gen, the catalytic performances are re-
stored with a lower conversion. Conse-
quently, the oxidative dehydrogenation of
propane needs nonmolecular oxygen,
which suggests a Mars and Van Krevelen
type of mechanism, but little more can be
said about the nature of this oxygen, in par-
ticular whether it is bulk or chemisorbed
oxygen.

The unique feature of aMg,V,0; is the
presence of the V=0 short bond which
could initiate a H abstraction. The bridging
O of the V,—~O-V; bond could participate
in the oxydehydrogenation mechanism for
the formation of water. All these steps

could take place simultaneously giving rise
to a dynamic model in which the local
structure should change from the V,0%~
unit to two square-based MgVO; units (/8).
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