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Abstract

The oxidative dehydrogenation of propane to propene was investigated over a series of novel vanadia-based catalysts suppor
surface-area magnesium spinel. A mesoporous MgAl2O4 support was synthesized via a low-temperature sol–gel process involvin
heterobimetallic alkoxide precursor, Mg[Al(OiPr)4]2. A high-purity catalyst support was obtained after calcination at 1173 K unde2
atmosphere and active vanadia catalysts were prepared from the thermolysis of OV(OtBu)3 after grafting onto the spinel support. MgAl2O4-
supported catalysts prepared in this manner have BET surface areas of 234–245 m2/g. All of the catalysts were characterized by X-ray pow
diffraction, and Raman, solid-state NMR, and diffuse-reflectance UV–vis spectroscopy. At all vanadium loadings the vanadia sup
MgAl2O4 exist as a combination of isolated monovanadate and tetrahedralpolyvanadate species. As the vanadium surface density incr
for these catalysts the ratio of polyvanadate species to isolated monovandate species increases. In addition, as the vanadium surface d
increases for these catalysts, the initial rate of propane ODH per V atom increases and reaches a maximum value at 6 VOx/nm2. Increasing
the vanadium surface density past this point results in a decrease in the rate of propane ODH owing to the formation of multilay
in which subsurface vanadium atoms are essentially rendered catalytically inactive. The initial propene selectivity increases with
vanadium surface density and reaches a plateau of∼ 95% for the V/MgAl catalysts. Rate coefficients for propane ODH (k1), propane
combustion (k2), and propene combustion (k3) were calculated for these catalysts. The value ofk1 increases with increasing VOx surface
density, reaching a maximum at about 5.5 VOx/nm2. On the other hand, the ratio (k2/k1) for V/MgAl decreases with increasing VOx surface
density. The ratio (k3/k1) for both sets of catalysts shows no dependence on the vanadia surface density. The observed trends ink1, (k2/k1),
and (k3/k1) are discussed in terms of the surface structure of the catalyst.
 2004 Published by Elsevier Inc.
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1. Introduction

The motivation for developing active and selective c
alysts that will dehydrogenate propane to propene is
ability to take an inexpensive and abundant alkane feeds
and convert it to a considerably more valuable and s
thetically useful olefin. Currently, commercial convers
of propane to propene is based on an endothermic, no
idative process using chromium-based catalysts, resultin
H2 as a by-product. Because this reaction is endother
temperatures in excess of 873 K are needed to obtain
propene yields. The thermal dehydrogenation process i
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0021-9517/$ – see front matter 2004 Published by Elsevier Inc.
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-

-

ergy intensive and because of the temperatures required
alyst coking and undesired methane formation are inhe
problems. Alternatively,oxidative dehydrogenation (ODH
relies on the oxidation of the H2 by-product to H2O and thus
utilizes the heat of formation of water to turn an otherw
endothermic process into an exothermic one. In theory, O
processes can be run at lower temperatures that allow f
improvement in selectivity and/or yield of propene. Unf
tunately, the addition of oxygen also allows for compet
combustion reactions of propane or propene to carbon
ides. These competing reactions lower propene selec
and have thus far prevented the ODH process from beco
commercially viable. Therefore, current research is focu
primarily on the development of an active ODH catalyst
hibiting high olefin selectivity.

http://www.elsevier.com/locate/jcat
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Recent work has focused on the development of O
catalysts composed of vanadia supported on metal ox
such as MgO, Al2O3, ZrO2, SiO2, and TiO2 [1–12]. The
choice of catalyst support plays an important role in the
persion and electronic properties of the dispersed vanad
species. It has also been shown that the acid–base prop
of these supports strongly affect propene selectivity[13–17].
For example, V–Mg–O catalysts show improved prop
selectivities compared to catalysts supported on less b
metal oxides[3,4]. We have recently shown that vanadia su
ported on nanocrystalline MgO is a very selective and ac
catalyst for the ODH of propane[1]. It is thought that the
use of a basic metal oxide support results in improved
lectivities because of a rapid desorption of the electron-
propene product before further combustion to COx can re-
sult. We have also previously reported thatγ -Al2O3 is an
excellent support for the synthesis of well-dispersed Vx

species that are active and selective in the ODH of prop
despite the presence of moderate Lewis acid sites on
support[2]. Recently, Lemonidou and co-workers improv
the propene selectivity of VOx /Al2O3 catalysts by 10–17%
via the incorporation of 9 wt% MgO[13]. It was found in
this case that the catalyst support is a mixture of crysta
MgO andγ -Al2O3. Interestingly, temperature-programm
desorption experiments performed on these catalysts
vealed a decrease in propene adsorption upon introdu
of the MgO modifier. It thus follows that further decreas
in propene adsorption and hence improved propene sele
ities should result upon introduction of a larger percent
of MgO. Based on the obvious beneficial effect of Mg ad
tion we propose that vanadia catalysts supported on the
mixed-metal oxide MgAl2O4 should exhibit improved se
lectivities in comparison to VOx /Al2O3 and MgO-modified
VOx /Al2O3. Herein, we would like to report the develo
ment of active and selective vanadia-based ODH cata
supported on a high-surface-area MgAl2O4 support.

2. Experimental

High-surface-area MgAl2O4 was prepared using a mo
ification of a previously reported method[18]. An iso-
propanol solution (25 ml) of Mg[Al(OiPr)4]2 (17 mmol)
was cooled to 195 K in a dry-ice/acetone bath. A solution
water (> 8 eq) and isopropanol (10 ml) was added dropw
with vigorous stirring to the reaction mixture. After add
tion, stirring was discontinued and the reaction mixture w
allowed to warm to room temperature. The homogene
transparent gel obtained was allowed to air-dry in a p
dish for 16 h. Any remaining volatiles were then remov
by drying under vacuum at 253 K for 4 h. The xerogel w
then calcined for 4 h under O2 atmosphere at 1173 K.

The vanadium precursor OV(OtBu)3 was synthesized b
reaction of V2O5 (Aldrich) with tBuOH in benzene[19]. The
preparation of this compound was carried out in an iner
mosphere using a Schlenk line. Twenty grams of V2O5 was
s

-

first placed in a 1-L round-bottom flask and connected
a Dean–Stark trap to capturethe water from the reactio
and the reflux condenser. After adding 300-ml of benze
165 ml of tBuOH was added to the benzene suspen
of V2O5. The temperature was increased to ca. 368 K
maintained overnight. After reaction, the color of the so
tion changed to orange from red. The solution was filte
away from unreacted V2O5. After removal of the solven
by distillation, white crystals were observed. This prod
was further dried overnight under reduced pressure. To
rify the freshly formed product (OV(OtBu)3), sublimation
was conducted under vacuum at 313 K. After purificati
the compound was identified by the presence of a stron1H
NMR resonance at 1.44 ppm.

V/MgAl catalysts were prepared by impregnation
MgAl2O4 with a toluene solution of OV(OtBu)3. A solu-
tion of OV(OtBu)3 in toluene was added with stirring t
a dry sample of MgAl2O4 in a 100-ml Schlenk roundbo
tom flask. After 1 h of stirring, the toluene was removed
evaporation under vacuum. Calcination of the catalyst
performed by heating to 823 K at 1 K/min and holding for
6 h in a flow of air. The samples were labeledn V/MgAl,
wheren is the nominal weight percentage of V2O5 in the
sample.

Surface areas were measured by N2 physisorption using
a Quantasorb apparatus (Quantachrome Corporation)
standard multipoint BET analysis methods. Samples w
evacuated for 3 h at 383 K before N2 (Airgas, 99.999%)
physisorption measurements. Powder X-ray diffraction p
terns were obtained at room temperature using a Siem
diffractometer and Cu-Kα radiation and a small cataly
sample mixed with Vaseline and spread on a thin g
plate. Raman spectra were obtained using a HoloLab
ries 5000 Raman spectrometer (Kaiser Optical) equip
with an Nd-YAG laser that is frequency-doubled to 532 n
Samples (50 mg) were pressed into wafers at 350 MPa p
sure (0.9 cm diameter, 0.1 cm thickness) and placed w
a quartz cell. The laser was operated at a power leve
75 mW. The sample stage was rotated at 20 Hz in orde
reduce the effect of laser heating on the local sample tem
ature. Raman spectra of hydrated samples were recorde
der ambient conditions. Samples were dehydrated at 67
in 20% O2/He for 1 h and then cooled to room temperat
in the same atmosphere before measurement of Raman
tra. Diffuse reflectance UV–vis (DR–UV–vis) spectra wer
recorded using a Varian-Cary 4 spectrophotometer equip
with a Harrick diffuse reflectance attachment. MgO wa
used as a reference. Reflectance measurements were
verted to absorption spectra using the Kubelka–Munk fu
tion. UV–vis spectra were measured in the range of 1
50 eV at room temperature. Samples were dehydrate
673 K in O2 for 1 h and then cooled to room temperatu
in the same atmosphere before measurement of DRUV
spectra. Wideline 51V SS-NMR spectra were acquired
ing the Oldfield echo pulse sequence, 45–τ1–90–τ2 with τ1
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Fig. 1. Powder XRD pattern of the catalyst support, MgAl2O4. The peaks
and relative intensities obtained from JCPDS file 21-1152 are shown a
bottom.

being 30 µs. The dwell time was 0.75 µs, and the pulse d
was 0.5 s.

Rates of reaction and selectivities for the oxidative
hydrogenation of propane were measured in a fixed
quartz reactor using 15 mg of catalyst diluted with qua
powder (0.50 g; particle size, 0.246–0.495 mm) to prev
temperature gradients. A mixture of propane (25 cm3/min),
oxygen (9 cm3/min), and nitrogen (2 cm3/min) in He
(200 cm3/min) was introduced into the reactor at control
flow rates. The gaseous reactants and products were
lyzed online with a Hewlett–Packard 6890 gas chrom
graph equipped with both a capillary column (HP-1) an
packed column (HAYESEP-Q). Only C3H6, CO, CO2, and
H2O were observed as products. The conversion of pro
was measured at total flow rates of 60–235 cm3/min and re-
action temperatures of 673, 723, and 773 K.

3. Results and discussion

3.1. Catalyst synthesis and structure

Mesoporous high-purity MgAl2O4 was obtained in high
yield using a sol–gel route involving the low-temperature
drolysis of the heterobimetallic alkoxide, Mg[Al(OiPr)4]2.
Fig. 1shows the powder X-ray diffraction (XRD) pattern
the as-made MgAl2O4 after calcination at 1173 K (Fig. 1,
top). The peaks and intensities of this XRD pattern ma
that of pure MgAl2O4 (Fig. 1, bottom). The presence o
MgO was not observed. An average MgAl2O4 particle size
of 9.2 nm was estimated from the powder XRD patt
via the Scherrer equation, using the width of the pea
19.4◦. The Brunauer–Emmett–Teller (BET) surface area
the spinel support after calcination to 1173 K in O2 at-
mosphere is 300 m2/g.
-

Fig. 2. Transmission electron micrograph of the MgAl2O4 support.

Fig. 3. XRD powder patterns of V/MgAl catalysts as a function of vanad
loading.

To further characterize the morphology of the bare s
port, it was examined by transmission electron microsc
(TEM). As shown inFig. 2, the support appears to be co
posed of aggregates of small particles with diameter
ca. 9 nm, consistent with the average particle size estim
from the powder XRD pattern.

A series of vanadia catalysts were prepared via the
aqueous grafting of a well-defined molecular precur
OV(OtBu)3, onto the surface of the catalyst support. T
active form of the catalyst was then obtained via the th
molysis of this precursor. We have shown previously t
this grafting procedure leads to a superior dispersion of Vx

species compared to traditional aqueous impregnation m
ods[1]. Fig. 3 shows the XRD patterns of the V/MgAl ca
alysts after calcination to 823 K. The only peaks observ
are those attributed to the catalyst support and there is no
dence of crystalline V2O5. As the vanadia loading increase
the V/MgAl catalysts exhibit a slight decrease in BET s
face area and an increase in apparent VOx surface densitie
(Table 1). For the 25 V/MgAl catalyst, the apparent VOx sur-
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Table 1
Surface area, nominal loading, apparent surface density of VOx , and UV–
vis absorption edge energy for V/MgAl and V/Al2O3catalysts

Sample Nominal
wt% of
V2O5

Surface
area
(m2/g)

Apparent surface
density
(VOx/nm2)a

Absorption
edge energy
(eV)

5 V/MgAl 5 245 1.4 2.89
10 V/MgAl 10 243 2.7 2.91
15 V/MgAl 15 240 4.0 2.92
20 V/MgAl 20 238 5.4 2.88
25 V/MgAl 25 234 6.8 2.82

2 V/Al2O3
b 2 95 1.4 2.73

5 V/Al2O3
b 5 93 3.6 2.68

10 V/Al2O3
b 10 83 8.0 2.29

15 V/Al2O3
b 15 80 12.5 2.09

a Assuming all the VOx is exposed to the surface.
b Data obtained from Ref.[2].

face density approaches the value obtained for a theore
polyvanadate monolayer, 7–8 VOx/nm2 [20].

Raman spectra of all the V/MgAl catalysts are shown
Fig. 4. Peaks attributable to bare MgAl2O4 support were too
weak or broadened to be observed. All catalysts exhib
peak centered at 1035 cm−1 which can be assigned to
terminal V=O stretch from surface monovanadate spe
[21–24]. Broad bands from 910–980 cm−1 are evident in all
samples and can be tentatively assigned to V=O stretching
modes in polyvanadate species[8]. Note that as the vanad
loading increases, the intensity of this band increases
tive to that of the isolated monovanadate peak. This beha
suggests that as the vanadia loading increases, the num
isolated monovanadate species decreases at the expe
polyvanadate formation. In comparison to the Raman spe
reported for VOx /Al2O3, the peaks are significantly broa
l

f
of

Fig. 5. Static solid-state51V NMR of the V/MgAl catalysts as a function o
vanadium loading.

ened. The phonon confinement model[25,26] has recently
been used to explain the significant Raman peak broa
ing displayed by particles with diameters in the nanosc
regime (sizes< 50 nm). The Raman peak broadening exh
ited by the V/MgAl catalysts is likely the result of a reduc
VOx domain size and thus suggests a very high dispersio
vanadia. None of the V/MgAl catalysts showed evidence
bulk V2O5 formation, identified by bands at 405, 489, 52
694, and 998 cm−1. It can be inferred from the Raman spe
tra of the V/MgAl catalysts that the VOx species likely ex-
ist as highly dispersed monovanadate and two-dimensi
polyvanadate species.

Static solid-state51V NMR spectra for V/MgAl cata-
lysts are shown inFig. 5. At all vanadium weight loadings
Fig. 4. Raman spectra of the V/MgAl catalysts as a function of vanadium loading.
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Fig. 6. Diffuse reflectance UV–vis spectra of the V/MgAl catalysts a
function of vanadium loading (V2O5 wt%): (a) 5, (b) 10, (c) 15, (d) 20
(e) 25.

these spectra display one major anisotropic peak cen
at −516 ppm, which is attributed to tetrahedral vanadiu
oxygen structures[27]. At higher vanadium weight loading
a small shoulder centered at−350 ppm begins to appe
which can be attributed to surface vanadium–oxygen st
tures surrounded by an octahedron of oxygen atoms.
appearance of this peak occursat a vanadium surface dens
of ∼ 6 V/nm2 and is due to the formation of a polyvanad
monolayer and a greater oligomerization of VOx surface
species. This behavior is consistent with the results obta
from Raman spectroscopy.

Diffuse reflectance UV–vis spectra of the V/MgAl cata
lysts pretreated at 673 K under O2 atmosphere are shown
Fig. 6. Absorption bands in the range 2–4 eV arise from O2−
to V5+ ligand-to-metal charge transfer transitions. Charg
transfer bands for the bare MgAl2O4 support occur at muc
higher energies and do not obscure the region correspon
to the absorption peak for VOx -related species. Owing to th
broadness of the VOx absorption bands it is more useful
characterize these charge-transfer transitions by the en
of the absorption edge which is defined as the first inflec
point in the Kubelka–Munk function[28]. The absorption
edge energies for all catalysts are shown inTable 1. These
energies lie within the limits defined by those for the mo
pseudo-tetrahedral compound OV[OSi(OtBu)3]3 (3.95 eV)
and V2O5 (2.21 eV) where vanadium atoms adopt a d
torted octahedral environment. The absorption edge ene
for the V/MgAl catalysts decrease with increasing vanadium
loading. Studies have shown that absorption edge ene
are inversely proportional to the size and dimensionalit
VOx surface species[29]. The DRUV–vis data thus sug
gest that the decrease in absorption edge energy fo
V/MgAl catalysts is consistent with a progression from i
lated pseudo-tetrahedral monovandate species to oligom
VOx species. This conclusion is also supported with the
obtained from Raman and51V SS-NMR spectroscopy. Th
higher absorption edge energies of the V/MgAl cataly
d

g

y

s

s

c

Fig. 7. Product selectivities and oxygen conversions in the oxidative de
hydrogenation of propane on the 25 V/MgAl catalyst. Reaction c
ditions: temperature, 773 K; C3H8/He/O2, 25/200/9; total flow rate
20–220 cm3/min; pressure, 1 atm; catalyst mass, 0.025 g.

versus those obtained for VOx /Al2O3 (Table 1) suggest an
increase in the degree of VOx dispersion and the existen
of smaller two-dimensional polyvanadate domains. This
pothesis is also supported by data obtained from Ra
spectroscopy.

3.2. Catalyst activity and selectivity

The effects of bed residence time on O2 conversion and
on C3H6, CO, and CO2 selectivities for 25 V/MgAl at 773 K
are shown inFig. 7. The selectivity to propene steadi
decreases with increasing propene conversion as a c
quence of increasing combustion of propene[30]. Consistent
with this interpretation, the selectivity to CO and CO2 in-
creases with increasing propane conversion. Interesti
the selectivity to CO is considerably higher than the se
tivity to CO2. It has been shown that the production of C
is mainly a consequence of the secondary combustio
propene, whereas CO2 stems mainly from the primary com
bustion of propane[5,31–33].

The rate of propene formation at zero residence time
malized per V atom, is shown inFig. 8 as a function of
vanadia surface density for all V/MgAl catalysts. In gene
the propene activity increases dramatically with increasing
vanadium surface densities and appears to plateau at a
dium surface density of∼ 6 V/nm2. This trend of activity
as a function of vanadium surface density is similar to
reported for VOx /Al2O3 except that the activities decrea
past a vanadium surface density of 6 V/nm2. This decrease
of activity beyond 6 V/nm2 can be ascribed to the formatio
of vanadia multilayers in which vanadium atoms lying bel
the surface are rendered catalytically inactive. On the othe
hand, the plateau in activities for the V/MgAl catalysts s
gest that at similar weight loadings, the VOx species in thes
catalysts are considerably more dispersed than those f
on Al2O3. The increase in ODH rate per V atom with i
creasing vanadium surface density seen for vanadium weigh
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Fig. 8. Effects of apparent surface density and reaction temperatures on t
initial rate of propene formation normalized per V atom for the V/Mg
catalysts.

Fig. 9. Dependence of propene selectivities on the apparent vandia surfa
density and reaction temperature for the V/MgAl catalysts.

loadings less than 6 V/nm2 can be attributed to the highe
activity of polyvanadate domains relative to monovanad
species[2].

A plot of propene selectivity at zero propane convers
is shown inFig. 9 as a function of vanadium surface de
sity at three different temperatures. At 673 K the prop
selectivity increases up to a vanadium surface densit
∼ 6 V/nm2, after which it remains constant at 98%. Incre
ing the reaction temperature resulted in a slight decrea
propene selectivity. The observed trend in propene sele
ity with increasing vanadium surface density is very sim
lar to that reported for vanadia dispersed on MgO, Al2O3,
Scheme 1and ZrO2 [1,2,7].

Further insight into the catalytic properties of the V/Mg
catalysts can be obtained from an analysis of the
data on the basis ofScheme 1. It has been shown that
propane/oxygen mixture can react via parallel and seq
tial steps. At low oxygen conversions, the rate coefficie
for the oxidative dehydrogenation,k1, primary combustion
Scheme 1.

Fig. 10. Dependence ofk1 on the apparent vanadium surface density a
reaction temperature for the V/MgAl catalysts.

of propane,k2, and secondary combustion of propene,k3,
can be readily obtained from the experimental data.
derivation of this kinetic analysis is detailed elsewhere[8,9].

The values ofk1 as a function of vanadium surface de
sity for temperatures of 673, 723, and 773 K are show
Fig. 10. At all three temperatures the value ofk1 reaches
a maximum value at vanadium surface density of∼ 5
V/nm2. For higher surface densities, the value ofk1 ap-
proaches a plateau. This trend can be explained in term
of changes in the structure of the dispersed vanadia
increasing vanadium surface density. At low surface d
sities (below 5 V/nm2), vanadia is present primarily a
isolated monovanadate species as demonstrated by R
and 51V SS-NMR spectroscopy.An increase in vanadium
surface density, leads to the formation of more active te
hedral polyvanadate species. Exceeding a weight loading o
∼ 6 V/nm2, a value consistent with the formation of a the
retical vanadia monolayer, causes thek1 values to plateau.

The activation energy for propane ODH (E1), propane
combustion (E2), and propene combustion (E3), obtained
from plots of lnk1 versus 1/T , is shown inFig. 11 as a
function of vanadium weight loading. The activation energ
for propane ODH decreases from 111 kJ/mol as the vana
dium surface density increases and reaches a plateau at
90 kJ/mol for surface densities> 6 V/nm2. The activation
energy for propane combustion increases from 58 kJ/mol
at the lowest surface density until it reaches a maximum
at 182 kJ/mol at a surface density of∼ 6 V/nm2. The de-
creased activation energies at lower surface densities su
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Fig. 11. Activation energies for propane ODH,E1, propane combustion
E2, and propene combustion,E3, as a function of vanadium weight loadin

Fig. 12. Dependence ofk2/k1 on the apparent vanadium surface dens
and reaction temperature for the V/MgAl catalysts.

that the MgAl2O4 support is active in propane combustio
The activation energy for propene combustion, on the
hand, seems to be independent of vanadium surface de
and ranges from 16 to 26 kJ/mol.

The effects of vanadium surface density onk2/k1 are
shown inFig. 12. The values ofk2/k1 decrease rapidly with
increasing vanadium surface density. These values approa
zero at a vanadium surface density of∼ 5 V/nm2 and sug-
gest that the rate of propane combustion becomes negli
in comparison to the rate of propane ODH as more Vx

species react with less selective sites on the support sur
A plot of k3/k1 as a function of vanadium surface dens

is shown inFig. 13. The value ofk3/k1 decreases signifi
cantly with increasing vanadium surface density; howev
this trend becomes less pronounced as the temperatu
creases. At all temperatures there is little effect of va
dium surface density onk3/k1 for densities greater tha
∼ 4 V/nm2. At all surface densities the value ofk3/k1 de-
creases with increasing temperature, indicating that the ac
tivation energy for propene combustion (E3) is lower than
that for propane ODH (E1).
y

.

-

Fig. 13. Dependence ofk3/k1 on the apparent vanadium surface dens
and reaction temperature for the V/MgAl catalysts.

Fig. 14. Comparison of thek1 values obtained for V/MgAl and VOx /Al2O3
catalysts. Reaction conditions for V/MgAl and (for VOx /Al2O3): tem-
perature, 673 K (663 K); feed flow rate, C3H8/He/O2 at 25/200/9
(34/215/4) cm3/min.

3.3. Comparison of catalysts

It is interesting to compare the V/MgAl catalysts repor
in this study to V/Al2O3 catalysts previously reported[2].
A comparison to previously reported V/MgO catalysts c
not be made because the active VOx species in these cat
lysts exist as dispersed magnesium orthovanadate dom
and differ markedly in the structure and reactivity from
VOx species observed on V/MgAl and V/Al2O3 catalysts.
Fig. 14shows that the values ofk1 obtained for the V/Al2O3
are considerably larger than the V/MgAl catalysts. For b
catalysts the values ofk1 increase with increasing vanadium
surface density. Similar to the V/MgAl catalysts repor
here, the VOx surface species on V2O5/Al2O3 catalysts a
low weight loadings exist mainly as isolated monovanad
species. The gradual increases ink1 values with increasing
vanadium surface density suggest that tetrahedral polyv
date species are more active in propane ODH than iso
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Fig. 15. Comparison of thek2/k1 values obtained for V/MgAl
and VOx /Al2O3 catalysts. Reaction conditions for V/MgAl and (fo
VOx /Al2O3): temperature, 673 K (663 K); feed flow rate, C3H8/He/O2
at 25/200/9 (34/215/4) cm3/min.

monovanadate species. The largerk1 values obtained for th
V/Al 2O3 catalysts can be ascribed to the formation of a tw
dimensional VOx monolayer which has been shown to
more active than the smaller and more disperse polyvana
species observed on the V/MgAl catalysts reported here

Fig. 15 shows the ratios of rate coefficients for alka
combustion and dehydrogenation (k2/k1) as a function of
vanadium surface density for both catalysts. Thek2/k1 val-
ues for V2O5/Al2O3 catalysts increase slightly with increa
ing vanadium surface density. It has been reported that
lated monovanadate species supported on Al2O3 are consid-
erably more selective than polyvanadate species. The slig
increase ink2/k1 values for these catalysts can thus be
cribed to a decrease in initial propene selectivities ow
to the formation of bulk polyvanadate species at increas
vanadium surface density. On the other hand, thek2/k1 val-
ues obtained for the catalysts reported in this study show
opposite trend and decrease rapidly with increasing v
dium surface density, reaching a plateau at∼ 4 V/nm2.
The high values ofk2/k1 at low weight loadings reflec
poor initial propene selectivities and suggest that the b
MgAl2O4 support efficiently catalyzes the direct combust
of propane. Upon grafting of the vanadium precursor,
sites responsible for alkane combustion are blocked re
ing in the observed decrease ink2/k1 values. At a vanadium
surface density of greater than∼ 4 V/nm2 the V/MgAl cat-
alysts exhibit lowerk2/k1 values than those obtained for th
V2O5/Al2O3 catalysts. This suggests that the V/MgAl ca
lysts exhibit a lower relative reactivity for the combustion
propane.

A plot of k3/k1 with respect to vanadium surface dens
is shown inFig. 16for both V/MgAl and V2O5/Al2O3 cat-
alysts. The data obtained for V2O5/Al2O3 display a modes
increase ink3/k1 values with increasing vanadium surface
density. On the other hand, the values obtained for V/M
catalysts initially decrease at low weight loadings and t
plateau at a vanadium surface density of∼ 4 V/nm2. This
e

Fig. 16. Comparison of thek3/k1 values obtained for V/MgAl
and VOx /Al2O3 catalysts. Reaction conditions for V/MgAl and (fo
VOx /Al2O3): temperature, 673 K (663 K); feed flow rate, C3H8/He/O2
at 25/200/9 (34/215/4) cm3/min.

behavior seems to suggest that the bare MgAl2O4 support,
which is somewhat active in alkane combustion, is also
tive in alkene combustion. At higher weight loadings,
k3/k1 values obtained for the V/MgAl catalysts approa
those obtained for the V2O5/Al2O3 catalysts. The lowe
k1 values obtained for the V/MgAl catalysts suggest t
these catalysts must havek3 values considerably better tha
the V2O5/Al2O3 catalysts. The V/MgAl catalysts thus e
hibit a lower relative reactivity toward the combustion
propene as compared to the V2O5/Al2O3 catalysts. This be
havior is likely a direct result of the increase in basic
of the MgAl2O4 support. It has been previously report
that MgAl2O4 possesses acid and base sites intermedia
strength relative to MgO and Al2O3 [34–36]. It can thus be
concluded that the incorporation of Mg into the catalyst s
port results in a decrease in the rate of propene combu
via an increase in the relative basicity of the catalyst supp
The increase in basicity likely reduces alkene adsorption
provides for a rapid desorption of the propene product p
to secondary combustion.

4. Conclusions

A series of vanadia-based catalysts supported on a h
surface-area MgAl2O4 support were prepared via the no
aqueous grafting of a OV(OtBu)3 molecular precursor. Afte
calcination at 823 K, the V/MgAl catalysts have BET surfa
areas of 234–245 m2/g. Structural characterizations sug
gest that at all vanadium weight loadings tetrahedral mo
vanadate and polyvanadate species are the dominan
face species in the V/MgAl catalysts. According to SS51V
NMR, Raman, and DRUV–vis spectroscopy, an increas
the weight loading on these catalysts results in an increas
in the ratio of tetrahedral polyvanadate surface species
isolated monovanadates. A weight loading above the v
corresponding to the formation of a theoretical polyva
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lta,
date monolayer results in the formation of a small amoun
octahedral vanadium species. Raman and DRUV–vis s
troscopy suggest that the V/MgAl catalysts appear to h
an increased dispersion of VOx species in comparison t
V/Al 2O3 catalysts at the same weight loadings. At l
propane conversions, the V/MgAl catalysts are highly
lective and active propane ODH catalysts. Owing to a h
dispersion of VOx species and a large population of mo
active tetrahedral polyvanadate species, the V/MgAl cata
lysts possess moderate activities (per vanadium atom).
V/MgAl catalysts are less active and more selective t
previously reported V/Al2O3 catalysts. The diminished a
tivities obtained for the V/MgAl catalysts are likely due to
increased VOx dispersion and the formation of smaller po
vanadate domains as evidenced by Raman, DR–UV–vis
SS-NMR spectroscopy. Analysis of the catalytic and spec
troscopic data suggests that tetrahedral polyvanadate sp
are the most active species in propane oxidative dehy
genation.
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