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The influence of vanadium content on the performance of V-Mg—
O catalysts for the oxidative dehydrogenation (ODH) of propane
was investigated. High-surface-area (380 m?/g) MgO was prepared
by hydrolysis of Mg(OCH3), followed by hypercritical drying. Vana-
dia was deposited on this support by thermolysis of OV(O’Bu)s.
Catalysts prepared by this means have BET surface areas of
187-299 m?/g and apparent surface densities of V,0s of 1.1-10.3
VO,/nm?. All of the catalysts were characterized by X-ray diffrac-
tion, temperature-programmed reduction, and Raman, UV-visible,
and nuclear magnetic resonance spectroscopy. The environment of
the V atoms depends strongly on the apparent surface density of
vanadia. Isolated VOﬁ’ units are present at very low apparent sur-
face densities (~1 VO,/nm?). As the vanadia density increases, mag-
nesium vanadate structures are formed and above a surface density
of 3.5 VO,/nm? well-dispersed magnesium orthovanadate domains
become evident. The rate of ODH per V atom increases with in-
creasing VO, surface density and reaches a maximum value at 3.5
VO,/nm?2. Above this surface density, the rate of ODH per V atom
decreases because an increasing fraction of the V atoms lie below
the catalyst surface and, hence, are inaccessible. Consistent with
this interpretation, the ODH activity per unit surface area reaches
a plateau at a VO, surface density of about 4 VO,/nm?. The propane
ODH selectivity of the catalysts increases with increasing VO, sur-
face density and reaches a plateau of 80% for an apparent surface
density of about 4 VO,/nm?. Rate coefficients for propane ODH
(k1), propane combustion (k;), and propene combustion (k3;) were
calculated for each catalyst. The value of k; increases with increas-
ing VO, surface density, reaching a maximum at about 4 VO,/nm?.
By contrast, the ratios (k»/k1) and (k3 /k1) decrease monotonically
with increasing VO, surface density. The observed trends in ki,
(k2/k1), and (k3 /k;) are discussed in terms of the surface structure
of the catalyst.  (© 2002 Elsevier Science (USA)

INTRODUCTION

Considerable effort has been devoted to the identifi-
cation of catalysts for the oxidative dehydrogenation of
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propane to propene (1-6). These studies have demon-
strated that the most promising candidates contain vanadia
and that the activity and selectivity of such catalysts depends
on the local composition and structure of the vanadium-
containing species present at the catalyst surface. Investi-
gations of catalyst structure have shown that the local envi-
ronment of vanadium atoms can be a strong function of the
catalyst support and the vanadia loading (1-37). Vanadia
supported on oxides such as SiO,, Al,O3, TiO,, and ZrO,
is generally present as isolated vanadyl species, polymeric
vanadate species, and small particles of V,0s. By contrast,
when vanadia is supported on basic oxides such as CaO,
MgO, and so forth, metal vanadates are readily formed.
Particular attention has been given to V-Mg-O cata-
lysts since they exhibit relatively high propene selectiv-
ities at zero propane conversion (~80%) and a lower
loss in propene selectivity with increasing propane con-
version than is observed for other vanadium-containing
catalysts (18-37). Structural investigations of V-Mg-O
catalysts show no evidence for either isolated vanadyl
or polymeric vanadate species, or crystallites of V;Os.
Instead, as the vanadia loading increases, first isolated tetra-
hedral VO, units and then stoichiometric magnesium vana-
dates are observed, the latter being principally magne-
sium orthovanadate [Mg3(VOy);] with smaller amounts of
magnesium pyrovanadate [Mg;V,05]. Since the intrinsic
propene selectivity at zero propene conversion increases
with increasing vanadia loading, it has been proposed that
the high initial propene selectivity observed for V-Mg-
O catalysts is attributable to the presence of magnesium
vanadate phases. While there has been some debate as to
whether Mg;(VOy), or Mg, V,05 is more selective, com-
parison of propene selectivity—conversion curves for these
phases from different authors suggests that the two are very
similar (27). It has also been noted that synergies between
magnesium vanadate and magnesia lead to higher propene
selectivities than are observed for pure magnesium vana-
date phases (27). By contrast to what is known about the
selectivity of V-Mg-O catalysts, relatively little has been
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reported on the influence of vanadia loading on the activ-
ity of such catalysts. Likewise, nothing is known concern-
ing the effects of catalyst structure on the rate coefficients
for oxidative dehydrogenation, propane combustion, and
propene combustion compared to what has been reported
for vanadia supported on various oxides (13, 14).

In the present study, high-surface-area V-Mg-O cata-
lysts were obtained by a novel synthetic route. Nanocrys-
talline magnesia was prepared in a manner previously
described by Klabunde and coworkers (38-40) and then
contacted with a molecular precursor, OV(O!'Bu);, dis-
solved in a nonpolar organic solvent. The active form of the
catalystis formed by thermolysis of the precursor. In related
work, we have shown that a similar approach leads to well-
defined vanadia—zirconia catalysts that exhibit enhanced se-
lectivities and activities for the oxidative dehydrogenation
(ODH) of propane (41-45). These improved properties are
associated with higher surface areas and better dispersion
of the catalytically active material, relative to more tradi-
tional routes based on aqueous impregnation methods. In
the present work, we have examined the effects of vanadia
loading on the activity and selectivity of V-Mg-O catalysts
for the oxidative dehydrogenation of propane to propene.
The structure and properties of the catalysts were charac-
terized by X-ray diffraction, by Raman, UV-visible, and
>V NMR spectroscopy, and by temperature-programmed
reduction. Catalyst activity and selectivity are interpreted
in terms of the apparent first-order rate coefficients for the
oxidative dehydrogenation of propane, the combustion of
propane, and the combustion of propene.

EXPERIMENTAL

High-surface-area Mg(OH), was prepared using a mod-
ification of the method reported in Ref. (40). A methanol
solution containing 10 wt% Mg(OCHj3), was produced by
dissolving 5 g of Mg turnings (Fisher) washed with dilute
HCl solution in 205 ml of methanol overnight with stirring.
Hydrolysis of Mg(OCH3); to form dispersed Mg(OH), was
performed by adding deionized water (2 ml) dropwise into
a stirred mixture of the methanol solution (20 ml) described
above and 160 ml of toluene. This magnesium hydroxide
gel solution was transferred into a glass liner and placed
inside a 2-L Parr high-pressure autoclave. After flushing
with N, for 5 min, the reactor was pressurized to 100 psi
with N,. The temperature of the reactor was increased to
538 K over 30 min and maintained at this temperature for
10 min before venting the gas to release the pressure, which
had increased to 400 psi. The reactor was flushed with N,
for 10 min and allowed to cool to room temperature. The
white solid product (Mg(OH);) was removed from the re-
actor and dried in an oven at 383 K for several hours. This
material was converted into MgO by heating in flowing He
while the temperature was raised to 493 K at 1 K/min. The
temperature was then maintained at 493 K, after which it

was raised to 773 K at 1 K/min and held at this temperature
for S h.

The vanadium precursor OV(O'Bu); was synthesized by
reaction of V,0s5 (Aldrich) with 'BuOH in benzene (46).
The preparation of this compound was carried out in an in-
ert atmosphere using a Schlenk line. Twenty grams of V,05
was first placed in a 1-L round-bottom flask and connected
to a Dean—Stark trap to capture the water from the reaction
and the reflux condenser. After adding 300-ml of benzene,
165 ml of 'BuOH was added to the benzene suspension
of V,0s. The temperature was increased to ca. 368 K and
maintained overnight. After reaction, the color of the solu-
tion changed to orange from red. The solution was filtered
away from unreacted V,0Os. After removing the solvent by
distillation, white crystals were observed. This product was
further dried overnight under reduced pressure. To purify
the freshly formed product (OV(O'Bu)s), sublimation was
conducted under vacuum at 313 K. After purification, the
compound was identified by the presence of a strong 'H
NMR resonance at 1.44 ppm.

V-Mg-O catalysts were prepared by impregnation of
MgO with a toluene solution of OV(O!'Bu); in a man-
ner related to a method reported in the literature (47).
After transferring a syringe containing the solution of
OV(O'Bu); from a glove box, the solution was added with
stirring to the MgO placed inside a 100-ml Schlenk round-
bottom flask. After 1 h of stirring, the toluene was removed
by evaporation under vacuum. Calcination of the catalyst
was performed by heating to 823 K at 1 K/min and holding
for 6 hin a flow of air. The samples were labeled nV-Mg-O,
where n is the nominal weight percentage of V,0Os in the
sample.

Powder X-ray diffraction (XRD) patterns were recorded
at room temperature using a Siemens D5000 diffractome-
ter (CuKea, A = 0.15406 nm, 45 kV, 35 mA). Values of 20
between 20 and 80° were scanned with a step size of 0.05°.
The calcined catalyst powder was spread out on a borosil-
icate disk (by pressing a small spatula) and then loaded
into the diffractometer. The patterns were corrected for any
borosilicate background. Nitrogen adsorption—desorption
isotherms were measured at 77 K with a static volumetric in-
strument (Autosorb-1, Quantachrome) after degassing the
sample at 393 K for longer than 5 h under vacuum.

Raman spectra were obtained using a HoloLab Series
5000 Raman spectrometer (Kaiser Optical) equipped with
an Nd YAG laser frequency doubled to 532 nm. The catalyst
was pressed into a wafer around 0.1-cm thick and 0.9-cm
diameter and then placed within a quartz cell. The laser was
operated at a power level of 75 mW. The Raman spectrum
was recorded after treating the sample at 773 K in a He flow
for 1 h and cooling it to room temperature.

Diffuse reflectance UV-visible (DR-UV-vis) spectra
were recorded using a Varian—Cary 4 spectrophotometer
equipped with a Harrick diffuse reflectance attachment.
MgO was used as a reference. Reflectance measurements
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were converted to absorption spectra using the Kubelka—
Munk function. UV-visible spectra were measured in the
range of 1.5-50 eV at room temperature.

Solid-state >V NMR spectra were acquired on a home-
built spectrometer with a field strength of 9 T (370 MHz
resonance frequency for 'H). The static, wide-line spectra
were obtained at room temperature with samples sealed
in 20- to 30-mm long, 5-mm diameter NMR tubes under
vacuum using a single pulse sequence (pulse angle, 2 us;
delay time, 100 ms; spectral width, 500 kHz; line broadening,
100 Hz; 10*-107 scans). A vacuum-sealed sample of neat
VOCI; was used as an external reference.

Reduction rates of VO, were measured using a mod-
ified Quantasorb surface area analyzer (Quantachrome).
Samples were heated in a 20% H,/Ar mixture (80 cm?/min,
Matheson UHP, certified mixture). The H; concentration in
the effluent was measured by a thermal conductivity detec-
tor after removal of water in a trap containing 13 x molec-
ular sieves. Samples were held in a 4-mm 1.D. quartz cell
containing a quartz thermowell directly in contact with the
sample. The amount of catalyst in these experiments was
adjusted so that the equivalent of 3 mg of V,0Os was used
for all measurements. The H, concentration in the gas flow
was measured as the temperature was increased at 10 K/min
to 900 K. The thermal conductivity response was calibrated
using the complete reduction of CuO (Aldrich).

Rates of reaction and selectivities for the oxidative de-
hydrogenation of propane were measured in a fixed-bed
quartz reactor using 15 mg of catalyst diluted with quartz
powder (0.50 g; particle size, 0.246-0.495 mm) to prevent
temperature gradients. A mixture of propane (25 cm?®/min),
oxygen (9 cm’/min), and nitrogen (2 cm?®min) in He
(200 cm3/min) was introduced into the reactor at controlled
flow rates. The gaseous reactants and products were ana-
lyzed online with a Hewlett—Packard 6890 gas chromato-
graph equipped with both a capillary column (HP-1) and a
packed column (HAYESEP-Q). Only CsHg, CO, CO;, and
H,O were observed as products. The conversion of propane
was measured at total flow rates of 60-235 cm?/min and re-
action temperatures of 673, 723, and 773 K.

RESULTS AND DISCUSSION

Catalyst Structure

The product obtained by hypercritical drying of the mag-
nesium hydroxide gel exhibits XRD peaks at 37 and 59° that
are characteristic of the (101) and (110) lines of Mg(OH)s.
The BET surface area of this material is 1100 m?/g. Heat-
ing in flowing He at 773 K reduces the BET surface area
to 380 m?/g and two very broad peaks centered at 43 and
62° corresponding to the (200) and (220) diffraction lines
of MgO appear in the XRD pattern (48, 49). The size of the
MgO particles, estimated from the Scherrer equation using
the width of the peak at 62°, is 4.4 nm.
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FIG.1. Powder X-ray diffraction patterns of MgO and V-Mg-O cata-
lysts with different V,0Os loadings.

Figure 1 shows XRD patterns for the V-Mg-O materi-
als after calcination at 823 K. All of the samples show two
peaks attributable to MgO and no evidence for V,0Os. In the
case of the sample containing 30 wt% V,0Os, a broad band
appears between 30 and 40°. Similar features have been
reported previously and have been attributed to partially
crystallized Mg orthovanadate (27,30, 50). As the loading of
vanadia increases from 5 to 30 wt%, the BET surface area
decreases from 307 to 187 m?/g and the apparent surface
density of VOy, assuming all of the vanadium is exposed
on the surface, increases from 1.1 to 10.6 VO,/nm? (see
Table 1). The observed decrease in surface area with
increasing vanadia loading is similar to that reported previ-
ously for V-Mg-O catalysts prepared by aqueous impreg-
nation of Mg(OH), with NH4VOj3 and subsequent calcina-
tion (19, 22, 25).

Raman spectra of the V-Mg-O catalyst calcined at 823 K
are shown in Fig. 2. Between 5 and 15 wt% V,0Os, only one
relatively narrow peak is observed, at around 825 cm™!.
This peak can be assigned to V-O-M (M =Mg or V) vi-
brations of tetrahedrally coordinated VOy species (51, 52).
Notably, there is no peak near 1000 cm~! corresponding
to the stretching vibrations of V=0 bonds for isolated
vanadyl species such as are observed for vanadia dispersed
on Al; O3, SiO,, TiO,, and ZrO, (13, 14,45). At aloading of
20 wt%, new features appear at 380 and 860 cm~! together
with the peak at 825 cm~!, which increases in intensity. In-
creasing the loading further to 25 and 30 wt% increases
the intensity of the bands at 380 and 860 cm~! and leads
to the appearance of a broad band at 950 cm~!. The peaks
at 380 and 860 cm~! and the increase in the band inten-
sity at 825 cm™! are attributed to Mgz(VOy),, whereas
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FIG. 2. Raman spectra of V-Mg-O catalysts as a function of V,0s
loading.

the appearance of the band at 950 cm™! is attributed to
Mg, (V207) (22,24,27,28, 53-55). The Raman spectrum of
bulk Mg,(V,07) exhibits a very intense peak at 902 cm™!
(55). This peak may be present in the spectrum for the
30 wt% V,0s sample shown in Fig. 2 as part of the broad
band observed between 800 and 1000 cm~!. Raman peaks
for V,0Os were not observed at any vanadia loading.

Static solid-state 'V NMR spectra of the catalysts are
presented in Fig. 3. With the exception of the 5 wt% V;,0Os,
all of the samples show an isotropic broad peak centered
at ca. —560 ppm. The shape and chemical shift of this peak
are very similar to that for pure Mgz(VOs4), (19, 56, 57). In
the case of the 5 wt% V/MgO sample, two peaks are ob-
served at ca. —450 and —580 ppm, which are also located
in the range of chemical shifts for vanadium atoms in a dis-
torted tetrahedral environment (52, 53). Peaks at —480 and
—570 ppm have been reported previously in V-Mg-O sam-
ples with vanadia loadings below 10 wt% V,0Os (57, 58).
The first peak is attributed to isolated, tetrahedrally coor-
dinated vanadium ions and the second peak is attributed
to tetrahedrally coordinated vanadium atoms in which the
V-V distance is shorter than that for the first peak.

Temperature-programmed reduction (TPR) traces are
shown in Fig. 4. For the samples with low loading, two peaks
are observed at 640 and 813 K, suggesting the presence of
two different types of vanadium species (15, 28, 59, 60).
With increasing vanadia loading, the first peak diminishes
gradually and the maximum of the second peak shifts from
813 to 853 K. The TPR traces in Fig. 4 are similar to those
reported previously for V-Mg-O prepared by aqueous im-
pregnation (15, 25, 59). Based on the data obtained from
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FIG. 3. Static solid-state >'V NMR spectra of V-Mg-O catalysts as a
function of V,0Os loading.

Raman spectroscopy and >’V NMR, the TPR peak at 640 K
can be assigned to the reduction of tetrahedrally coordi-
nated V>t in isolated VO?{ species. The peak at 813-853 K
can be assigned to the reduction of V>* in small domains

g

=

-

£

=]

-

g0

=

S | 30

g

@

< 25

St

g

£ 20

g

| 15

w

g

Q 10

=
5
] | | |
500 600 700 800 900

Temperature (K)

FIG.4. TPR profiles for V-Mg-O catalysts as a function of V,0Os
loading.
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TABLE 1

Surface Area, Nominal Loading, Apparent Surface Density
of VO,, and UV-visible Absorption Edge Energy for V-Mg-O
Catalysts

Apparent Absorption

Nominal Surface surface edge

wt% of area density of energy
Sample V,0s (m?>gl)  VOy (nm™1) (eV)
5 V-Mg-O 5 307 1.1 3.05
10 V-Mg-O 10 299 22 2.88
15 V-Mg-O 15 280 35 2.89
20 V-Mg-O 20 256 5.2 2.90
25 V-Mg-O 25 227 7.3 2.94
30 V-Mg-O 30 187 10.6 2.95

of Mg3(VOy),. It is notable that as the loading of vanadia
increases and the sizes of the Mg3(VOy), domains grow, the
vanadium cations become more difficult to reduce. Consis-
tent with this, the peak temperature for reduction of bulk
Mg3(VO4)2 1s 903 K.

The absorption band edge energies, based on Tauc’s law
(61, 62), were determined from UV-visible spectra and
are reported in Table 1. The band edge energy is 3.05 eV
for the catalyst containing 5 wt% V;0Os and decreases to
about 2.90 eV as the loading of vanadia is increased to
20 wt%. Above this level, the edge energy rises slightly,
to about 2.95 eV. The values of the band edge energies
are characteristic of those for isolated tetrahedrally coor-
dinated species. For example Mgz(VOy), has a band edge
of 3.34 eV (63) and O=V(0Si(O'Bu)3); has a band edge
energy of 3.48 eV (64). By contrast, V,0s in which vana-
dium is octahedrally coordinated has a band edge energy of
221 eV (65).

The structural analyses presented above indicate that at
a vanadia loading of 5 wt% (1.1 VO,/nm?) V atoms are
present at the surface of MgO asisolated VOy4 species in dis-
torted tetrahedral coordination. These species are charac-
terized by the Raman band at 825 cm ™!, the >V NMR shift
of —480 ppm, and the UV-visible absorption band edge
energy of 3.05 eV. Temperature-programmed reduction of
this species in H, produces a peak at 640 K. For vanadia
loadings above 10 wt% (2.2 VOy/nm?), small domains of
Mg3(VOy), are formed. The presence of this phase is noted
by the appearance of Raman bands at 380 and 860 cm™!
and a >’V NMR resonance at —560 ppm. The formation of
small domains of Mg, V,0y is suggested by the appearance
of a Raman band at 950 cm~!. The absence of any evidence
for such a phase in the >’V NMR spectra is not surpris-
ing, since the v1 peak for the « and 8 phases of Mg, V,07
overlaps the single peak for Mg3(VOy), and the v2 peak
for Mg, V,07 would not be observable for small quantities
of this phase (56). With increasing loading, the domains
of magnesium vanadate become progressively more diffi-

cult to reduce and the peak temperature for their reduction
shifts from 813 to 853 K, but remains less than that for bulk
Mg3(VO4)2, 903 K.

Catalyst Activity and Selectivity

Figure 5 shows an example of the dependencies for
propene, CO, and CO; formation rates on the ratio of cata-
lyst mass to feed flow rate. For a fixed catalyst mass, the
rates of formation of all products decreased with decreas-
ing feed flow rate, this effect being most severe for the rate
of propene formation. The total rate of propane consump-
tion also decreased with decreasing feed flow rate as a con-
sequence of inhibition by water vapor (66). The decline
in propene selectivity with decreasing feed flow rate, seen
in Fig. 5, is due to the secondary combustion of propene
(13, 14, 66, 67).

Initial rates of propane ODH are reported in Fig. 6 as a
function of vanadium surface density at different reaction
temperatures. The solid points are for catalysts with differ-
ent weight loadings of V,0s calcined at 550 K, whereas the
open points are for a sample containing 15 wt% calcined
at 823, 923, and 1073 K to achieve progressively higher
apparent vanadia surface densities. As shown in Fig. 6A,
propene formation rates normalized per V atom increased
up to 3.5 VO,/nm? and then decreased with further increase
in vanadium loading irrespective of whether the increase
in apparent surface density was achieved by increasing the
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FIG. 5. Rates of propene, CO, and CO, formation and propene se-

lectivity as functions of the reciprocal of the flow rate per unit of catalyst
mass for 25 wt% V-Mg-O. Reaction conditions: temperature, 773 K; feed
flow rate, C3Hg/He/N»/O, at 25/199/2/9 cm?/min; pressure, 1 atm; catalyst
mass, 0.015 g.
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and (B) normalized per unit surface area of the catalyst.

weight loading of V,Os or the calcination temperature. The
only exception to this general trend is for the sample con-
taining 15 wt% V,0s calcined at 1073 K, which exhibits a
significantly higher activity than would be expected. The
trend of activity with apparent vanadia surface density is
similar to that reported previously for V-Mg-O (19, 21)
and for VO4/ZrO, and VO4/Al,05 (13, 14). The decrease
in specific activity beyond the maximum has been ascribed
to the formation of multilayers of the active form of vanadia,
with the consequence that V atoms lying below the surface
are inaccessible. Figure 6B supports this interpretation. The
rate of propene formation per unit surface area of the cata-
lysts increases rapidly with increasing V surface density up
to about 3.5 VOy/nm?, but then reaches a plateau. Also
consistent with the proposed explanation is the recognition
that the surface density of VOx for Mg3;(VOy); is approxi-
mately 4.2 VO,/nm?. Here, too, the behavior of the catalysts
appears to be independent of the means of achieving the
increase in apparent vanadia surface density, with the ex-
ception of the data point for the sample containing 15 wt%
V,0s, calcined at 1073 K.

Plots of propene selectivity at zero propane conversion
are shown in Fig. 7 as a function of the apparent vana-
dium surface density for different reaction temperatures.
At 673 K, the selectivity to propene increased up to a vana-
dium surface density of about 7.3 VO,/nm?, after which it
remained almost constant at about 80%. Increasing the re-
action temperature increased the propene selectivity only
slightly. The observed trend in selectivity with the ap-
parent surface density of VOy is very similar to that re-
ported previously for vanadia dispersed on MgO (25, 30),
Zr0O; (13, 14, 45), and AL, O3 (14). The data in Fig. 7 also
demonstrate that there is no effect of the means by which

an increase in the apparent surface density of vanadia is
achieved.

The effects of catalyst structure on catalyst activity and
selectivity are best discussed in terms of Scheme 1. Propane
can undergo either oxidative dehydrogenation to form
propene or combustion to form COy, reactions 1 and 2,
whereas propene can undergo combustion to COy, reac-
tion 3. If the conversion of oxygen is low, then the rates of
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FIG.7. Dependence of propene selectivity on the apparent surface
density of VO, and reaction temperature.
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these three processes can be described by the pseudo-first-
order rate coefficients, ki, ko, and k; (13, 14).

ky
C}Hg — % C3H6
ka2 /ka
CO,
SCHEME 1

The value of k;, expressed per unit of catalyst surface
area, is shown in Fig. 8 as a function of the apparent sur-
face density of vanadia for different temperatures. For each
temperature, the value of k; increases rapidly up to about
4.0 VOy/nm?, remains constant, and then decreases slightly.
The activation energy for propane ODH is 102 kJ/mol
for the 5 wt% catalyst and decreases to about 80 kJ/mol for
the catalysts containing 10-30 wt% V,0Os. Taken in light
of the structural characterization discussed above, the in-
crease in k; seen in Fig. 8 up to a vanadia surface density
of about 4 VO,/nm? suggests that isolated VO~ units are
not as active as those present at the surface of Mgz(VO,),.
The vanadia surface density at which the plateau in k; and
the apparent activation energy are reached is also consis-
tent with this interpretation. Based on the (100) surface
of Mg3(VOy),, the surface density of VO?[ units is esti-
mated to be 4.2 VOy/nm?. Thus, the data reported here
support the view that the most active species for propane
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FIG. 8. Dependence of k; on the apparent VOy surface density and
reaction temperatures.

ODH are VOi_ species existing in a surface structure that
is essentially identical to that present in Mg3(VQOy),. This
conclusion is identical to that reached by Pantazidis and
Miradatos for V-Mg-O catalysts prepared by conventional
means (30).

An alternate view of the active center in V-Mg-O cata-
lysts has been proposed by Kung and coworkers (21) and
Loépez Nieto and coworkers (22-25). Both groups con-
cluded that isolated VO?~ units distributed at the surface
of MgO exhibit the highest activity for propane ODH. The
latter set of authors based their conclusion on the observa-
tion that with increasing V,0Os loading, maxima were ob-
served at 20 wt % in both the rate of propane ODH at 773 K
and the area of the TPR peak centered at 633 K. Since the
TPR peak at 633 K had been assigned to the reduction of
isolated VO3~ species, it was deduced that these are the
active centers for propane ODH. Several observations sug-
gest that this conclusion needs to be reexamined. First, in
Refs. (23, 25), the authors report a maximum in the appear-
ance of Mgz (VOy),, with increasing V,0s loading occurring
at 20 wt%; however, no mention is made of the relation-
ship of this feature to the corresponding maximum in cata-
lyst activity. Second, we report here that the activity of V—
Mg-O catalysts continues to increase with increasing V,0s5
loading even when there is no evidence, by either Raman
or NMR spectroscopy, or by H, TPR, for isolated VO%‘
species. In fact, all of the evidence suggests that the only
V-containing phase is Mgz(VOy),. Third, the maximum in
activity with V,0s loading reported by Lépez Nieto and
coworkers (23, 25) could quite possibly be due to the for-
mation of bulk Mg3(VOy),. This suggestion is reached by
recognizing that the decrease in the ODH activity per unit
surface area reported by Lépez Nieto and coworkers oc-
curs for catalysts having apparent vanadia surface areas in
the range of 10-73 VO,/nm?. These apparent surface densi-
ties are considerably higher than those used in the present
study and are within a range where it is not unreasonable
to expect the formation of larger crystallites of Mgz (VO,);.
To assess how the area-based activity of bulk Mg3(VOy),
compares with that of the most active catalysts reported
here, we measured the zero-conversion activity of the bulk
material for propene formation at 773 K and the same feed
composition used throughout our work. The result is that
bulk Mg3(VOy), (11 m?/g) has an activity of 3.9 nmol/m? - s,
whereas V-Mg-O catalysts containing 15 and 25 wt% of
V,0s5 have activities of 136 and 163 nmol/m? -s, respec-
tively. Thus, it appears likely that as the proportion of bulk
Mg3(VOy,), increases, the area-based activity of the cata-
lyst will decrease. We conclude, therefore, that the most
active V-Mg-O catalysts are those that contain very small
domains of a Mg3(VO,),4 on the surface of MgO rather
than crystallites of bulk Mg;(VO,)4. The XRD data pre-
sented in Fig. 1 suggest that these domains are not very
crystalline.
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The one anomaly in the data shown in Fig. 8 is for the
sample containing 15 wt% V,Os that had been calcined at
1073 K, which exhibits a significantly higher value of k; than
would be expected for the corresponding apparent surface
density of vanadia. No explanation can be offered at this
time for this discrepancy, but its occurrence suggests that
the activity of V-Mg—-O catalysts can depend on the nature
of the precursor used to introduce V atoms and on the time—
temperature history of the catalyst pretreatment.

Several authors have suggested that the reducibility of
vanadia-containing catalysts is a good predictor of their ac-
tivity for propane ODH (15, 22, 25). This conclusion has
been based on the observation of an inverse correlation
between either the peak temperature or the onset temper-
ature for vanadia reduction by H; for vanadia supported on
different oxides. The data presented in Figs. 4 and 6 show,
however, that the V-Mg-O catalysts investigated in this
study exhibit an increase in ODH activity with increasing
peak temperature for TPR by H,. Based on this observa-
tion, we suggest that alow value of the peak temperature for
vanadia reduction by H; would not be an appropriate pre-
dictor for the propane ODH activity of V-Mg—O catalysts.
The reason for this is that as the vanadia loading increases,
the O atoms associated with the Mgz(VOy), domains be-
come less accessible because an increasing number of them
lie below the oxide surface. An increase in the degree of
crystallinity of the Mgz(VOy), may also contribute to the
rise in the peak temperature for reduction. Consistent with
this it is observed that the peak temperature for the reduc-
tion of bulk Mg3(VOs), (903 K) is significantly higher than
that for Mg3(VOy), supported on MgO (813-853 K). It has
recently been proposed that a better metric for ODH activ-
ity of vanadia-containing catalysts is the magnitude of the
UV-visible absorption edge energy, since the initial step
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FIG. 10. Dependence ofk,/k; (A)andk;/k; (B) on the apparent VO
surface density and reaction temperature

in propane ODH is hypothesized to involve one-electron
reduction of two closely spaced V>* centers (68). Figure 9
shows that the propane ODH activity of the V-Mg-O cata-
lysts increases with a decrease in the absorption edge en-
ergy, indicating that ODH activity correlates with the ease
of electron transfer from the O anions surrounding a V>*
cation.

Figures 10A and 10B show the effects of the apparent
surface density of vanadia on the values of ky/k; and ks / ki,
respectively. The value of ky / k; decreases rapidly with rising
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FIG.9. Dependence of the rate of propene formation per V atom on the UV-visible absorption edge energy. Reaction conditions: temperature,
673 K; feed flow rate, C3Hg/He/N,/O, at 25/199/2/9 cm?/min; pressure, 1 atm; catalyst mass, 0.015 g.
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TABLE 2

Comparison of Activity and Selectivity for Vanadium-Supported MgO Catalysts®

Activity
Vanadium V,0s5  Surface area  VOy density® Propane Propene
Ref. source Support  (wWt%) (m?/g) (nm~2) conversion (%) selectivity (%) mmol/g-h nmol/m?-s

This work  OV(O'Bu); MgO 15 280 35 0 66 137 136
10.2 52 57.2 56.7

This work  OV(O'Bu); MgO 25 227 7.3 0 79 133 163
9.2 64 59.4 72.6
15 NH, VO3 MgO 4.7 101 31 43 31 243 66.8
22 (NH4)2VO(C,04) MgC,04 19.7 136 9.6 0 70 85.5 174.9
18 NH, VO3 Mg(OH), 23 81 11 0 60 NA® NA®
17 NH4VO3; MgO 3.85 98.2 2.6 13 33 NAS® NA®
29 NH, VO3 MgO 24 415 38 10 49 18.4 122.7
30 NH4VO3 MgO 23.7 74 21 13 60 13.0 48.7

a Reaction conditions: temperature, 773 K; feed flow rate, C;Hg/He/N,/O, at 25/199/2/9 cm?® min~'; pressure, 1 atm; catalyst mass, 0.015 g.
b The apparent surface density calculated assuming all of the VO present is on the surface.
¢NA, Not applicable. Authors do not provide the necessary information to enable conversion of the reported activity to the reaction conditions used

in this study.

vanadia surface density but approaches a plateau above a
density of 4 VO,/nm?. A similar pattern is seen for k3 /K;.
The open points in this figure are for a sample containing
15 wt% V,0Os calcined at 823, 923, and 1073 K in order
to achieve higher apparent surface densities of vanadia. It
is evident that identical values of k,/k; and k3 /k; are ob-
tained irrespective of how a given value of the apparent
surface density of vanadia is achieved. The appearance of
a plateau in plots of ky/k; and k3 /k; can be ascribed to the
formation of a monolayer of Mg3(VOy),. The decrease in
the values of k,/k; and k;/k; observed at apparent surface
densities below 4 VOy/nm? can be ascribed to changes in
the reactivity of oxygen at the surface of the catalyst. The
TPR traces presented in Fig. 3 show that for temperatures
between 673 and 773 K, the reducibility of the catalyst de-
creases with increasing vanadia loading. This trend is parti-
cularly evident for vanadia loadings between 5 and 15 wt%
and suggests that the oxygen associated with isolated VO3~
species is much more readily available for combustion of
propane and propene than oxygen associated with domains
of Mg3(VOy),. Consistent with this we note that the peak
temperature for the reduction of bulk Mgz(VOy); is higher
than that for 30 V-Mg—-O and, correspondingly, so are the
values of ky/k; and ks /k;. We note that a similar trend has
been reported for the ODH of butane over various metal
vanadate catalysts (5).

Finally, it is interesting to compare the activity and se-
lectivity of the catalysts prepared in this study with those
reported previously for V-Mg-O catalysts prepared by con-
ventional means (15,17,18,22,29,30). Table 2 lists the activ-
ity and selectivity of the most active catalysts reported here,
together with the activities and selectivities of V-Mg-O de-
scribed in the literature. In all cases, the ODH of propane
was investigated at 773 K. Since different authors used dif-
ferent partial pressures of propane, the rates reported were

corrected to a propane partial pressure in the feed of 11 kPa,
assuming a first-order dependence of the rate of propane
ODH on propane partial pressure. No adjustment for the
partial pressure of oxygen was made, since the dependence
on oxygen is typically zero order (18). The data in Table 2
show that the catalysts prepared in this study exhibit ac-
tivities on an area basis that are comparable to those pre-
pared from other inorganic precursors when compared at
the same level of propane conversion. It is also noted that
the propane selectivity of our catalysts at zero propane con-
version is as good or better than that for catalysts prepared
by conventional approaches. Most notable, however, is the
much higher activity of the catalysts reported here when
rates are expressed on the basis of catalyst mass, which is a
direct consequence of the higher surface area of the support
used in this study.

CONCLUSIONS

A series of V-Mg-O catalysts have been prepared by
impregnation of OV(O'Bu); onto high-surface-area MgO.
After calcination at 823 K, these catalysts have surface ar-
eas ranging from 307 m?/g for 5 wt% V-Mg—O to 187 m?/g
for 30 wt% V-Mg-O. Structural characterization of the dis-
persed vanadium shows evidence for isolated VO3~ anions
for V,0s loadings below 5 wt%. With increasing V,Os load-
ing, small domains of Mg3(VQy), are observed, but there
is no evidence for either polyvanadate species or V,Os do-
mains. The area-based activities of the catalysts prepared in
this study were significantly higher than those of V-Mg-O
catalysts prepared by conventional methods involving
aqueous impregnation of MgO, whereas the propene se-
lectivties were comparable to or slightly better than those
previously reported. The rate coefficient for ODH, ki, in-
creased with increasing apparent surface density of V,0Os,
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reaching a plateau at a surface density of about 4 VO,/nm?,
which corresponds closely to the surface density of VOy in
Mg3(VOy),. Correspondingly, the apparent activation en-
ergy for propane ODH decreased from 102 kJ/mol for the
lowest surface loading of V,0Os and reached a plateau of
80 kJ/mol at a surface loading of about 4 VO,/nm?. Con-
sideration of the structural characterization data indicates
that the most active form of the catalyst is that in which
the surface of the MgO support is covered by small do-
mains of Mgz(VOy),. The formation of bulk crystallites of
Mgz (VOy), is undesirable, since it is found that the area-
based activity of the pure phase is approximately 40 times
lower than that of the domains of Mg3(VOy), formed on the
surface of MgO. The values of k, / k; and k3 /k; decrease with
increasing V,Os surface density but reach a nearly constant
value for surface densities above 4 VO,/nm?. These trends
show that the activities of V-Mg-O catalysts for propane
and propene combustion relative to propane ODH decline
with increasing surface loading of V,0Os. The value of k / k;
changes very little with increasing temperature, whereas the
value of ks /k; decreases. These trends indicate that the ap-
parent activation energies for propane ODH and combus-
tion are virtually identical, but that the activation energy for
propane ODH is higher than that for propene combustion.
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