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Bulk V—Nb—0O, Mo—Nb—0O, Te-Nb—0O, and V-Mo—Te—Nb—0O mixed metal oxides were synthesized

and characterized with Raman spectroscopy, XRD, and BET methods. The interaction of the V and Mo
cations with the NEOs lattice followed three stages: (1) cations were initially incorporated into th&®MNb

lattice forming a solid solution or compound as well as on theQ§lsurface, (2) a two-dimensional surface
cation overlayer was formed after saturation of the solid solution, and (3) microcrystalline metal oxide phases
(e.g., \L,Os and MoQ) were formed after completion of the two-dimensional surface cation monolayer. The
catalytic properties of these bulk mixed metal oxides were investigated for the oxidative dehydrogenation
(ODH) of propane to propylene, and their activity follows the trend-Nb—O > Mo—Nb—0O > Nb,Os >
Te—Nb—0O. The highest propane conversions and propylene yields were found when the two-dimensional
surface metal oxide monolayers were formed, which suggests that the surface metal oxide species are the
surface active sites in these bulk mixed metal oxide catalysts for propane ODH. Furthermore, the number of
surface active sites present in the bulk mixed metal oxides was determined by comparative studies between
the bulk mixed metal oxides and the corresponding modeOMBupported metal oxides. These numbers

can be used further for the calculation of the TOF (turn-over-frequency) values and quantitative comparison
of the catalytic behavior of the different bulk mixed metal oxide catalysts for propane ODH. The catalytic
results over the model N®s-supported metal oxides demonstrate that the propane ODH reaction is structure
insensitive because the TOF is independent of the number and the structure of surface active sites. The
composition and calcination temperature of the bulk mixed metal oxide catalysts affects the surface density
of the active sites, which controls their catalytic behavior for propane ODH.

1. Introduction mixed metal oxide catalysts and to calculate their TOF values.

Mixed metal oxide catalysts consisting of bulk and/or Only one previous investigation of alkane oxidation focused

supported metal oxides are an important class of catalytic on_quant|fy|ng the TOF values of bulk-Nb—O mixed metal
materials employed in numerous fundamental studies and©Xide catalysts.
industrial applicationd-8 Supported metal oxides consist of a  Oxidative dehydrogenation (ODH) of propane to propylene
two-dimensional metal oxide overlayer on the surface of an is energetically favorable and has attracted much attention in
oxide substrate (support). The supported metal oxide binds torecent years. Vanadilim'® and molybdenurd® '8 oxides have
the oxide support via bridging MO—S bonds (M= metal and been widely used as active components both in bulk and in
S = support), which are primarily formed by reaction of the supported mixed metal oxides for propane ODH. Many recent
MOy with surface hydroxyl groups of the oxide support. For supported metal oxide studfed? have investigated the effects
supported metal oxides, it is reasonable to normalize the of metal oxide loading, structure of the surface metal oxide
reactivity per MQ because all the MPsites are exposed to  species, oxide supports, and promoters. It was found that the
the reactant molecules when the MIDading is below mono-  oxide supports and promoters largely affect the activity and
layer surface coverage (100% dispersion). Thus, calculation of selectivity of the supported vanadia or molybdena species for
the turnover frequency (TOF) under the assumption that all the propane ODH via modification of the redox and aclthse
surface MQ sites are active sites is an appropriate apprdath.  properties of the catalys#s:26 For propane ODH over vanadia
However, bulk mixed metal oxides are significantly more supported on different oxide supports, the specific catalytic
complicated and consist of both bulk three-dimensional struc- activity was found to qualitatively follow the reducibility
tures and the surface active sites, with the surface density andpatterns obtained by HTPR, whereas their selectivity follows
nature of the latter generally unknown. Furthermore, the catalytic 5 different orde?®24 These results indicate that the nature of
contributions from the bulk metal oxide sites, which are not the oxide support strongly affects the selectivity/activity of the
directly exposed to the reactant molecules, are not fully sypported vanadia catalysts. Contradictory results have also been
understood and have not been quantified. Thus, it is Very yeported by other authot8,who concluded that the turnover
difficult to quantify the number of active sites present in bulk frequency rates do not depend on the specific identity of the
* Corresponding author. Prof. Israel E. Wachs, Sinclair Lab. # 7, 7 Asa support, but O.n the domain size O.f th? surfacex‘eé_@emes_ and
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4274. Fax: (610)-758-6555. E-mail: iewO@lehigh.edu. activity.

10.1021/jp021640m CCC: $25.00 © 2003 American Chemical Society
Published on Web 06/07/2003



6334 J. Phys. Chem. B, Vol. 107, No. 26, 2003 Zhao et al.

The catalytic behavior of isolated and polymeric surface
species on supports for alkane oxidation is still under
discussiorf—2” Watling et al® investigated niobia-supported  solution of niobium oxalate with subsequent calcination at 600
vanadium oxide and bulk %¥Nb—O mixed metal oxide catalysts  °C for 2 h.

for propane ODH and found that all the samples possessed 2 1.2 NbOs-Supported Metal Oxide Catalysf§he NOs
similar TOF values when the reaction rates were normalized to sypport Ger = 57 n#/g) was obtained by calcination of

the concentration of surface vanadia. The results suggest thahjiopium oxide hydrate (Nis-nH;0) (CBMM, 99.9% purity)
variations in the chemical environment of the surface vanadium gt 500°C in air for 10 h.

cation do not cause significant changes in catalytic activity per
surface active site (TOF). The propane ODH ovegOyAIl,O3
catalysts was reported by Eon et#land the same selectivity
versus conversion was obtained. The activity, if converted to
TOF values from their results, is only slightly higher at high
surface vanadia loadings (less than a factor of 2). Very recently,
Gao et aF’ studied propane ODH over Zs3upported vana-
dium oxide catalysts. The results revealed that both polymerized
and isolated surface vanadia species are active sites for propan
oxidation and the specific catalytic reactivity (TOF) is inde-
pendent of the surface density of the two-dimensional vanadia 1€ supported MogNb,Os and TeQ/Nb,Os samples were
overlayer on the Zr@support. Similarly, for ethane ODH, the ~ Prepared by incipient-wetness impregnation of the O
TOF value for ethane oxidation remains essentially constant for SUPPOrt with aqueous solutions of ammonium heptamolybdate
V,05/Al ;05 catalysts at different vanadia loadir§s3t Onthe ~ (Matheson Coleman & Bell, 99.9%.) and telluric acic,(idCx-

basis of the study of TOF and product distribution, Oyama and 2H20, Alfa Aeser), respectively. After impregnation, the samples
Somorja#233 concluded that for ethane oxidation over silica- Were dried under ambient conditions for 48 h and calcined in
supported vanadia catalysts, the selective oxidation for ethylene@ir at 450C for 2 h.

and acetaldehyde formation is structure insensitive whereas the 2.2. BET Surface Area.The BET surface area of each
reaction for CQ formation is structure sensitive. In contrast, sample was measured by nitrogen adsorption/desorption iso-
some other studies concluded that the polymerized surface MO therms with a Micromeritics ASAP 2000.

species on the oxide support are more active than isolated MO 2 3. X-ray Diffraction. Powder X-ray diffraction (XRD) data

monium heptamolybdate, and telluric acid at 6@ for 2 h,
whereas the pure NB®s was prepared by drying an aqueous

The supported YOs/Nb,Os catalysts were prepared by
incipient-wetness impregnation of the @ support with
2-propanol solutions of vanadium isopropoxide (VO{@r),
Alfa-Aesar 97% purity). The preparation was performed
inside a glovebox with continuously flowing,NAfter impreg-
nation, the samples were kept inside the glovebox with flowing
N, for overnight. The samples were further dried in flowing

2 at 120°C for 1 h and calcined in flowing air at 45 for

h.35

species for propane ODH (122).

In the present study, bulk-YNb—O, Mo—Nb—0O, Te-Nb—
O, and -Mo—Te—Nb—0O mixed metal oxides were synthe-
sized by using N§Os, the major component, as a host matrix
for the bulk mixed metal oxide catalysts because niobia is very
inactive for propane activatichThese bulk mixed metal oxide

were recorded on a Siemens D-5000 diffractometer operated at
40 kV and 40 mA using nickel-filtered Cud<radiation.

2.4, Raman SpectroscopyRaman spectra of the hydrated
and dehydrated samples were obtained in the-1I&DO cnT?!
region with the 514.5 nm excitation of anAion laser (Spectra
Physics, model 164). The scattered radiation from the sample

catalysts were characterized with ambient and in situ Raman,\ya5 directed into an OMA I (Princeton Applied Research
XRD, and BET. Furthermore, comparative studies between thesey,qqe| 1463) optical multichannel analyzer with a photodiode

bulk mixed metal oxides and their corresponding model®db
supported metal oxides were undertaken to obtain additional
insight into the molecular structurgeactivity/selectivity rela-
tionships of these bulk mixed metal oxide catalysts.

2. Experimental Section

2.1. Catalyst Preparation.2.1.1. Bulk Mixed Metal Oxides.
Ammonium vanadate (N}VO3) (Alfa-AESAR, 99.93% purity),
ammonium heptamolybdate ((N}dM 07024 4H,0) (Matheson
Coleman & Bell, 99.9%), telluric acid (HeOy-2H,0) (Alfa
Aeser), and niobium oxalate (Nb(HQG,)s) (CBMM, 99.5%
purity) were used as starting materials for introducing the V,
Mo, Te, and Nb oxide precursors, respectively. The bulk
V—Nb—0O, Mo—Nb—0O, Te-Nb—0, and Mo—Te—Nb—0O
mixed metal oxides were prepared by similar methods previ-
ously described? For example, for preparing the-\Nb—O
mixed metal oxides an aqueous mixture containing V and Nb
metal ions in the appropriate ratio was prepared by mixing

array detector cooled thermoelectrically-t85 °C. The samples
were pressed into self-supporting wafers. The Raman spectra
of the hydrated samples were collected by rotating the sample
at ~2000 rpm under ambient conditions. The Raman spectra
of the dehydrated samples were recorded at room temperature
after heating the sample in flowing,@t 450-500°C for 1 h

in a stationary quartz ceip.36

2.5. Propane Oxidation.Propane oxidation was carried out
in an isothermal fixed-bed differential reactor (Pyrex tubing,
Y4 in. 0.d. and 1 ft long) using 30100 mg of catalyst at
atmospheric pressure with reaction temperatures varying from
250 to 550°C. The reactant gas mixture ogldg/O./He has a
molar ratio of 2.5/20/27.5 with a flow rate of 50 mL/min, unless
otherwise stated. The reactor effluent was analyzed by an on-
line Hewlett-Packard Gas Chromatograph 6890 Series equipped
with both TCD and FID detectors. A Carboxene-1000 packed
column and a Supelco capillary column (PQ1334-04) were
employed in parallel for the TCD and FID, respectivélylhe

corresponding agqueous solutions of the starting materials. Thesamples were pretreated in a flowing/Be gas mixture at 450
aqueous mixture was subsequently evaporated to dryness by C for 0.5 h before each run. The specific catalytic activity

stirring and heating at 150C. Finally, the dry precursor was
calcined in air fo 2 h at 600°C to form bulk mixed metal oxide
catalysts. Each catalyst is denotedx®M—Nb —O (M =V,

Mo, or Te;x = 1, 5, 10, 20), whera% represents the weight
percentage of the metal oxide in the J3 matrix. As
comparison to the mixed oxides, purg®4, MoOs, and TeQ
were obtained by calcination of ammonium vanadate, am-

values, turnover frequency (TOF, the number of propane
molecules converted per M atom per second), were obtained at
reaction temperatures of 400 and 4%0 for vanadia- and
molybdena-containing samples, respectively. The number of
active surface V, Mo, and Nb atoms per fifor the pure \4Os,
Nb,Os, and MoQ crystalline phases was determined by
guantitative chemisorption of 2-propanol and metha&hét.
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TABLE 1: BET Surface Areas of Bulk and Supported

Metal Oxide Samples Bulk V-Nb-O mixed metal oxides
bulk mixed metal oxides supported metal oxides (Ambient)
= V,0, crystal
surface area surface area
sample (m?g) sample (m?/g)
NbOs 18.2 NBOs 57
1% V—Nb—0O 25.0 1%\0s/Nb,Os 42.6
5% V—Nb—0O 15.2 2% \bOs/Nb,Os 41.9
10% V—Nb—0O 15.2 3% \,Os/Nb,Os 40.7
20% V—Nb—-0O 6.7 4% \LOs/Nb,Os 39.8 >
V205 1.9 5% \,0s/Nb,Os 34.7 =
6% V,05/NbOs 33.6 2
1% Mo—Nb—-0O 16.0 8% \Os/Nb,Os 30.2 E
5% Mo—Nb—0 18.6 Vs0s 1.9 Z
10% Mo—Nb—0O 19.2 <
20% Mo—Nb—0O 22.3 1%MoQ/Nb,Os 54.0 2
MoOs 0.8 2% MoQ/Nb;0s 53.1 e
3% MoQOy/Nb,Os 51.2 kS
1% Te-Nb—O 224 4% MoQ/NbOs 50.2 o
5% Te-Nb—0O 18.5 5% MoG@/Nb,Os 49.1 8
10% Te-Nb—O 15.4 6% MoQ/Nb,Os 47.0 &
20% Te-Nb—0O 0.9 8% MoQ/Nb,Os 43.0
TeG, 1.7 10% MoQ/Nb,Os 40.4
20% MoGy/Nb,Os 30.2 Nb.O
MoOs 0.8 275
3. Results _—————
3.1. BET Surface AreasThe BET surface areas of the three 1200 1000 800 600 400 200
bulk mixed metal oxides systems {\Wb—O, Mo—Nb—0O, and
Te—Nb—0) and the two corresponding WBs-supported va- Raman Shift (cm”)

nadia and molybdena systems are presented in Table 1. For thesgure 1. Raman spectra of bulk YNb—O mixed metal oxides under
Nb,Os-supported metal oxide systems, their surface areasambient conditions.

slightly decrease with increasing surface vanadia and molybdena
coverage. The surface areas of the purgQdland the NbOs No XRD analysis was performed on the Xlz-supported
support are different due to the different precursors and metal oxides because the metal oxides were primarily present
calcination treatments of these samples (see catalyst preparationras amorphous two-dimensional metal oxide overlayers or very
section 2.1). The pureXDs, MoOs, and TeQ possess very low  small crystallites €4 nm) that are readily detectable by Raman
surface areas<{(2 n?/g) and the surface area of pure s, spectroscopy (see below).
obtained by calcination of niobium oxalate, is much higher (18.2  3.3. Raman Spectroscopy3.3.1. Raman Spectra of fBs—
m?/g). For the bulk -Nb—O and Te-Nb—O mixed oxide Supported Metal OxidesThe Raman spectra of NOs-
systems, the surface area initially increased with the addition supported vanadia catalysts (not shown here for brevity), under
of vanadia or telluria, but it subsequently decreased at high metalambient conditions, revealed that no crystallingOy was
oxide loading. For the bulk MeNb—O mixed oxide system,  detected for vanadia loadings below 5%0#Nb,Os. A very
the surface area initially slightly decreased at low molybdena weak Raman band at155 cnt?l, which is extremely strong
content and then it increased with increasing molybdena content.for pure V,Os, was observed for 5% XDs/Nb,Os, indicating

3.2. XRD of Bulk Mixed Metal Oxides. The XRD analyses  the presence of a trace amount of microcrystallin®s/ The
of the bulk V—=Nb—0O and Mo-Nb—O mixed metal oxides are  intensity of the Raman band at 155 chnapidly increased with
presented in Table 2. The XRD pattern of pure;@bis the increasing vanadia loading above 5%0#Nb,Os. The results
TT phase with a hexagonal crystal structéftéWhen low suggest that 5% 30s/Nb,Os corresponds to monolayer surface
amounts of vanadia or molybdena% wt %) were doped into coverag€. Under dehydrated conditions, pronounced Raman
the NkOs matrix, the XRD patterns obtained were very similar bands for the surface vanadia species were also observed:
to that of pure NBOs (TT) and thed values only changed ~1035 and 1000 cmt bands due to the terminal =0
slightly. These results indicate that the solid solutions of the vibrations of isolated and polymeric surface vanadia species,
bulk VyNb,_xOs and MgNb,_,Os mixed metal oxide phases respectively:=627
are isostructural with Nf®s (TT). In the V—Nb—O system, a The Raman spectra of NDs-supported molybdena catalysts,
very different XRD pattern was observed when th®©ycontent under ambient conditions, were also measured (not shown here
reaches 10 wt % or higher. This phase was previously reportedfor brevity). A small Raman band appeared at around 815'cm
as an unknown new phaddut has been recently assigned to for 8% MoOsy/Nb,Os, due to the presence of microcrystalline
V4Nb;g0s5.4° For the Mo-Nb—O system with Mo@ contents MoOs, which suggests that the monolayer coverage of surface
of 10% or greater, the XRD patterns are consistent with the molybdena species has been slightly exceéfiéd.addition,
Nb,Os (TT) solid solution. In addition, very weak diffraction =~ weak Raman bands were observed-@60 and~1000 cnt?,
peaks due to crystalline MaQvere also observed, indicating  which are due to hydrated and dehydrated surface Mp@cies,
the formation of a small amount of Ma@rystallites. Neverthe-  respectivel\?®
less, the intensities of the XRD diffraction peaks are very weak 3.3.2. Raman Spectra of Bulk Mixed Metal Oxid&ébe
for both the bulk VV-Nb—O and Mo-Nb—O mixed metal Raman spectra of the bulk-WNb—O mixed metal oxides under
oxides with \b,Os or MoOs contents of 10% and greater, ambient conditions are presented in Figure 1. PurgOyETT)
suggesting that poorly crystalline or amorphous phases arepossesses Raman bands-288, 315, and 702 cm and rather
present in these catalytic materials. weak and broad bands from 800 to 1000¢émThe Raman
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TABLE 2: XRD of Bulk V —Nb—0O and Mo—Nb—O Mixed Metal Oxides

samples phase by XRD cryst struct doo1 200 d100 doss
Nb,Os TT H 3.8971 3.1180
1%V—Nb—0O TT H 3.8972 3.1078
5%V—Nb—0O TT H 3.9311 3.0974
10%V—Nb—O V4NDb1gOs5 o 3.9657 2.9959
20-V—Nb—-0O V4Nb;gOs5 o 3.9833 2.9957
V20s o 4.368 5.765 3.405%¢
1% Mo—Nb—0O TT H
5% Mo—Nb—O T H 3.8803 3.0974
10% Mo—Nb—0O TT + MoOs° H 3.9483 3.1293
20% Mo—Nb—0O TT + MoOs H 3.9483 3.1293
MoOs o 3.7736:¢ 3.240%:°

aNote H: hexagonal; O: orthorhombié.Trace amount¢ 3.405;¢ 3.405 is thed value for the 110 plan€.3.7736:¢ 3.7736 is thed value
for the 110 plane®3.240%,:: 3.240 is thed value for the 021 plane.

band at 702 cm! was previously assigned to a slightly distorted Bulk V-Nb-O mixed metal oxide *
NbOgs structure (Nb-O vibration in NBb—O—Nb bridging r (Dehydrated)
bond)#! The Raman bands at ca. 315 and 238 tare due to *
the angle deformation modes ofDlb—O and bridging Nb-
O—Nb bonds, respectivel{ 44 The Raman bands at 702, 315,
and 238 cm? all shift upward with increasing vanadia content.
The intensity of the Raman bands also decreases with increasing
vanadia content because of the greater absorption of the incident
laser light by the colored vanadia component. The oxidation
states of V and Nb are the samg5, but the radius of ¥ is

much smaller than Ni3.*>* When a small amount of vanadia is
introduced into the NfDs matrix (1% V—Nb—O and 5% V-
Nb—O), the Raman spectra are very similar to that of pure
Nb,Os (TT), which further confirms the formation of a
VNb,—Os solid solution. However, the Raman spectra under
ambient conditions significantly changed when a medium
amount of vanadia (10% ¥Nb—O) was added to the NOs
matrix. New Raman bands were observed-870 and~1000

cm~! due to terminal ¥=O vibrations. The Raman bands at ca.
700 and 280 cmt are (1) very broad, suggesting the presence
of several types of bridging ¥O—Nb and Nb-O—Nb bonds

in this sample, and (2) significantly shifted to higher wave- s
number due to structural distortions of thgNb,—xOs solid 1200 1000 800 600 400 200
lattice. From XRD (see above and Table 2) the crystallipe V
Nb;g0s5 compound was also shown to be present in this sample
and, consequently, there are several types of bonds connectin@
V, Nb, and O. Microcrystalline YOs was detected by Raman

in the 20% VV-Nb—O sample, but not by XRD, which indicates
that the \bOs microcrystals are smaller than 4 nm, the lower V4Nb;gOss because it did not change position upon dehydration
detection limit of XRD. and its appearance coincided with appearance HfbysOss.

The Raman spectra of the bulk\Wb—O mixed metal oxides The Raman spectra of the bulk MidNb—O mixed metal
under dehydrated conditions are shown in Figure 2. Comparisonoxides under ambient conditions are presented in Figure 3. For
of Figures 1 and 2 reveals that there is a significant shift in the the 1% and 5% Me-Nb—O samples, the Raman features are
band positions around 1000 cfy indicating that these bands very similar to NbOs (TT), indicating the formation of
originate from surface metal oxide specfe.There are no MoxNb,—x—0Os solid solution. The Raman band &#00 cnt?
detectable Raman bands in the 92®00 cn! region for pure shifts upward with increasing molybdena content, due to the
Nb,Os and 1% \V-Nb—O, although the concentration of surface distortion created by the incorporation of the Maations into
NbO species is relatively high in these two samples. For the the NOs (TT) matrix. The Raman bands for the )y (TT)

5% V—Nb—O sample, no clear peak was observed above 900 solid solution are still observable for the 20% Mdb—O
cm~1 under ambient conditions whereas a new Raman bandsample. In addition, weak Raman bands are also preser@af
around 980 cm! appeared under dehydrated conditions, which and 815 cm?, due to hydrated surface MeD species and
indicates that it originated from terminal surface=@ func- microcrystalline MoQ particles 4 nm), respectivel§® Upon
tionalities of the \M_yNb,_4Os solid solution. At higher vanadia  a further increase of the content of molybdena to 40%—Mo
contents of 10% and 20%-¥Nb—O, a new band at 1020 crh Nb—O, multiple Raman bands of crystalline MgQvere

was observed after dehydration, which may be assigned toobserved and the band at980 cnT?, due to surface Mo©
terminal surface ¥O functionalities on the surface of the species, is still present.

mixture of crystalline Nb;sOs5 and possible amorphous The Raman spectra of the bulk MidNb—O mixed metal
V—Nb—O phases. Moreover, the Raman band-a76 cnt? oxides under dehydrated conditions are presented in Figure 4.
may be assigned to a bulk=5O functionality of crystalline Comparison of Figures 3 and 4 reveals the differences in the

*
*V,0, crystal

Relative Intensity / (Arbitrary Units)

Raman shift (cm™ )

igure 2. Raman spectra of bulk vNb—O mixed metal oxides under
ehydrated conditions.
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Figure 3. Raman spectra of bulk MeNb—O mixed metal oxides

under ambient conditions.

MoOs Content
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744 * MoO, crystal
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Figure 4. Raman spectra of bulk MeNb—O mixed metal oxides

under dehydrated conditions.

Raman features of the bulk MdNb—O mixed oxides due to
the presence of surface M@®pecies. For the 10% MeNb—
O sample, no Raman band around 980 tmas detected under
ambient conditions whereas a Raman band~887 cnr?
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Figure 5. Oxidative dehydrogenation of propane over,8bsupported
vanadia metal oxides. Reaction at 480, SF= 50 mL/min.

The relative intensity of the Raman signal for crystalline MoO
significantly decreased after the dehydration pretreatment at 500
°C due to the thermal broadening caused by local heating of
the stationary sample spot by the laser bé&ft.

The Raman spectra of the bulk F&lb—O mixed metal
oxides under ambient and dehydrated conditions were recorded
(not shown here for brevity). Similar to the M&Nb—O system,
the Nb-O vibrations shift from~700 to 735 cm® with
increasing Te oxide loading. For 20% F&b—0O, a broad
shoulder at~692 cnt? due to TeQ crystallites was observed,
indicating the saturation of T&b,_«Os solid solution and the
formation of the Te@phase. Unfortunately, the surface telluria
species is not observable by Raman spectroscopy.

3.4. Catalytic Activity for Propane ODH. 3.4.1. Catalytic
Activity of Supported Metal Oxide$he catalytic properties of
the model NBOs-supported vanadia and molybdena catalysts
were initially investigated to obtain additional insights into the
catalytic nature of the bulk mixed metal oxides during propane
ODH.

The catalytic properties of NBs-supported vanadia for
propane oxidative dehydrogenation at 40D are shown in
Figure 5. The propylene selectivity for pure )03 is very high
(almost 100%) at these reaction conditions, but the propane
conversion is very low. For the N®s-supported vanadia
catalysts, the selectivity to propylene is rather similar{80%)
over a wide range of propane conversions and vanadia content.
The reaction rate for propane consumption linearly increases
with increasing surface vanadia loading, reaches a maximum
at 5% V,0s/Nb,Os, remains constant at 6%,@s/Nb,Os and
markedly decreases with increasing vanadia content. The
catalytic results reveal that5% V,Os/Nb,Os corresponds to
monolayer surface coverage and a small amount gdsV
crystallites has no catalytic effect. However, significant amounts

appeared under dehydrated conditions, indicating the presencef crystalline \bOs particles have a negative effect on propane
of a surface Me=O functionality. This Raman band cannot be ODH due to their intrinsic low surface area and covering of

due to terminal surface NBO vibrations because it is not
present in the pure NBs and 1% and 5% MeNb—O samples.

the surface vanadia sites. The catalytic properties of supported
V,0s/Nb,Os for propane ODH are summarized in Table 3. The
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TABLE 3: Catalytic Properties of Supported V,0s/Nb,Os Catalysts for Propane Oxidative Dehydrogenation (400C)

TOF of GHsg
catalysts catalyst conv of yield of sel to consumption rate (102
(V205 wt %) wt (mg) CsHs (%) CsHe (%) CsHs (103 Sfl) umol m-2 Sfl)

Nb,Os 100 0.04 0.04 100.0 1 0.02
1% V,0s/Nb,Os 60 1.49 1.08 72.3 3.91 1.02
2% V,05/Nb,Os 60 3.57 2.55 71.3 4.67 2.46
3% V,05/Nb,Os 60 4.55 2.94 64.6 3.98 3.12
4% V,05/Nb,Os 30 3.34 2.01 60.0 4.38 4.86
5% V,05/Nb,Os 30 3.64 242 66.5 3.45 6.05
6% V,05/Nb,Os 30 3.54 2.57 72.9 3.10 6.08
8% V,05/Nb,Os 60 5.54 3.64 56.2 1.82 5.30
V205 100 0.42 0.40 95.2 7.96 3.83

aDensity of active surface niobia sites of pure 8bwas determined by 2-propanol chemisorptibithe V,Os loading is greater than the
monolayer.° Density of active surface vanadia sites of purgywas determined by 2-propanol chemisorpti6#?

TABLE 4: Catalytic Properties of Supported MoO 3/Nb,Os Catalysts for Propane Oxidative Dehydrogenation (450C)

TOF of GHg
catalysts catalyst conv of yield of sel to consumption rate (103
(MoO3 wt %) wt (mg) C3Hs (%) CsHe (%) CsHs (10%s™ umol m2s1)

Nb,Os 100 0.04 0.04 100.0 (0274 0.4
1% MoOy/Nb,Os 60 0.22 0.22 99.3 0.9 1.2
2% MoOy/Nb,Os 60 0.31 0.31 98.9 0.6 1.7
3% MoQOy/Nb,Os 60 0.41 0.40 98.6 0.6 2.3
4% MoOs/Nb,Os 60 0.62 0.56 89.1 0.6 3.6
5% MoQOy/Nb,Os 30 0.41 0.38 90.7 0.7 4.9
6% M0oOy/Nb,Os 30 0.44 0.42 95.9 0.6 5.6
8% MoQOy/Nb,Os 30 0.55 0.53 96.2 0.6 7.4
10% MoQy/Nb,Os 30 0.76 0.68 89.6 0.6 11.0
20% MoGy/Nb,Os 30 0.62 0.56 89.4 04 10.3
MoO; 100 0.03 0.03 98.2 18 2.0

a Density of active surface niobia sites of pure;@pwas determined by 2-propanol chemisorptibithe MoQ; loading is greater than monolayer.
¢ Density of active surface molybdena sites was determined by 2-propanol chemiséfgtion.

reaction rate per unit surface area increases linearly with the 12 T T T 1) 100
vanadium oxide loading up to monolayer surface coverage . Supported MoO,/Nb,g,
(~5% V,0s/Nb,Os). Furthermore, the reaction rate normalized 1
per surface vanadium oxide site, TOF, is essentially constant 104 Setectivity o

as a function of surface vanadia coverage below monolayer. d 80

According to previous structural characterization stuéii€she ~
surface vanadia coverage has a significant effect on the structure.”
of the surface vanadia species: isolated surface vanadia specie§o 8-
are mainly present at low surface vanadia coverage whereas§
polymeric surface vanadia species are mainly present in thet | - 60
samples at high vanadia coverage (below monolayer). Therefore, %
the propane ODH reaction is a structure insensitive reaction
that requires only one surface vanadia site for the activation of |
propane.

The catalytic properties of the model p-supported
molybdena catalysts for propane oxidation at 43D are
presented in Figure 6. The selectivities to propylene for all the
samples are very high (9L00%) for the chosen reaction
conditions. The propane consumption rate linearly increases with Rate - 20
molybdena loading until 10% MogNb,Os. Thus, similarly to 24 /:
propane ODH over supported,®s/Nb,Os catalysts, the cata- E/]
lytic results suggest that10% MoGy/Nb,Os corresponds to /
monolayer coverage of surface molybdena species and that
crystalline MoQ particles have a minimal effect on the reaction L S S L L N

- X . 0 2 4 6 8 10 12 14 16 18 20 22
rate and propylene selectivity. The catalytic properties of
supported Mo@Nb,Os for propane ODH are summarized in MoO, content (wt.%)
Table 4. The TOF results further substantiate the conclusion Figure 6. Oxidative dehydrogenation of propane over8bsupported
that propane ODH is a structure insensitive reaction requiring molybdena metal oxides. Reaction at 480, SF= 50 mL/min.
only one surface MoQsite.

3.4.2. Catalytic Actiity of Bulk Mixed Metal OxidesThe 450, and 500°C, respectively. Both propane conversion and
influences of the YOs, MoO;s, and TeQ contents on the propane  propylene yield increased with increasing vanadia content in
ODH to propylene reaction over the bulkA\WNb—0O, Mo—Nb— Nb,Os and reached maxima at 10%,®05. However, both
O, and Te-Nb—0O mixed metal oxides were investigated at 400, catalytic parameters decreased upon further increasing the

% / Ananosjas *H°o

C,H, consumption rat
N
" 1 2
\n
1
I
o
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TABLE 5: Catalytic Properties of Bulk V —Nb—0O Mixed Metal Oxides for Propane Oxidative Dehydrogenation Reaction at
400°C

conv of sel to rate (10?2 fraction of V Ny TOF
catalysts C3Hg (%) CsHe (%) umol m2s71) on surface (%) (umol m™2) (103s
Nb2Os 0.04 100 0.02 0.0 0°1
1% V—Nb—0O 0.48 100 0.34 0.34 0.7 4.75
5% V—Nb—-O 1.72 64.5 2.03 0.34 55 3.55
10% V—Nb—0O 3.03 67.6 3.46 0.57 9.5 3.64
20% V—Nb—-0O 0.57 92.9 1.47 0.24 3.7 3.98
V205 0.42 92.8 3.83 43 7.96

a2 Number of active surface vanadia sites on pus®determined by 2-propanol chemisorptigié  Calculated on the basis of the number of
active surface niobia sites on pure Jlg determined by 2-propanol chemisorptigi#é

TABLE 6: Catalytic Properties of Bulk Mo —Nb—O Mixed Metal Oxides for Propane Oxidative Dehydrogenation Reaction at
450°C

conv of sel to rate (103 fraction of Mo Nwmo TOF

catalysts C3Hs (%) CsHs (%) umol m2s71) on surface (%) (umol m2) (10%s7)
Nb2Os 0.04 100 0.4 0.0 ox
1% Mo—Nb—0O 0.06 100 0.06 0.05 0.7 1.0
5% Mo—Nb—-O 0.19 92.0 1.8 0.37 25 0.7
10% Mo—Nb—0O 0.43 98.7 3.8 0.35 5.7 1.0
20% Mo—Nb—O 0.90 94.6 7.0 0.64 10.7 0.7
MoOs 0.03 98.2 2.0 3% 0.6

aNumber of active surface niobis sites on pure;®by 2-propanol chemisorptiot:3¢ ® Number of active surface molybdena sites on pure
MoO; by 2-propanol chemsorptioit:3

vanadia content in the bulk-¥Nb—O mixed metal oxides (see VMo TeNbO T 152
Table 5). In the Me-Nb—O catalytic system, the catalytic “vo-te- X& ‘

activity does not change when 1% Meg@as introduced into £
the bulk Mo—Nb—0O mixed metal oxide. However, both propane Mo-Te-NbOx] 18.6 m?g
conversion and propylene yield rapidly increased with increasing N
molybdena content (see Table 6). The catalytic activities of all 178 mlg
the samples in the FTeNb—0O system were extremely low and v-m-mm&

were even lower than pure MBs. These results further confirm
that telluria is completely inactive for propane activation to
propylene. The catalytic properties of the bulk-Mb—0O and
Mo—Nb—O mixed metal oxides for propane oxidative dehy- ,
drogenation are summarized in Tables 5 and 6, respectively. Te-NbOx[j 224 Mg
From the above results the activity order for propane ODH 1
follows the trend V-Nb—O > Mo—Nb—O > Nb,Os > Mo-NbOx§ 180mlg
Te—Nb—-0.

The catalytic results for propane ODH reaction over the bulk V-NbOX 25.0
V—Mo—Te—Nb—0O mixed metal oxides at 50T are presented N °

in Figure 7. NhOs (TT) is a host matrix for these bulk mixed 5
18.2 m?g

[ Yield
KXJ Conv.

18.9 m’/g
V-Mo-NbO: \q

metal oxides because the contents for all the metal oxide Nb,O,
components, except for MDs, were limited to 1%. The propane —

conversion and propylene yield of pure X3 are very low. 0 1 2 3 4

The propane conversion and propylene yield greatly increased

when 1% \4Os was introduced into the NBs (TT) matrix, Propane conversion and propylene yield (%)
suggesting that vanadia is an active component for propanerigyre 7. Oxidative dehydrogenation of propane over bulkMo—
activation. The catalytic behavior of 1% Md&b—O was almost Te—Nb—O mixed metal oxides at 50@C.

the same as that of pure bs. The catalytic activity signifi-

cantly decreased when 1% Te®as introduced into the NDs ) .

(TT) matrix. For the three-component samples, the catalytic 4- Discussion

activity of V—Mo—Nb—O was further enhanced compared to 4.1, Structural Models of Bulk and Supported Mixed

that of V—=Nb—O, indicating that both V and Mo play important  Metal Oxides. The Raman and XRD characterization studies
roles for propane oxidation and all the catalytic activities revealed that the synthesis of the bulk Mb—O, Mo—Nb—0,
decreased when 1% Te@as added to corresponding 2- or  and Te-Nb—O mixed metal oxides followed three stages: (1)
3-multicomponent bulk mixed metal oxide catalyst (i.eMo— some cations were initially introduced into the bulkg (TT)
Te—Nb—0O < V—Mo—Nb—0O; Mo—Te—Nb—O < Mo—Nb— lattice to form a solid solution or compound as well as present
O; V-Te-Nb—O < V—Nb—O0). These results suggest that on the surface as surface metal oxide species, (2) a two-
telluria is an inactive component for propane ODH to propylene. dimensional surface cation overlayer was formed after saturation
The significant difference in catalytic activity of these bulk of the solid solution, and (3) the formation of microcrystalline
mixed metal oxides cannot be due to the differences in their metal oxide phase (e.g.,,@s, MoOs) after the completion of
surface areas because they are similar (see Figure 7). the surface metal oxide monolayer.
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TABLE 7: Raman Band Positions of Dehydrated Surface M=O Terminal Bonds for Bulk V —Nb—O and Mo—Nb—O Mixed
Metal Oxides and Their Corresponding Nb,Os-Supported Metal Oxides

sample band position #0 (cm ™) structure substrate or support
Nb,Os (bulk) not detected polymeric NoNbOs Nb,Os (TT)
1% V—Nb—0O not detected Nb,VOs (TT)
5% V—Nb—0O 980 polymeric VQ Nb,VxOs (TT)
10% V—Nb—O 1020 ¢~1025} polymeric VQ V 4Nb1gO0ss + NbyV,Os
20% V—Nb—0O 1020 1025} polymeric VQ, V 4Nb1gOs5+ Nb, -V Os
surface NbQ@Nb,0s>¢ ~986 polymeric Nb@NbOs Nb,Os (TT)
surface VQ/V20s ~1020 Not known (polymeric V@?) V,0s
1% V,0s/Nb,05>%* 103® isolated VQ Nb,Os
5% V,05/Nb, 055 1033 isolated VQ Nb,Os
1% Mo—Nb—0O not detected NbxM0o,Os (TT)
5% Mo—Nb—0O ~985 (very weak) Mo® Nb,-xM0,Os (TT)
10% Mo—Nb—-0O 987 MoQ Nb,-xM0,Os (TT)
20% Mo—Nb—0 987 MoQ Nb,-xM0,Os (TT)
5% MOQ;/Nb20536 996 MOQ szOs (TT)

a Apparent Raman band position baseline corrected.

The Raman band positions and assignments for the terminalof oxygen ligands around the V cation, the higher the Raman
M=0 bonds detected for the dehydrated surface metal oxide band position, in cmt, of the terminal =0 bond. For instance,
overlayers of the bulk ¥*Nb—O and Mo—Nb—O mixed metal the vanadium cation has only 4-fold coordination in the isolated
oxides are summarized in Table 7. For comparison, the Ramansurface vanadyl species and exhibits the highest Raman band
bands for the corresponding dehydrated surface metal oxideposition (1036-1040 cnt?).5” The Raman band positions of
species present in NOs-supported oxides are also listed in terminal V=0 bonds for polymeric surface vanadia species
Table 7. The very similar Raman band positions for the (coordination number of V catioe 4-fold) are much lower
dehydrated surface metal oxide species on the bulk mixed metalthan that of the isolated surface vanadia species and occur at
oxides and their corresponding dehydrated,Gsupported ~1010-1020 cn1t57 The V,Os crystallites mostly consist of
surface metal oxide species suggest that similar surface metaldistorted VQ/VOs units253and exhibit a Raman band at 994
oxide species are also present on these bulk metal oxidescm due to the terminal ¥O bond. The third important factor
However, the surface metal oxide species on the bulk mixed is the character of the *¥O—support bridging bond. The
metal oxides may not be exactly the same as those on thestronger the interaction of-©support in the bridging bond, the
corresponding NiDs-supported metal oxides because the oxide weaker the interaction of %O in the bridging bond, therefore,
supports or substrates are somewhat different in these twothe stronger the interaction of the termina=® bond, which
different types of systems. For example, as shown in Table 7, results in a higher Raman bond position (indjn
the substrate in the 5% -¥YNb—O sample is the NbxV,Os The Raman band of the terminal®0 bond of the surface
(TT) solid solution, and the substrate in 10%-Mb—O is the vanadia species in the dehydrated 5% Nb—O sample was
V 4Nb;¢0s5 compound, whereas for supported 5%0¢/Nb,Os observed at 980 cm, which is much lower than that of the
the substrate is N5 (TT). surface vanadia species in the dehydrated 19@s\Nb,Os

It is generally accepted that the bridging—ND—support (~1031 cntl). Furthermore, the substrate for the surface
bonds are kinetically critical for the catalytic activity of the Vvanadia species of 5% -YNb—O is the UNb,.Os solid
supported metal oxidgs® However, the bridging VO— solution, in which the V atom has 6-fold coordination to adjacent
support bond cannot be directly monitored with Raman or IR 0xygen atoms. These results suggest that the somewhat lower
spectroscopy because it is not Raman active due to its slightlyRaman band position may be due to the higher coordination
ionic characte® and the IR absorption of the oxide supports number of vanadium cation in this surface vanadia species
also prevents its detectidf Fortunately, the different interac-  (Probably 5 or 6). When the vanadia content increases to 10
tions between bridging bonds ofFYO—support can be indirectly ~ 20% V—Nb—O, a Raman band appears-at020 cn1* that is
reflected by the terminal %O Raman vibration. Thus, a good ~ characteristic of (Nb-O);V=O0 structures. Furthermore, solid
understanding of the terminal %0 bond can provide some State®’V NMR studies of dehydrated ¥Nb—O revealed that
structural information for determining the molecular structure the surface VQ species possesses y@oordination and that
model of the surface and bulk mixed metal oxides. For example, the bulk VQ, species possesses ¥€oordinatiort*
the Raman vibration of the terminal=vD is the most critical Similar Raman band positions for dehydrated Mdb—O
information for characterizing the surface species of supported and MoQ/Nb,Os suggest that similar molecular structures of
metal oxides. For surface vanadia species, there are severalhe dehydrated surface MQGpecies are present in the bulk
factors that control the bond length of the termina® bond Mo—Nb—O mixed metal oxides and the supported M&M,0s
and its Raman band position. The first factor is the number of catalysts®®:55
terminal V=0 bonds per vanadium atom. In this study, the = On the basis of the characterization results, the structural
possibility of dioxo (i.e., two terminal ¥O bonds per vanadium  models of the surface species on the bulk mixed metal oxides
atom) can be excluded because no Raman bands are detecteae proposed and shown in Figure 8. For comparison, the
around 926-950 cnt?!, which are characteristic of terminal structural model of corresponding ps-supported vanadia
dioxo V=0.49-51 The presence of terminal?%O Raman bands  metal oxides, which have been extensively studiédare also
in the range 9861030 cn1! indicate that only one terminal ~ shown in Figure 8.

V=0 bond per vanadium atom is present in the samples of this 4.2. Catalytic Model of the Bulk V—Nb—O and Mo—
study. The second important factor affecting the termired V.~ Nb—O Mixed Metal Oxides. As described in the Introduction,

O vibration and its Raman band position is the number of the bulk mixed metal oxides represent a very complex catalytic
oxygen atoms coordinated to vanadium. The lower the number system. They possess three-dimensional structures, dand M
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Figure 8. Structural models of surface species on bulk mixed oxides
and on NbOs-supported vandia metal oxides: (a) Bulkilb—O (M
=V, Mo); (b) V20s/Nb,Os.

C‘HK consumption rate (10" umol m™s

cations are present both in the bulk lattice and on the surface. ]
In both bulk V—=Nb—O and Mo-Nb—O mixed metal oxide

catalysts, the highest propane conversions and propylene yields 0
were found on the samples that possess the two-dimensional : . : . : . :
surface metal oxides. For example, the highest propane conver- 0 5 10 15
sion and propylene selectivity were found on the 10%Nb—0O Vanadium surface density (umolm™)

and 20% Mo-Nb—O samples. These two samples exhibited Figure 9. CsHg consumption rate normalized per unit surface area as
the lowest XRD peak intensity of the bulk mixed metal oxides @ function of vanadia surface density.

and the strongest Raman bands of the surface metal oxide
species. These correlations strongly suggest that the surface

mgtal oxide species are the active sites in these bulk mixed metal 12 Y=0.20764 + 0.61079 X, (R=0.99425) .
oxide catalysts. u

The corresponding model MBs-supported metal oxide
catalysts were employed to determine the number of surface 10 -
active sites present on the bulk~\Wb—O and Mo-Nb—O T
mixed metal oxides for propane oxidation on the basis of the g
following catalytic features and assumptions: (1) only the <& 84
surface metal oxide species are the active sites for propane ODH :
because the bulk sites are not exposed to the reactants, (2) purég/
Nb,Os has an extremely low activity for propane activation,
indicating that only surface V or Mo oxide species are the active
sites for V—=Nb—0O and Mo-Nb—O catalysts, respectively, (3)
similar active surface sites are present in the bulk mixed metal
oxides and their corresponding model Jg-supported metal
oxides.

The reaction rates normalized per unit surface area as a " » 4
function of vanadia surface density for model9g-supported
vanadia catalysts below monolayer coverage are presented in
Figure 9. This standard curve can be used for the determination ~  _
of the number of active surface V sites on bulkMb—0O mixed
metal oxides by comparing the reaction rate per unit surface
area under the same reaction conditions. The surface densities 5 v : Y 15 S
of the active surface vanadia species on the butkNb—O ) N
mixed metal oxides obtained by this method are listed in Table Molybdenum surface density (umol m”)

5. Thus, the TOF values can be determined for the bulk mixed Figure 10.' CsHs consumption rate norma]ized per unit surface area
metal oxides after the numbers of surface vanadia sites on theS @ function of molybdena surface density.

bulk V—Nb—0O mixed metal oxides are determined (see Table

5). The numbers of surface Mo atoms present on the bulk Comparison of the TOF values of the different metal oxide
Mo—Nb—O mixed metal oxides were similarly determined by catalysts provides additional insight about the reactivity of the
using the standard curve for the propane ODH reaction rate different active surface sites for propane ODH. The most active
normalized per unit surface area as a function of molybdenum surface sites are found on bullk®s crystals, only the surface
surface density of the corresponding modelL,®dsupported vanadia sites at the edges are act#®and are about twice as
molybdena catalysts (Figure 10). The results for the active active as the surface vanadia sites present on thgOd\b
surface molybdenum densities and TOF values of bulk VNb, «Os, or V4Nb;gOss5 bulk oxides. The surface vanadia sites
Mo—Nb—0O mixed metal oxides are presented in Table 6. are approximately 2 orders of magnitude more active than the

H8 consumption rate
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surface molybdena sites for propane ODH. The surface mo- 56) Weckhélt))/selr(n fB. M.f; Wachds, I Ef. Catal)f/sis by Eﬁl:gcl)ported Metal
; i Oxides. InHandbook of Surface and Interfaces of Materjidlglwa H. S.,

lybdena sites on bulk Mogxrystals (only the surface sites at - 24\ © g ric press: New York, 2001: Vol. 1, p 643,

the edges are acti¥e®) are approximately 3 times as active as (7) Cavani, F.; and Trifiro, FCatal. Today1999 51, 561.

the surface molybdena sites present on thgdylor Mo,Nb,_Os ~ (8) Ertl, G., Knozinger, G., Weitkamp, J., Ed&vironmental Cataly-

bulk oxides. The surface molybdena sites are more than an ordesis Wiley-VCH: Weinheim, 1998.

; ; i Mia o (9) Watling, T. C.; Deo, G.; Seshan, K.; Wachs, I. E.; Lercher, J. A.
of magnitude more active than the surface niobia sites on bulk .-/ Today1996 28, 139.

Nb2Os er propane ODH. Th? Syrffilce telluria sites are €ven - (10) Mamedov, E. A.; Corberan, V. Gppl. Catal. A: Generall995
less active than the surface niobia sites. So the general specificl27, 1. _
activity trend of these surface metal oxide sites is¥OMoOy (11) Bettahar, M. M.; Costentin, G.; Savary, G.; Lavalley, JA@pl.
> NbOy > TeQ. This trend reveals that active catalysts for Catal A: Generall996 145 1.

: h ’ ,y (12) Smits, R. H. H.; Seshan, K.; Ross, J. R.; Oetelaar, L. C. A;
propane ODH must contain some surface vanadia sites. Helwegen, J. H. J. M.; Anantharaman, Brongersma HJ HCatal 1995

The determination of the number of surface active sites of 157 584. _
bulk mixed oxides by comparison with corresponding model ~ (13) Kung, M. C.; Kung, H. H.). Catal 1992 134, 668.
) . (14) Khodakov, A.; Yang, J.; Su, S.; Iglesia, E.; Bell, A. J.Catal

supported metal oxides enabled the calculation of TOF and ajggg 177 343.
reliable comparison of the catalytic behavior of different bulk (15) Barbier, F.; Cauzzi, D.; Smet, F. D.; Devillers, M.; Moggi, P.;
mixed oxides. The composition and calcinations temperature Predieri, G.; Ruiz, PCatal. Today200Q 61, 353.

. . - (16) Stern, D. L.; Grasselli, R. KI. Catal 1997, 167, 550.
of bulk mixed oxide catalysts affects the density of the surface (17) Watson, R, B.. Ozkan, U. 9. Catal 200q 191 12.

active sites, which further controls their catalytic behavior. (18) Chen, K.: Xie, S.: Iglesia, E.. Bell, A. T. Catal 200Q 189, 421.
(19) Khodakov, A.; Olthof, B.; Bell, A. T.; Iglesia, El. Catal 1999
5. Conclusions 181, 205.

(20) Chen, K.; Khodakov, A.; Yang, J.; Bell, A. T.; Iglesia, E. Catal
(1) The bulk and surface structures of unsupported\¥y—0O 200Q 186, 325. _
and Mo-Nb—O mixed oxides were determined by XRD and ~ (21) Chen, K. Xie, S Iglesia, E.; Bell, A. .. Catal 200 192 197.

(22) Chen, K.; Bell, A. T.; Iglesia, El. Phys. Chem. B00Q 104, 1292.
Raman spectroscopy. The structural models of the surface (23) Lemonidou, A. A.; Nalbandian, L. Vasalos, I. Satal. Today

species present on the bulk mixed metal oxides efNb—O 200Q 61, 333.

and Mo—Nb—O were proposed from comparative studies with (24) Arena, F.; Frusteri, F.; Parmaliana. Batal. Lett 1999 60, 59.

the corresponding model MBs-supported vanadia and molyb- Cagf) A.E;rg‘g']é \r{a-;zgg‘(g"i%*goéﬁ? Sechi, S.; Busca, G.; RossiniASpl.

dena. (26) Lopez Nieto, J. M.; Coenraads, R.; Dejoz, A.; Vazquez, I8tuid.
(2) Propane ODH to propylene is a structure insensitive Surf. Sci. Catal1997 110, 443.

reaction because only one surface Mghe is required for (27) Gao, X.; Jehng, J. M.; Wachs, |. E. Catal 2002 209, 43.

(28) Eon, J. G.; Olier R.; Volta, J. . Catal 1994 145 318.

propane activation. 29) Banares, M. ACatal. Today1999 51, 319
(3) The catalytic model for the bulk mixed metal oxides was §30; Banares. M. A. Gao, X.. ,:)i/erro, J. L. G. Wachs, I.Sgud. Surf,

proposed, and the surface vanadia and molybdena species ar8ci. Catal 1997, 110, 295.
the active surface sites in the bulk-\Wb—0O and Mo-Nb—O (31) Blasco, T.; Galli, A.; Lopez Nieto, J. M.; Trifiro, B. Catal 1997,
) X . . 169, 203.
mlxt_ad rr_1eta| oxide catalysts, respect|_vely. T_he composition and (32) Oyama, S. T.: Somorjai, G. A. Phys. Chem199Q 94, 5022.
calcination temperature of the bulk mixed oxide catalysts affects  (33) oyama, S. TJ. Catal1991, 128 210.
the surface density of the active sites, which controls their  (34) lUshikuba, T.; Oshima, K.; Kayou, A.; Vaarkamp, M.; Hatano, M.
; ; J. Catal 1997169, 394.
Catalytl%.behavéor'f. d itativelv d . h (35) Gao, X.; Bare, S.; Weckhuysen, B. M.; Wachs, [JEPhys. Chem.
(4) This is the first study to quantitatively determine the p 1993 102 10842..
number of surface active sites present on bulk mixed metal (36) Hu, H.; Wachs, I. EJ. Phys. Cheml995 99, 10897.
oxides from a comparative study with the corresponding model ~ (37) Kulkarni, D.; Wachs, 1. EAppl Catal. A General2002 237, 121.
supported metal oxides, which enabled the calculation of the (38) Badlani, M.; Wachs, I. ECatal. Lett 2001, 75, 137.
. . . . (39) XRD standard data in JCPDS, No. 28-0317.
TOF values and a _rellable comparison of the catalytic behavior  (40) XRD standard data in JCPDS, No. 46-0087.
of different bulk mixed metal oxides. (41) Jehng, J. M.; Wachs, |. Eatal. Today199Q 8, 37.

(5) The reaction rateufnol m=2 s™1) for the oxidative (42) Ikeya, T.; Senna, MJ. Non-Cryst. Solid4998 105,243.
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