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Abstract

Fifteen distinct MgO–V2O5, MgO–MoO3, MgO–V2O5–MoO3, and V2O5–MoO3 compositions were prepared using sol–gel chemi
and their selectivities and conversions for propane oxidative dehydrogenation (ODH) to propylene were measured. The vanadates
active than the molybdates at lower temperatures; however, the molybdates exhibited higher selectivities at similar conversions. A
in both ODH conversion and selectivity with molybdenum substitution on vanadium sites was also observed. These results demo
importance of the bulk structure on the ODH reaction. In general, propylene selectivities increased with increasing conversions a
tures above 673 K when oxygen depletion in the reactant stream occurred. Visible and UV Raman spectroscopy corroborates this
helps focus attention on critical surface-specific information. A new Raman peak was observed for the partially reduced MgMoO4 and is
associated with a three-coordinate surface oxygen.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The selective conversion of short chain alkanes (C3H8–
C5H12) to useful intermediates via catalytic oxidative deh
drogenation (ODH) is of interest to the petrochemical a
energy industries and has been studied extensively [1
The oxidative dehydrogenation of propane to propyl
has been studied using vanadium- and molybdenum-ox
based catalysts [7–17]. The reaction is believed to p
ceed by a Mars–van Krevelen reaction mechanism [18–
in which adsorbed propane reacts with lattice oxygen
the reduced metal oxide reacts with adsorbed, dissoc
O2 [25]. A fundamental understanding of the active s
face(s) and the reaction mechanism is needed to improv
selectivity and conversion of propane ODH and increase
yield of propylene.

Magnesium vanadium oxide catalysts have received
siderable attention for the ODH of propane [6–12,26–2
It is generally accepted that the reaction proceeds by
abstraction of a hydrogen from the alkane and reduc
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doi:10.1016/j.jcat.2004.01.023
of a tetrahedrally coordinated V5+ species [26]. Magne
sium orthovanadate, Mg3(VO4)2, contains isolated VO43−
anions [30], and the pyrovanadate, Mg2V2O7, is composed
of corner-shared VO4 tetrahedra in the V2O7

4− units [31].
However, the specific structure of the active site is unkno
Kung and co-workers attribute the selectivity for propyle
to the Mg3(VO4)2 structure, and suggest that the oxyg
atoms in the V–O–Mg bonds are harder to reduce than
bridging oxygen in the V–O–V bonds in Mg2V2O7 [28,29].
In contrast, Volta and co-workers report that Mg2V2O7 is
the selective phase and Mg3(VO4)2 leads to the complet
oxidation of the alkanes [8]. They relate the selectiv
with the ability of the corner-shared VO4 tetrahedra in the
V2O7

4− anion to stabilize V4+ associated with an oxyge
vacancy [27]. Conversely, Fang et al. state that Mg3(VO4)2
exhibits a higher conversion, but Mg2V2O7 is more selec-
tive at the same conversions [12]. These discrepancies i
catalytic properties generally are attributed to difference
preparation methods [9,28,32].

Several authors have demonstrated that magnesium
lybdates exhibit higher selectivities but lower activities co
pared to those of the magnesium vanadates [14,15,33
Interestingly, each of these reports describes an impr

http://www.elsevier.com/locate/jcat
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ment in the catalytic activity of MgMoO4 with a slight ex-
cess of molybdenum oxide. Cadus and co-workers conc
that a synergistic effect between MgMoO4 and MoO3 results
in the enhanced activity [35]. They relate the effect to a m
ification of the active sites of the two phase MgMoO4–MoO3
catalyst [35]. Similarly, Lee et al. attribute the improved
tivity to MoOx clusters on the surface of MgMoO4 [36].
Their conclusion is based on studies of MoO3 supported on
“inactive” MgMoO4 and treatments of MgMoO4 with acid
and base solutions to modify their surfaces [36]. In contr
Miller et al. assign the increased activity to the format
of MgMo2O7 [17], which forms from the reaction of MoO3
and MgMoO4.

The three phases, Mg2V2O7, Mg3(VO4)2, and MgMoO4,
have been shown to be active and selective for the O
of propane; therefore, the more complex MgO–V2O5–
MoO3 system should contain interesting ODH cataly
Previously, Harding and co-workers investigated the ph
equilibria of MgO–V2O5–MoO3 and reported the discov
ery of two new features: a new compound Mg2.5VMoO8
and molybdenum substitution into magnesium orthova
date, Mg3−x(V1−xMoxO4)2, ∼ 0.03 > x > 0 [37]. The
authors state that molybdenum substitutes into both c
tal lattices, such that the oxidation state of vanadium
mains unchanged; electrical neutrality is maintained
the presence of magnesium vacancies. Wang et al. r
considerable substitution of vanadium and molybden
into the Mg2.5VMoO8 structure, Mg2.5+xV1+2xMo1−2xO8
(−0.05� x � 0.05) [38]. Zubkov and co-workers emph
size a third, interesting aspect in the ternary phase diag
the coexistence of the solid solution V2−2xMo2xO5+x ,
∼ 0.15> x > 0 with MgMoO4 [39]. This result suggest
that MgMoO4 can serve as a support for V2−2xMo2xO5+x .

The mixing of the constituent oxides, competitive s
reactions, and/or the presence of trace impurities can com
cate the preparation of single-phase catalyst samples.
lysts have been prepared by impregnation techniques
15,26,34], or the reaction of metal solutions stabilized
contrasting pH [14,16,17], which can lead one of the m
species to preferentially precipitate from solution. Genera
single-phase mixed metal oxides form at high calcina
temperatures (> 973 K), but the samples have low surfa
areas [8]. Calcinations at lower temperatures often resu
incomplete reactions and a mixture of phases [8,9,14,17
this study, a series of mixed metal oxides in the MgO–V2O5–
MoO3 ternary system were prepared for the first time, to
best of our knowledge, by a sol–gel method. In general
sol–gel method allows single-phase samples to be syn
sized at lower temperatures (823 K) because of the intim
and nearly homogeneous mixing of the constituent elem
The lower reaction temperatures result in a smaller ave
particle size and an increased surface area.

Catalyst structure may depend on the conditions un
which the sample has been characterized [40–45], th
fore it is important to study the structure of a catalyst
der conditions that replicate the reaction conditions. S
t

,

-
,

-

.

-

in situ characterization might provide insight into the
action mechanism(s) that occur(s) during the applied r
tion conditions. Raman spectroscopy recently has been
plied successfully to examine catalysts during reaction c
ditions [43,44,46–48].

The present work is directed toward understanding
reaction pathway of propane ODH on the catalyst surf
We report the novel synthesis of compositions found in
MgO–V2O5–MoO3 ternary system and compare their sel
tivities and conversions for the propane ODH. Raman s
troscopy was used to characterize the (surface) structur
Mg3(VO4)2 and MgMoO4 during replicated reaction cond
tions. These results are related to the ODH selectivities
conversions.

2. Experimental

Fifteen catalysts found in the MgO–V2O5, MgO–V2O5–
MoO3, MgO–MoO3, and V2O5–MoO3 systems were pre
pared by a sol–gel technique (Table 1). Stoichiome
amounts of magnesium ethoxide (Mg 21–22%, Alfa Aes
vanadium triisopropoxide oxide (95–99%, Alfa Aesar), a
bis(acetylacetonato)dioxomolybdenum(VI) (99%, Aldric
were dissolved in 2-methoxy ethanol (99%, Aldrich) and
fluxed. An appropriate amount of a 5% by volume NH4OH
aqueous solution was added so that four equivalents of w
were present for every –OR group. This ensured hydro
of the alkoxide groups. Upon hydrolysis, the sample p
cipitated from solution. After evaporation of the solvent
383 K, the samples were calcined in a flow of O2 for 12 h
at 823 K. Higher reaction temperatures (up to 1273 K) w
required to synthesize the three Mg2.5+xV1+2xMo1−2xO8
(x = −0.04, 0, and 0.04) compounds (respectively,E, F,
andG). A 1:2 molar mixture of Mg3(VO4)2/MgMoO4 (H)
was prepared to compare its catalytic properties with th
of Mg2.5VMoO8 (F). The V2−2xMo2xO5+x (x = 0, 0.07,
and 0.14)-supported catalysts (respectively,L, M, and N)
were synthesized by first preparing the MgMoO4 support by
the above procedures. After calcination, the support was
pregnated with stoichiometric amounts of the alkoxides
a 2% by molarity V2−2xMo2xO5+x (x = 0, 0.07, and 0.14
and the samples were recalcined for 12 h at 823 K.

A reference sample of Mg2V2O7 (Table 1, footnote c
was prepared by a solid-state ceramic technique to com
its particle size with the sol–gel prepared Mg2V2O7 (B).
Stoichiometric amounts of MgO (99.95%, Alfa Aesar) a
V2O5 (99.6+%, Aldrich) were combined and the metal o
ides were mixed using an agate mortar and pestle. Eth
was added to help achieve an intimate mixture. The sam
was calcined in a flow of O2 for 12 h at 873 K.

X-ray diffraction (XRD) patterns of the polycrystallin
samples were recorded at room temperature on a Ri
diffractometer (Cu-Kα radiation, Ni filter, 40 kV, 20 mA;
2θ = 10–70◦, 0.05◦ step size, and 1-s count time). The cr
talline phases were identified by comparison with the d
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Table 1
Physical properties of metal oxides in the MgVO, MgMoO, MgVMoO, and VMoO systems

Ref.a Targeted Calcination Structure of PDFb Surface area Physical
label formulation temperature fresh catalyst Ref. (m2 g−1) appearance

(K) (by XRD) card of fresh catalys

A MgV2O6 (meta) 823 MgV2O6 45-1050 4.3 Light yellow
B Mg2V2O7 (pyro)c 823 α-Mg2V2O7 31-0816 9.0 Off white
C Mg3(VO4)2 (ortho) 823 Mg3(VO4)2 37-0351 29.3 Off white
D Mg2.98(V0.98Mo0.02O4)2 823 Mg3(VO4)2 37-0351 26.5 Dull yellow
E Mg2.54V1.08Mo0.92O8 1223 Mg2.5VMoO8 82-2074 0.91 White
F Mg2.5VMoO8 1173 Mg2.5VMoO8 82-2074 0.62 Dull yellow
G Mg2.46V0.92Mo1.08O8 1323 Mg2.5VMoO8 82-2074 0.29 Dull yellow
H 1:2 molar ratio 823 Mg3(VO4)2/ 37-0351 28.0 Off white

Mg3V2O8/MgMoO4 β-MgMoO4 72-2153
I Mg0.992MoO3.992

d 823 β-MgMoO4 72-2153 4.2 Pale gray
J Mg1.015MoO4.015

e 823 β-MgMoO4 72-2153 11.1 White
K MgMo2O7 823 MgMo2O7 32-0622 2.4 White
L 2%V2O5/MgMoO4 823 β-MgMoO4/ 72-2153 4.0 Pale gray

V2O5 41-1426
M 0.14%MoO3/ 823 β-MgMoO4/ 72-2153 3.8 Pale gray

1.86%V2O5/ V2O5 41-1426
MgMoO4

N 0.28%MoO3/ 823 β-MgMoO4/ 72-2153 3.9 Pale gray
1.72%V2O5/ V2O5 41-1426
MgMoO4

O MoV2O8 823 MoV2O8/ 74-1510 2.2 Brown
V2O5 41-1426

a A–D are MgVO,E–H are MgVMoO,J–K are MgMoO,L–N are VMoO supported on MgMoO, andO is VMoO.
b Powder diffraction file reported in the JCPDS (Joint Committee of Powder Diffraction Standards) database.
c A single-phase sample was prepared by the solid-state technique and had a surface area of 1.1 m2 g−1.
d XRD indicates single-phase sample; however, the sample is likely to consist of a mixture of MgMoO4 and MoO3.
e XRD indicates single-phase sample; however, the sample is likely to consist of a mixture of MgMoO4 and Mg(OH)2.
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reported in the JCPDS (Joint Committee of Powder Diffr
tion Standards) database.

Thermal gravimetric analysis (TGA) was performed
the Mg3(VO4)2 sol–gel precipitate in flowing oxygen t
study the combustion of the residual alkoxide moieties d
ing calcination. Measurements were made on a TA Ins
ments TGA 2950 thermogravimetric analyzer. The hea
profile was a linear ramp from room temperature to 723 K
2 K min−1. The sample was held isothermally at 723 K
12 h and then heated to 923 K at 2 K min−1.

Surface areas were measured by N2 adsorption at 77 K
using an OMNISORP 360 and determined using a 5-p
Brunauer, Emmet, and Teller (BET) method. Krypton a
sorption measurements, using a Micromeritics ASAP (
celerated Surface Area and Porosimetry) 2405 Instrume
77 K, were made for the accurate determination of sur
areas that were< 1 m2 g−1.

Scanning electron microscopy (SEM) micrographs
Mg2V2O7 prepared by the solid-state technique, a
Mg2V2O7 (B) and Mg3(VO4)2 (C) prepared by the sol–
gel method, were obtained with a Hitachi S-4500 FE-SE
Samples were deposited on carbon tape and coated
5 nm of gold to prevent charging.

Inductively coupled plasma-atomic emission spectrop
tometry (ICP-AES, Thermo Jarrell Ash Atomscan Mod
25 Sequential ICP spectrometer) was used to determin
Mg/Mo atomic ratios in the magnesium molybdate samp
t

(I andJ). Approximately 0.1 g samples were dissolved w
6 ml of 15.8 M HNO3 and diluted to∼ 20 µg ml−1 of so-
lution. The samples were further diluted to∼ 1 µg ml−1 of
solution to inspect for possible contaminants using ind
tively coupled plasma-mass spectroscopy (ICP-MS).

Visible Raman spectra were obtained for the sol–gel
pared Mg2V2O7 (B), Mg3(VO4)2 (C), Mg2.98(V0.98Mo0.02-
O4)2 (D), 1/2 molar mixture Mg3(VO4)2/MgMoO4 (H),
Mg0.992MoO3.992 (I), and Mg1.015MoO4.015 (J). The metal
oxides were sieved to 60/140 mesh particles and∼ 0.5 cm of
material was packed and centered into a∼ 2-cm-long quartz
tube (i.d., 3.0 mm; o.d., 5.0 mm). Samples were loaded in
high-pressure cell and translated laterally to minimize la
induced damage. The spectra were collected using∼ 60 mW
of 514.5 nm radiation of a Lexel Model 95 Argon ion las
and a SPEX triplemate spectrograph equipped with a C
detector. An acetaminophen standard was used as a
ence to calibrate the spectra. In addition, visible Ram
spectroscopy characterized the structures of Mg3(VO4)2 (C)
and Mg0.992MoO3.992 (I) during replicated reaction cond
tions. The samples were exposed to reaction gas (30% C3H8,
10% O2, and 60% N2 by volume) flowing at 50 standar
cm3 min−1 (sccm, ml min−1) while the spectra were take
at 303, 623, 673, 723, and 798 K. Then, the samples w
reoxidized at 798 K with flowing air while the spectra we
taken. Spectra of fresh samples were collected while hea
at 798 K in a 100 sccm flow of He.
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Table 2
Oxidative dehydrogenation of propane over magnesium vanadates and molybdatesa

Ref. Targeted formulation Mass 5% conversionb 10% conversionb High conversionc

label tested Selectivity Temperature Selectivity Temperature Temperature Conversion Sel
(g) (%) (K) (%) (K) (K) (%) (%)

A MgV2O6 (meta) 2.07 57.2 626 44.2 661 811 15.2 47.6
B Mg2V2O7 (pyro) 1.67 54.5 638 47.4 671 807 15.6 53.1
C Mg3V2O8 (ortho) 1.70 23.4 641 29.1 698 807 12.6 40.3
D Mg2.98(V0.98Mo0.02O4)2 1.71 46.0 623 40.6 652 804 16.5 55.6
E Mg2.54V1.08Mo0.92O8 2.28 – – – – 807 4.6 38.4
F Mg2.5VMoO8 2.64 45.2 806 – – 808 5.4 40.2
G Mg2.46V0.92Mo1.08O8 2.75 57.4 763 46.8 806 809 10.4 46.0
H 1:2 Mg3V2O8/MgMoO4 1.56 29.7 702 30.8 738 806 13.2 40.5
I Mg0.992MoO3.992 2.30 76.8 690 71.3 724 808 18.6 61.8
J Mg1.015MoO4.015 2.01 46.0 731 44.6 742 806 15.4 49.2
K MgMo2O7 2.53 70.7 678 61.3 714 798 17.3 58.8
L 2%V2O5/ MgMoO4 2.34 59.6 678 54.1 718 813 16.8 59.3
M 0.14%MoO3/1.86% 2.44 61.1 673 47.4 707 813 18.2 60.5

V2O5/ MgMoO4
N 0.28%MoO3/1.72% 2.33 66.2 677 52.0 710 814 17.8 60.4

V2O5/MgMoO4
O MoV2O8 2.82 35.2 620 17.1 676 811 12.9 35.5

Quartz chips – – – – – 808 3.3 51.1

a Test conditions: 30% C3H8, 10% O2 (50 psig, 4000 GHSV, total flow= 133 sccm 14/30 mesh catalyst). Conversion and selectivity computed bas
gas-phase components only.

b Interpolated from the observed data.
c Highest conversion obtained.
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UV Raman spectroscopy characterized Mg3(VO4)2 (C)
and Mg0.992MoO3.992 (I) after they were exposed to rep
cated reaction conditions. The UV Raman spectra were
lected using∼ 5 mW of the 244 nm line, which was gene
ated by frequency doubling the 488 nm output of an A+
ion laser to 244 nm using a temperature-tuned BBOβ-
BaB2O4) crystal. The Raman scatterings from the samp
were collected using an ellipsoidal mirror, in an 180◦ back-
scattering geometry, coated with Al:MgF2 to improve UV
reflectivity. The photons were focused onto a Spex trip
grating spectrometer equipped with an imaging photom
plier tube. The spectral resolution is limited by the detec
to ∼ 20 cm−1. Standards of chloroform, cyclohexane, et
acetate, and Teflon were used to calibrate the spectra.
gram samples were placed into a fluidized bed cell [49].
samples were exposed to a 30 sccm flow of reaction
(75% C3H8 and 25% O2 by volume) for 1 h at 303, 623, 673
723, and 798 K. Then, the samples were reoxidized wi
7.5 sccm flow of O2 for 1 h at 798 K. In addition, spectr
were collected after heating fresh samples at 798 K for
in a 25 sccm flow of He. All samples were cooled to 298
before the UV Raman spectra were taken under flowing2
for 1 h. This procedure was adopted to protect the ellipso
mirror from heat damage.

The selectivities and conversions of the metal oxides w
measured for the oxidative dehydrogenation of prop
Catalyst powders were pressed at 1020 atm for 15 mi
form a 3.18-cm-diameter tablet. The tablet was then crus
and sieved to 14/30 mesh particles. Propane ODH con
sions and selectivities were tested in a packed bed, d
-

-

flow reactor using 2 cm3 of catalyst. The catalyst was dilute
with 2 cm3 of quartz chips (14/30 mesh) to prevent the f
mation of temperature gradients. A reactant gas mixtur
39.9 sccm C3H8, 13.3 sccm O2, and 79.8 sccm N2 was in-
troduced into the reactor at 3.4 atm. The reactor was he
to 573 K, data were collected after 3 h, and then the tem
ature was increased by 25 K. Again, the data were colle
after the reaction proceeded for 3 h. This procedure wa
peated until data had been collected every 25 to 773 K w
final 35 K increase to 808 K, where the temperature was
for 24 h and data were collected every 3 h. In all studies
reactor effluent passed through a condenser to remove
ter and liquid oxygenated products. Gas-phase reactant
products were analyzed with an on-line HP 6890 gas c
matograph equipped with a thermal conductivity detec
Chromatograph separation was accomplished with a m
cular sieve column, a Poroplot Q, and an alumina/KCl c
umn. The condensate was analyzed offline with an HP5
Series II chromatograph using a Supelcowax column a
flame ionization detector. The conversions and selectiv
listed in Table 2 are based on carbon and are calculate
the following equations:

Conversion= ((
3∗ [C3H6] + [CO] + [CO2]

)

/(
3∗ [C3H8]reactant

)) ∗ 100%,

Selectivity= ((
3∗ [C3H6]

)

/(
3∗ [C3H6] + [CO] + [CO2]

)) ∗ 100%.
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3. Results and discussion

3.1. Catalyst synthesis and characterization

Metal oxides were synthesized at 823 K by the sol–
method and analyzed with powder X-ray diffraction (XR
(Fig. 1). Examination of the powder diffraction patter
reveals the formation of the targeted compositions w
out the presence of trace impurities with a few exceptio
The MoV2O8 (O) and the three Mg2.5+xV1+2xMo1−2xO8
compositions (E, F, and G) were not single-phase sam
ples at 823 K. The diffraction pattern forO contains
peaks indicative of V2O5. It has been reported that th
preparation method and the calcination temperature
fluence the composition of Mo–V oxides [50–52]. T
Mg2.5+xV1+2xMo1−2xO8 structure is located along th
Mg3(VO4)2–MgMoO4 tie line. A mixture of Mg3(VO4)2
and MgMoO4 is present at 823 K because the Mg2.5VMoO8-
type structure does not form appreciably below 1173 K [5
A single phase of Mg2.5VMoO8 (F) was formed at 1173 K
(Fig. 2). Temperatures of 1223 and 1323 K (which are
low its peritectic melting point, 1423 K) were needed
incorporate the excess vanadium and molybdenum, res
tively, into the Mg2.5+xV1+2xMo1−2xO8 structure and form
Mg2.54V1.08Mo0.92O8 (E) and Mg2.46V0.92Mo1.08O8 (G).

Fig. 1. Powder diffraction patterns for the sol–gel-prepared metal ox
calcined at 823 K: (a) MgV2O6; (b) Mg2V2O7; (c) Mg3(VO4)2;
(d) Mg2.98(V0.98Mo0.02O4)2; (e) 37.0% Mg3(VO4)2/MgMoO4;
(f) 1:2 Mg3(VO4)2/MgMoO4; (g) 29.9% Mg3(VO4)2/MgMoO4;
(h) Mg0.992MoO3.992; (i) Mg1.015MoO4.015; (j) MgMo2O7; (k) 2% V2O5
on MgMoO4; (l) 1.86% V2O5, 0.14% MoO3 on MgMoO4; (m) 1.72%
V2O5, 0.28% MoO3 on MgMoO4; (n) MoV2O8, impurity V2O5(∗).
Diffraction patterns were taken at room temperature in air.
-

Fig. 2. Powder diffraction patterns of (a) Mg2.54V1.08Mo0.92O8;
(b) Mg2.5VMoO8; (c) Mg2.46V0.92Mo1.08O8; calcined at 1173, 1223, an
1323 K, respectively. Diffraction patterns were taken at room tempera
in air.

Combustion of the residual alkoxide moieties during
calcination of the Mg3(VO4)2 precipitate was investigate
with thermogravimetric analysis. Inspection of the TGA d
showed a continuous weight loss of 25.2% upon increa
the temperature from room temperature to 723 K in flow
O2. However, no additional weight loss was observed u
increasing the temperature from 723 to 973 K. This imp
that all of the organic compounds were combusted when
samples were calcined at 823 K for 12 h.

The physical properties of the metal oxides are sum
rized in Table 1. Surface areas increased as the Mg/V
Mg/Mo atomic ratios increased. This, in turn, is consist
with increasing melting points for the samples as the M
and Mg/Mo atomic ratios increase. The low surface area
the Mg2.5+xV1+2xMo1−2xO8 samples (E, F, andG) are a
result of the high calcination temperatures required to fo
single-phase samples.

Scanning electron micrographs (Fig. 3) of Mg2V2O7
prepared by the solid-state technique, and Mg2V2O7 (B)
and Mg3(VO4)2 (C) prepared by the sol–gel method, co
firm the small (< 500 nm), uniform particle size of thes
metal oxides prepared by the sol–gel method at 823 K.
smaller size of the Mg2V2O7 particles prepared by the so
gel method compared with the sample synthesized by
solid-state technique is evident from the figures.

Raman spectra of select metal oxides are shown
Fig. 4. The spectra of Mg2V2O7 (B), Mg3(VO4)2 (C),
and Mg0.992MoO3.992 (I) are consistent with previously re
ported spectra [54–56]. Minor shifts (� 1 cm−1) in the
peak positions betweenC and Mg2.98(V0.98Mo0.02O4)2 (D)
were detected but no additional peaks were found, c
firming the absence of MgMoO4 (996 cm−1) and MoO3
(826 cm−1) [57]. Large backgrounds, due to fluorescen
were seen in the spectra of the 1:2 molar Mg3(VO4)2/

MgMoO4 (H) and Mg1.015MoO4.015 (J). The background
in the spectrum ofJ is so intense that the vibrational fe
tures barely can be discerned.

The source of fluorescence is difficult to attribute
a specific origin, because organic phases [58], trace
sition metal impurities [58] (e.g., iron), and/or hydrox
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Fig. 3. SEM micrographs of (a) Mg2V2O7 prepared by the solid-state tec
nique calcined at 873 K; (b) Mg2V2O7 prepared by a sol–gel metho
calcined at 823 K; (c) Mg3(VO4)2 prepared by a sol–gel method calcin
at 823 K.

groups [59] can cause fluorescence. It was establi
from the TGA experiments that an organic phase is
present and therefore cannot cause the fluorescence
mental analysis was used to analyze the composition
the magnesium molybdate samples. Inductively cou
plasma-atomic emission spectrophotometry confirmed
the stoichiometries of the magnesium molybdates (I andJ)
were Mg0.992MoO3.992 and Mg1.015MoO4.015, respectively.
Inductively coupled plasma-mass spectroscopy showed
tamination of boron, silicon, phosphorous, and zinc on
parts per billion scale in the samples. The fluorescence
not attributed to these contaminants since they are foun
both samples. These results suggests that the fluores
originates from hydroxyl groups that would be present fr
the excess magnesium (as Mg(OH)2) in J.
-

-

e

Fig. 4. Raman spectra of (a) Mg2V2O7; (b) Mg3(VO4)2;
(c) Mg2.98(V0.98Mo0.02O4)2; (d) 1:2 molar ratio of Mg3(VO4)2/

MgMoO4; (e) Mg0.992MoO3.992; (f) Mg1.015MoO4.015.

3.2. Reaction studies

A summary of the gas-phase data from the propane O
experiments is presented in Table 2. It is important to n
that the reactant gas mixture is propane rich, and oxyg
the limiting reagent [60]. Therefore, the maximum obta
able conversion is 66.7% for an ODH reaction that is 10
selective with respect to the formation of propylene. No
preciable conversion was observed from the reactor or qu
chips at temperatures� 808 K. The main products obtaine
during the catalytic testing were propylene, CO, and C2;
occasionally, minor amounts of the liquid oxygenated pr
ucts, acrolein, acrylic acid, acetic acid, propionic acid, a
tone, and unknowns, were detected. When the oxygen
components are included in the calculations, the selec
ties decrease by< 1%, while the conversions increase
< 2%. The carbon balance is within 95–105% for all
the reactions. Significant differences in the conversions
selectivities exist between the catalysts, so the results
be discussed in families of materials: the Mg–V–O, Mg–
Mo–O, Mg–Mo–O, and the V–Mo–O-based catalysts.

The selectivity and conversion data of the vanad
(A, B, and C) are plotted in Fig. 5. MgV2O6 (A) exhib-
ited higher selectivities and conversions than Mg2V2O7 (B)
and Mg3(VO4)2 (C) at temperatures below 598 K, whileB
displayed the highest selectivities and conversions ofA, B,
andC at temperatures above 698 K. For example,B had a
selectivity of 53.1% and conversion of 15.6% at 808 K. C
alystC showed the lowest selectivities and conversions oA,
B, andC at all temperatures. Additionally, a slight decrea
in the conversion ofC was observed after 24 h at 807
from the initial conversion of 12.6 to 12.2%. This decre
is associated with coke formation detected with UV Ram
spectroscopy. At temperatures above 698 K, the selectiv
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Fig. 5. Catalytic results for the ODH of propane with the Mg–V–O cataly
Solid symbols correspond to the conversion, and hollow symbols co
spond to selectivity. Test conditions: 30% C3H8, 10% O2 (50 psig, 4000
GHSV, total flow= 133 sccm 14/30 mesh catalyst). Conversion and se
tivity computed based on gas-phase components only.

Fig. 6. Total O2 and COx detected in the product stream of Mg–V–O ca
lysts during the ODH of propane. Solid symbols correspond to the O2, and
hollow symbols correspond to COx . Test conditions: 30% C3H8, 10% O2,
and 60% N2 (50 psig, 4000 GHSV, total flow= 133 sccm 14/30 mesh cata
lyst). Conversion and selectivity computed based on gas-phase compo
only.

and conversions of the catalysts decreased as follows:B >

A > C. These results parallel the electrical conductivity a
band-gap energy data reported by Volta and co-workers
described in the Introduction [27].

The initial selectivities decreased with increasing c
version, but, interestingly, at temperatures above 673 K
selectivities began to increase with increasing conversi
This phenomenon is related to the complete depletion o2
in the reactant stream (Fig. 6). Upon depletion of O2 from
the reactant stream, the increase in propane conversio
served as the temperature increases occurs with an addi
consumption of the lattice oxygen from the catalyst, ther
reducing the catalyst, as observed in the visible and
Raman spectroscopy measurements of Mg3(VO4)2 (C) and
Mg0.992MoO3.992 (I). Note, however, that the selective fo
s

-
l

Fig. 7. Conversion versus selectivity. Test conditions: 30% C3H8, 10% O2
(50 psig, 4000 GHSV, total flow= 133 sccm 14/30 mesh catalyst). Da
computed based on gas-phase components only.

mation of propylene after oxygen depletion is also acco
panied by an unvarying production of COx . In general, the
amount of CO produced increased while the CO2 decreased
as the temperature increased and the reaction proceede
this shift from CO2 to CO provides a quantitative marke
based on the oxygen mass balance, for the increase i
lective ODH. The calculated increase in the propylene
lectivity and conversion for Mg2V2O7 (B) that results from
the shift of CO2 to CO between 703 and 807 K is 5.2
(46.4 to 51.6%) and 1.6% (13.6 to 15.2%), respectiv
Thus, when depletion of O2 in the reactant stream occu
and as the temperature increases, a more efficient utiliza
of oxygen is realized leading to an increase in selectivity
addition, while the analysis of hydrogen was not perform
the dehydrogenation reaction is also likely to contribute
the selective conversion of propylene. The observation
coke formation, which typically accompanies catalytic de
drogenation, was detected by UV Raman spectroscopy m
surements on the Mg3(VO4)2 (C) catalyst following reaction
at 723 and 798 K. Based on the good agreement betw
the observed selectivity of propylene 53.1% (see Fig. 5)
sus the percentage calculated or expected from the sh
CO2 to CO (51.6%), the dehydrogenation reaction appe
to make a minor contribution. Consistent with these obse
tions, the data acquired after oxygen depletion lie on a si
curve when conversion versus selectivity is plotted (Fig.
This suggests that the surface structure(s), and perhap
active site(s), of the reduced magnesium vanadates (A, B,
andC) and molybdates (I andJ) are similar, although ther
could be other possible explanations.

A significant improvement in the conversion and sel
tivity of Mg3(VO4)2 (C) was observed with the substitutio
of molybdenum into the structure. CatalystC reached 10%
conversion at 698 K with a 29.1% selectivity for prop
lene. In contrast, Mg2.98(V0.98Mo0.02O4)2 (D) reached 10%
conversion at 652 K with a selectivity of 40.6%. Additio
ally, D exhibited a higher conversion (16.5%) and selectiv
(55.6%) thanA, B, and C at 808 K. A small increase in
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the liquid oxygenated products (0.37% vs 0.11%), prima
acrolein, was observed with the molybdenum substitutio

The increase in conversion and selectivity seen w
molybdenum substitution is associated with Mg cation
cancies formed from the substitution of Mo6+ for V5+. The
data suggest that these cation vacancies allow for a m
facile diffusion of the lattice oxygen to the surface of t
catalyst. Furthermore, the cation vacancy is electron r
rendering the oxide anions more basic. The more basic
ide anion can more easily abstract a hydrogen atom from
adsorbed propane. Similar increases in conversion and s
tivity associated with cation vacancies have been seen
other oxidation catalysts [61–66]. Sleight and Linn attrib
the increase in selectivity and activity to the more basic
ture of the oxide anions, promoting allyl formation [61
Tsunoda et al. [63] and Fan et al. [62] suggest that the
crease in activity is due to the more facile diffusion of
oxide anions through the bulk structure. Li and co-work
propose that the cation vacancies allow for the forma
of Mo=O and distorts the Mo(V)O4 tetrahedron creating
stronger Bi–O–V bond [64]. They suggest the enhanced
lectivity results from the Mo=O double bond, and that th
increased conversion is due to a synergistic effect betw
the Mo=O and the Bi–O–V bonds [64].

The magnesium vanadium molybdates (E, F, and G)
showed the lowest conversions of all the catalysts te
(Fig. 8). The Mg2.5VMoO8 catalyst (F) reached a maxi
mum conversion of only 5.4% with a selectivity of 40.2
Again, the conversions and selectivities of the catal
increased with increasing molybdenum substitution.
Mg2.54V1.08Mo0.92O8 sample (E) had a conversion of 4.6%
and selectivity of 38.4% at 808 K, but an increase of
molybdenum content to Mg2.46V0.92Mo1.08O8 (G) improved
the conversion (10.4%) and selectivity (46.0%). CatalysG

Fig. 8. Catalytic results for the ODH of propane with the Mg–V–Mo
catalysts. Solid symbols correspond to the conversion, and hollow sym
correspond to selectivity. Test conditions: 30% C3H8, 10% O2 (50 psig,
4000 GHSV, total flow= 133 sccm 14/30 mesh catalyst). Conversion
selectivity computed based on gas-phase components only.
-

had a comparable conversion and better selectivity thanC at
808 K, which is similar to the results seen with the ODH
n-butane [37]. In contrast to the previous results seen wiC
andD, smaller amounts of oxygenated products formed w
increasing molybdenum concentration (0.39 and 0.95%
G andE, respectively). An increase in selectivity with i
creasing conversion was not observed because the ox
was not depleted in the reactant stream as a result of the
conversions.

Magnesium molybdates (I, J, and K) exhibited lower
conversions than the vanadates (A, B, andC) at tempera-
tures below 723 K. For example, the vanadates reache
conversion at temperatures near 630 K, whereas the m
dates reached the 5% conversion at∼ 700 K. The rate of
propane conversion over the molybdate catalysts incre
quickly, such that at higher temperatures the molybdate
hibited higher conversions than the vanadates. At iden
conversions, the molybdates were more selective than
vanadates. Weaker metal–oxygen bonds have been sho
increase the activity, but decrease the selectivity of the r
tion [29,67,68]. Chen et al. show that a decrease in the
visible absorption-edge energy of metal oxide catalysts
relates to an increase in the propane ODH turnover rate
They state that the energy required to transfer electrons
the oxygen to the metal is an indication of the C–H bond
tivation energy and that as the metal–oxygen bond beco
more difficult to break, the turnover rate of propane OD
decreases [69].

The catalytic behavior of the magnesium molybda
(I, J, and K) is shown in Fig. 9. The Mg0.992MoO3.992
(I) exhibited the highest conversion (18.6%) and selec
ity (61.8%) and produced the most oxygenated prod
(3.08 with 0.96% acetic acid, 0.82% acrylic acid, 0.3
acrolein, and other oxygenates) of all the catalysts tes
The Mg1.015MoO4.015 (J) had a conversion curve simila
to I, but was less active at higher temperatures. The s

Fig. 9. Catalytic results for the ODH of propane with the Mg–Mo–O ca
lysts. Solid symbols correspond to the conversion, and hollow sym
correspond to selectivity. Test conditions: 30% C3H8, 10% O2 (50 psig,
4000 GHSV, total flow= 133 sccm 14/30 mesh catalyst). Conversion
selectivity computed based on gas-phase components only.
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tivity of J was lower thanI at all temperatures, but fewe
oxygenates formed (0.36%) withJ. These results agree wit
those seen previously in other reports; that is, MgMoO4 with
a slight excess of MoO3 shows a higher activity and sele
tivity than samples with an excess of MgO [13,34,70]. In
dition, complete oxygen depletion from the feed stream
observed only at 808 K forI andJ; thus, an increase of sele
tivity with conversion was not observed. The MgMo2O7 (K)
exhibited a lower selectivity thanI at all temperatures. Cata
lyst K exhibited higher selectivities and conversions thaJ
and higher conversions than sampleI at lower temperature
(< 748 K).

The conversions and selectivities of the suppor
V2−2xMo2xO5+x catalysts (L, M, andN) are similar toI
(Fig. 10). For example, selectivities of 59.3, 60.5, and 60
and conversions of 16.8, 18.2, and 17.8% were observe
L, M, andN, respectively, at 808 K. However, the selecti
ties ofL, M, andN begin to increase at∼ 725 K, because o
oxygen depletion from the reactant stream. These data
ply that the surfaces ofL, M, andN were not as selective a
I for the formation of propylene.

Molybdenum divanadium oxide, MoV2O8 (O), exhibited
the highest conversion (1.8%) at 573 K of all catalysts tes
but the conversion did not increase as fast as the other
lysts. O displayed the lowest selectivity (15.6%) at 698
before increasing to 35.5%, the lowest selectivity obser
at 808 K. These results can be explained by the presen
V2O5. Kung and co-workers report that V2O5 exhibits high
conversions for alkane ODH but low selectivities for alke
formation [7,26].

The 1:2 molar mixture of Mg3(VO4)2/MgMoO4 (H) dis-
played a higher conversion than the magnesium vanad
molybdates (E, F, andG), but at equivalent conversions th
selectivity ofH was lower. The selectivity and conversi
of H were similar to those of catalystC but were lower

Fig. 10. Catalytic results for the ODH of propane with the Mo–V–O c
alysts. Solid symbols correspond to the conversion, and hollow sym
correspond to selectivity. Test conditions: 30% C3H8, 10% O2 (50 psig,
4000 GHSV, total flow= 133 sccm 14/30 mesh catalyst). Conversion a
selectivity computed based on gas-phase components only.
-

f

than bothI andJ. A slight increase (0.04%) in the amou
of liquid oxygenates produced by mixtureH was observed
compared toD.

As shown above, supported vanadium oxide catal
(L, M, andN) have conversions and selectivities similar
those of the single-phase catalysts (J). The surfaces of sup
ported catalysts can be described as two-dimensional s
tures of monomers or oligomers that are bonded to a m
oxide. However, Wachs and co-workers report data tha
dicate the bulk Fe–V and Al–V vanadates have specific
tivities which are nearly an order of magnitude greater t
the respective monolayer vanadium oxide-supported c
lyst, while that of bulk Ni–V is approximately two orde
of magnitude greater than the monolayer vanadium ox
supported catalyst [71].

The results presented here show the importance o
bulk catalyst structure on the catalytic selectivity and con
sion. The bulk structure allows the catalysts to continuou
undergo reduction and reoxidation cycles during reac
conditions, at steady state. However, the ODH reactions
cur at the catalyst surface. Therefore, the catalyst sur
structure needs to be resolved to allow for a fundame
understanding of the reaction pathway that occurs at
catalyst surface.

3.3. Raman studies

The visible Raman spectrum of Mg3(VO4)2 (C) at room
temperature matches previously reported spectra [72
(Fig. 11). The UV Raman spectrum is in good agreem
with the visible Raman spectrum, but an additional pea
observed in the UV Raman spectrum at 650 cm−1 (Fig. 12).
This additional peak is assigned to the V–O–Mg stret
ing mode because the V–O–In of InVO4 [74], the V–O–Fe
of FeVO4 [74], and the V–O–V of Mg2V2O7 [73] and rare
earth orthovanadates [75] are centered near 650 cm−1. The

Fig. 11. Visible Raman spectra of Mg3(VO4)2. The spectra were taken un
der in situ conditions (30% C3H8, 10% O2, and 60% N2 flowing at 50
sccm) at: (a) 303 K; (b) 623 K; (c) 673 K; (d) 723 K; (e) 798 K. Spectru
(f) was taken after (e) under a flow of air at 798 K. Spectrum (g) was ta
of fresh catalyst under a flow of He at 798 K.
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Fig. 12. UV Raman spectra of Mg3(VO4)2. The spectra were taken aft
the catalysts were exposed to reaction conditions (30% C3H8, 10% O2, and
60% N2 flowing at 50 sccm) for 1 h at: (a) 298 K; (b) 623 K; (c) 673
(d) 723 K; (e) 798 K. Spectrum (f) was taken after (e) exposed to a 5 s
flow of O2 at 798 K. Spectrum (g) was taken of fresh catalyst exposed
1-h flow of He at 798 K. All spectra were taken for 1 h at room tempera
under flowing N2.

Table 3
In situ visible Raman peak positions (cm−1) for Mg3(VO4)2

30◦C 350◦C 400◦C 450◦Ca 525◦Ca 525◦C air

860 854 853 850
825 821 SHb

722
469
448
409
387
349 339 336 335
329 SH SH
275 271 268
233 228 226
198 192 188

a Spectrum recorded but no observable features.
b SH indicates shoulder.

peak is evident in the UV Raman spectrum because
exciting photon energy (5.1 eV) is near the VO4

3− band
gap (∼ 5 eV) [76–78], thus enhancing the intensity of t
stretching mode [79,80]. The broad peaks at∼ 1610 cm−1

in Fig. 12(d and e), are associated with coke formation f
propane dehydrogenation at the high temperatures [81].
peak positions shifted to lower frequencies as the in
temperature increases (Table 3) [82]. The gradual disap
ance of the Raman bands associated with the symm
stretch (ν1, 860 cm−1), asymmetric stretch (ν3, 825 cm−1),
asymmetric bend (ν4, 722 cm−1), and symmetric bend (ν2,
349 cm−1) of the VO4

3− [82] indicates the reduction of th
sample. The catalyst appeared black when it was visu
inspected in the UV Raman cell after the ODH reaction
723 K. The Raman bands did not disappear upon hea
-

Fig. 13. Magnification of the visible Raman spectra of Mg3(VO4)2. The
spectra were taken under in situ conditions (30% C3H8, 10% O2, and 60%
N2 flowing at 50 sccm) at: (a) 623 K; (b) 673 K; (c) 723 K; (d) 798
Spectrum (e) was taken at 798 K under a flow of air.

Fig. 14. Visible Raman spectra of Mg0.992MoO3.992. The spectra were
taken under in situ conditions (30% C3H8, 10% O2, and 60% N2 flow-
ing at 50 sccm) at: (a) 303 K; (b) 623 K; (c) 673 K; (d) 723 K; (e) 798
Spectrum (f) was taken after (e) under a flow of air at 798 K. Spectrum
was taken of fresh catalyst under a flow of He at 798 K.

fresh C at 798 K in flowing helium; therefore, the redu
tion of the catalyst during the replicated reaction conditi
cannot be attributed to thermal reduction (Figs. 11(g)
12(g)). Upon reoxidation, the catalyst turned white in co
and the Raman peaks reappeared.

Interestingly, the temperature (673 K) at which the visi
Raman bands disappeared corresponds to the tempe
where oxygen was not detected in the reaction stream
the first time, during the catalytic testing. Magnification
the visible Raman spectrum taken at 673 K reveals a s
peak at∼ 853 cm−1 (Fig. 13), indicating that the catalyst
not fully reduced. The catalyst is reduced further at hig
temperature. Indeed, no Raman features of the VO4

3− tetra-
hedra are observed upon magnification of the spectra t
at 723 and 798 K, excited by visible and ultraviolet light.

The visible and UV Raman spectra of Mg0.992MoO3.992
(I) at room temperature match the previously reported s
trum [83] (Figs. 14 and 15). The lack of agreement
tween the peak positions and those reported for the hyd
MgMoO4 indicates that water is not coordinated to the sa
ple [84]. In the UV Raman spectrum, the peaks at∼ 979 and
950 cm−1 are not resolved. Most of the peak positions s
to lower frequencies as the temperature increases for t
situ experiments (Table 4). The disappearance of the
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Fig. 15. UV Raman spectra of Mg0.992MoO3.992. The spectra were take
after the catalysts were exposed to reaction conditions (30% C3H8, 10%
O2, and 60% N2 flowing at 50 sccm) for 1 h at: (a) 298 K; (b) 623 K
(c) 673 K; (d) 723 K; (e) 798 K. Spectrum (f) was taken after (e) expo
to a 5 sccm flow of O2 at 798 K. Spectrum (g) was taken of fresh catal
exposed to a 1-h flow of He at 798 K. All spectra were taken for 1 h at ro
temperature under flowing N2.

Table 4
In situ visible Raman peak positions (cm−1) for Mg0.992MoO3.992

30◦C 350◦C 400◦C 450◦C 525◦C 525◦C air/He

970 961 SH SHa

958 952 951 950 950 947
910 904 902 900 900
874
855 848 848 843
424
385
371 370 370 369
349 347 347
335 335 335 335 335 335
277 280 280 282
204 202 202 198
180 177 177 176

a SH indicates shoulder.

man peaks corresponding to the symmetric stretch (ν1, 900
and 958 cm−1), asymmetric stretch (ν3, 910 and 874 cm−1),
asymmetric bend, and symmetric bend of the MoO4

2− [83]
indicates the reduction of the sample. The catalyst appe
gray when it was visually inspected in the cells after
reaction at 798 K. The reduction ofI during in situ condi-
tions cannot be attributed to thermal reduction as the vi
tional bands did not disappear upon heating fresh cataly
798 K in flowing helium (Figs. 14(g) and 15(g)). Intere
ingly, a new band appears at∼ 445 cm−1 in the UV Raman
spectrum after the reaction at 798 K. The peak positio
attributed to the stretching mode of three-coordinate o
gen and not bridging oxygen, because no additional p
at higher Raman shifts were observed. This peak is sim
to the three-coordinate vibration seen with high-resolu
t

Fig. 16. Magnification of the visible Raman spectra of Mg0.992MoO3.992.
The spectra were taken under in situ conditions (30% C3H8, 10% O2, and
60% N2 flowing at 50 sccm) at: (a) 673 K; (b) 723 K; (c) 798 K. Spectru
(d) was taken at 798 K under a flow of air.

electron energy loss spectroscopy (HREELS) on an oxy
modified Mo (100) surface [85]. The peak shift to a low
wavenumber than that observed in the HREELS experim
is due to the weaker bond strength from the higher Mo o
dation state of the reducedI. Upon reoxidation, the catalys
turned pale gray in color and the Raman peaks reappe
The Raman bands associated with the three-coordinate
gen of the reduced catalyst disappeared.

Again, a correlation exists between the peak inten
and the catalyst reduction. Bands from the visible exc
tion taken at 723 and 798 K seem to disappear. Howe
small peaks are apparent upon magnification of the spe
(Fig. 16). No Raman features are observed for the spec
taken at 798 K, even after magnification. The difference
the UV and visible Raman features is due to the “skin dep
penetration, the minimum depth of material probed whic
determined by the absorptivity of the sample and given
λ/(4πk), whereλ is the laser wavelength andk is the imagi-
nary part of the complex refractive index of the sample [8
To the best of the author’s knowledge there is no direct
formation on thek value of the Mg3(VO4)2 and MgMoO4,
so the skin depth is estimated using similar solids as m
els [87]. At 244 nm (514.5 nm), the skin depth of KNbO3
is calculated to be 12.1 nm, that of BaTiO3 is 14.9 nm
(28.4 nm), and that of SrTiO3 is 15.1 nm (27.6 nm). The
skin depths of the materials at 244 nm are approximately
the skin depths at 514.5 nm. Therefore, the catalyst sur
contributes more to the UV Raman signal than the vis
Raman signal. The Raman data imply that the surface o
catalyst is reduced but the bulk is still oxidized. This exp
nation is consistent with the reaction data.

The Raman data combined with the reaction data dem
strate that the ODH of propane is consistent with the Ma
van Krevelen reaction mechanism. Although the peak in
sities decrease during the reaction with propane, peak
observed in the in situ Raman spectra until the gas-p
O2 in the reaction stream had been consumed in the r
tion. At this point, further reaction reduces the catalyst
the peaks associated with the VO4

3−/MoO4
2− cannot be de

tected. The reactor data show that the O2 (g) had completely
reacted by 673 K with catalystC. Propane further reacte
with lattice oxygen resulting in the reduction of the cataly
However, gas-phase oxygen was still present during the
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action at 798 K with catalystI, so the catalyst was never ful
reduced.

4. Conclusions

In order to compare the reactivity of magnesium va
dates and magnesium molybdates in the same ODH s
a series of metal oxides from the MgO–V2O5–MoO3 ternary
phase diagram have been prepared. These samples we
amined for the oxidative dehydrogenation of propane. F
the catalytic data presented above, the magnesium van
selectivities and conversions decrease as follows Mg2V2O7
> MgV2O6 > Mg3(VO4)2 at temperatures greater th
723 K. The vanadates exhibited higher conversions than
molybdates at identical temperatures below 723 K; h
ever, the molybdates exhibited a lower selectivity at ide
cal conversions. Mg0.992MoO3.992 exhibited the highest se
lectivity and conversion (at 808 K) of the catalysts test
Compared with Mg0.992MoO3.992, the recorded yields from
the samples comprised of V2−2xMo2xO5+x supported on
MgMoO4 are nearly the same (at 808 K). However, co
plete oxygen depletion occurred at∼ 723 K for the sup-
ported V2−2xMo2xO5+x catalysts but not until 808 K fo
Mg0.992MoO3.992, thus implying that the surfaces of the su
ported catalysts are less selective than Mg0.992MoO3.992.

In general, it was observed that the selectivities increa
with increasing conversions at temperatures above 67
This phenomenon is related to the complete depletion o2
in the reactant stream. The increase of selectivity with
creasing conversion largely results from the more effic
use of the oxidant (O2) while propane reacts on these s
faces. In addition, the data suggest that the surface s
ture(s), and perhaps the active site(s), of the reduced ma
sium vanadates (A, B, andC) and molybdates (I andJ) are
similar.

Additionally, the effect of molybdenum substitution in
various structures was examined. A significant improvem
in the selectivity and conversion was observed with the s
stitution of molybdenum into various structures. The
crease in selectivity and conversion seen with molybde
substitution is associated with Mg cation vacancies form
from the substitution of Mo6+ for V5+. The cation vacan
cies result in a more basic oxide anion and the data sug
that the vacancies allow a more facile diffusion of the lat
oxygen to the surface of the catalyst.

The visible and UV Raman spectra of Mg3(VO4)2 and
Mg0.992MoO3.992 exposed to replicated reaction conditio
exhibit some different spectral features, including the Ram
spectra of Mg3(VO4)2 at 673 and 723 K, allowing for mor
surface-specific information. The difference in the “s
depth” penetration results in the UV Raman spectrosc
being a more surface-sensitive probe than visible Ra
spectroscopy. The Raman bands shift to lower frequen
as the temperature is increased during the in situ condit
The gradual disappearance of the Raman peaks durin
,

x-

te

-
-

t

.
e

experiments correlates with the reaction of propane and
lattice oxygen, reducing the catalyst. These data comb
with the reactor data demonstrate that the oxidative d
drogenation of propane occurs by the Mars–van Krev
reaction mechanism.

A new band centered at 445 cm−1 is observed in the UV
Raman spectrum for the reduced Mg0.992MoO3.992and is at-
tributed to the stretching mode of three-coordinate oxyg
This new feature can give insight into the structural chan
the catalyst undergoes during the ODH reaction. Furt
more, the appearance of new features helps to focus
attention to surfaces that may exhibit reconstruction u
reduction.

These results illustrate the importance of determining
reaction pathway in atomic detail. A fundamental und
standing of the molecule-transforming chemistry that occ
on solid surfaces and the reaction mechanism in the bu
the catalysts will allow for the development of catalysts w
increased selectivities and conversions and improved yi
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