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Abstract

Fifteen distinct MgO-4$Osg, MgO-MoQO3, MgO-V,>05-M003, and Vb0O5—MoO3 compositions were prepared using sol-gel chemistry
and their selectivities and conversions for propane oxidative dehydrogenation (ODH) to propylene were measured. The vanadates were more
active than the molybdates at lower temperatures; however, the molybdates exhibited higher selectivities at similar conversions. An increase
in both ODH conversion and selectivity with molybdenum substitution on vanadium sites was also observed. These results demonstrate the
importance of the bulk structure on the ODH reaction. In general, propylene selectivities increased with increasing conversions at tempera-
tures above 673 K when oxygen depletion in the reactant stream occurred. Visible and UV Raman spectroscopy corroborates this result anc
helps focus attention on critical surface-specific information. A new Raman peak was observed for the partially reducedq lsigilisO
associated with a three-coordinate surface oxygen.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction of a tetrahedrally coordinated® species [26]. Magne-
sium orthovanadate, M@VO4)», contains isolated V¥~
The selective conversion of short chain alkanesHg>- anions [30], and the pyrovanadate, MOz, is composed

CsH1») to useful intermediates via catalytic oxidative dehy- of corner-shared V@tetrahedra in the ¥O7*~ units [31].
drogenation (ODH) is of interest to the petrochemical and However, the specific structure of the active site is unknown.
energy industries and has been studied extensively [1-6].Kung and co-workers attribute the selectivity for propylene
The oxidative dehydrogenation of propane to propylene to the Mg(VO4,)2 structure, and suggest that the oxygen
has been studied using vanadium- and molybdenum-oxide-atoms in the V-O—-Mg bonds are harder to reduce than the
based catalysts [7-17]. The reaction is believed to pro- bridging oxygen in the V-O-V bonds in M¥»07 [28,29].
ceed by a Mars—van Krevelen reaction mechanism [18-24],|n contrast, Volta and co-workers report that M@O7 is
in which adsorbed propane reacts with lattice oxygen and the selective phase and MYO4)2 leads to the complete
the reduced metal oxide reacts with adsorbed, dissociatedpxidation of the alkanes [8]. They relate the selectivity
Oz [25]. A fundamental understanding of the active sur- with the ability of the corner-shared \UQetrahedra in the
face(s) and the reaction mechanism is needed to improve they,0,4- anion to stabilize ¥ associated with an oxygen
selectivity and conversion of propane ODH and increase theyacancy [27]. Conversely, Fang et al. state that(M@.)2
yield of propylene. exhibits a higher conversion, but Ig,07 is more selec-
Magnesium vanadium oxide catalysts have received con-tjye at the same conversions [12]. These discrepancies in the
siderable attention for the ODH of propane [6-12,26-29]. catalytic properties generally are attributed to differences in
It is generally accepted that the reaction proceeds by thepreparation methods [9,28,32].
abstraction of a hydrogen from the alkane and reduction  geyeral authors have demonstrated that magnesium mo-

lybdates exhibit higher selectivities but lower activities com-
* Corresponding author. pared to those of the magnesium vanadates [14,15,33-36].
E-mail address: krp@northwestern.edu (K.R. Poeppelmeier). Interestingly, each of these reports describes an improve-
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ment in the catalytic activity of MgMo®with a slight ex- in situ characterization might provide insight into the re-
cess of molybdenum oxide. Cadus and co-workers concludeaction mechanism(s) that occur(s) during the applied reac-
that a synergistic effect between MgMgé@nd MoQ; results tion conditions. Raman spectroscopy recently has been ap-
in the enhanced activity [35]. They relate the effect to a mod- plied successfully to examine catalysts during reaction con-
ification of the active sites of the two phase MgMe@ o003 ditions [43,44,46-48].
catalyst [35]. Similarly, Lee et al. attribute the improved ac- The present work is directed toward understanding the
tivity to MoO, clusters on the surface of MgMaQ36]. reaction pathway of propane ODH on the catalyst surface.
Their conclusion is based on studies of Mp§lipported on  We report the novel synthesis of compositions found in the
“inactive” MgMoO,4 and treatments of MgMo©with acid MgO-V,05—MoQg3 ternary system and compare their selec-
and base solutions to modify their surfaces [36]. In contrast, tivities and conversions for the propane ODH. Raman spec-
Miller et al. assign the increased activity to the formation troscopy was used to characterize the (surface) structures of
of MgMo,07 [17], which forms from the reaction of Mo Mgz(VO4)2 and MgMoQ, during replicated reaction condi-
and MgMoQ. tions. These results are related to the ODH selectivities and
The three phases, My 207, Mgs3(VQO4)2, and MgMoQ, conversions.
have been shown to be active and selective for the ODH
of propane; therefore, the more complex MgQOd—
MoOg3 system should contain interesting ODH catalysts. 2. Experimental
Previously, Harding and co-workers investigated the phase
equilibria of MgO-\L0s5—M00O3 and reported the discov- Fifteen catalysts found in the MgO-®5, MgO-V>0s5—
ery of two new features: a new compound MYyMoOg MoO3, MgO-MoGs, and \bOs—MoQO3 systems were pre-
and molybdenum substitution into magnesium orthovana- pared by a sol-gel technique (Table 1). Stoichiometric
date, Mg_,(V1-xM0,04)2, ~ 0.03 > x > 0 [37]. The amounts of magnesium ethoxide (Mg 21-22%, Alfa Aesar),
authors state that molybdenum substitutes into both crys-vanadium triisopropoxide oxide (95-99%, Alfa Aesar), and
tal lattices, such that the oxidation state of vanadium re- bis(acetylacetonato)dioxomolybdenum(VI) (99%, Aldrich)
mains unchanged; electrical neutrality is maintained by were dissolved in 2-methoxy ethanol (99%, Aldrich) and re-
the presence of magnesium vacancies. Wang et al. reporfluxed. An appropriate amount of a 5% by volume J}OH
considerable substitution of vanadium and molybdenum aqueous solution was added so that four equivalents of water
into the Mg 5VMoOg structure, M@ s+ V1+2,M01-2,0g were present for every —OR group. This ensured hydrolysis
(—0.05< x £ 0.05) [38]. Zubkov and co-workers empha- of the alkoxide groups. Upon hydrolysis, the sample pre-
size a third, interesting aspect in the ternary phase diagramcipitated from solution. After evaporation of the solvent at

the coexistence of the solid solutionz\s,Mo02,0s5, ., 383 K, the samples were calcined in a flow of for 12 h
~0.15> x > 0 with MgMoOy [39]. This result suggests at 823 K. Higher reaction temperatures (up to 1273 K) were
that MgMoQy can serve as a support fopVo,M02,Os . required to synthesize the three pg.Vi1+2,M01-2,0g

The mixing of the constituent oxides, competitive side (x = —0.04, 0, and 0.04) compounds (respectivety,F,
reactions, and/or the presence of trace impurities can compli-andG). A 1:2 molar mixture of Mg(VQOa)2/MgMoOy4 (H)
cate the preparation of single-phase catalyst samples. Catawas prepared to compare its catalytic properties with those
lysts have been prepared by impregnation techniques [8,9,0f Mgz 5VMoOg (F). The Vo_2,M02,05,, (x = 0, 0.07,
15,26,34], or the reaction of metal solutions stabilized at and 0.14)-supported catalysts (respectivelyM, andN)
contrasting pH [14,16,17], which can lead one of the metal were synthesized by first preparing the MgMogdipport by
species to preferentially precipitate from solution. Generally, the above procedures. After calcination, the support was im-
single-phase mixed metal oxides form at high calcination pregnated with stoichiometric amounts of the alkoxides for
temperaturesx 973 K), but the samples have low surface a 2% by molarity \b_2,M02,0O5,, (x =0, 0.07, and 0.14)
areas [8]. Calcinations at lower temperatures often result in and the samples were recalcined for 12 h at 823 K.
incomplete reactions and a mixture of phases [8,9,14,17].In A reference sample of My 07 (Table 1, footnote c)
this study, a series of mixed metal oxides in the MgGOy- was prepared by a solid-state ceramic technigue to compare
MoOj3 ternary system were prepared for the first time, to the its particle size with the sol-gel prepared MgO; (B).
best of our knowledge, by a sol-gel method. In general, the Stoichiometric amounts of MgO (99.95%, Alfa Aesar) and
sol-gel method allows single-phase samples to be synthe/,0s5 (99.64+%, Aldrich) were combined and the metal ox-
sized at lower temperatures (823 K) because of the intimateides were mixed using an agate mortar and pestle. Ethanol
and nearly homogeneous mixing of the constituent elements.was added to help achieve an intimate mixture. The sample
The lower reaction temperatures result in a smaller averagewas calcined in a flow of @for 12 h at 873 K.
particle size and an increased surface area. X-ray diffraction (XRD) patterns of the polycrystalline

Catalyst structure may depend on the conditions under samples were recorded at room temperature on a Rigaku
which the sample has been characterized [40-45], there-diffractometer (Cu-k radiation, Ni filter, 40 kV, 20 mA;
fore it is important to study the structure of a catalyst un- 260 =10-70, 0.05 step size, and 1-s count time). The crys-
der conditions that replicate the reaction conditions. Such talline phases were identified by comparison with the data
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Table 1
Physical properties of metal oxides in the MgVO, MgMoO, MgVMoO, and VMoO systems
Ref2 Targeted Calcination Structure of PBF Surface area Physical
label formulation temperature fresh catalyst Ref. 2 o) appearance
(K) (by XRD) card of fresh catalyst
A MgV ,0g (meta) 823 Mg\ Og 45-1050 43 Light yellow
B Mg,V 207 (pyro)f 823 a-MgpV,07 31-0816 0 Off white
c Mgs(VOa4)2 (ortho) 823 Mg (VO4), 37-0351 2% Off white
D Mg2.98(V0.98M00.0204)2 823 Mgz(VOay)2 37-0351 266 Dull yellow
E Mgz 54V1 0gM0g 9208 1223 Mg sVMoOg 82-2074 091 White
F Mg» 5sVMoOg 1173 Mg 5VMoOg 82-2074 062 Dull yellow
G Mg2 .46V 0.92M01 0808 1323 Mg 5VMoOg 82-2074 029 Dull yellow
H 1:2 molar ratio 823 Mg(VOg)2/ 37-0351 280 Off white
Mg3V20g/MgMoO4 B-MgMoO, 72-2153
| Mgo_ggzMOOglggzd 823 B-MgMoOy4 72-2153 42 Pale gray
J Mg1 015M004 g1° 823 B-MgMoOy4 72-2153 n White
K MgMo,07 823 MgMo,O7 32-0622 24 White
L 2%V505/MgMoQOy4 823 B-MgMoQgy/ 72-2153 40 Pale gray
V05 41-1426
M 0.14%MoQ;/ 823 B-MgMoQgy/ 72-2153 3 Pale gray
1.86%\, 05/ V05 41-1426
MgMoO4
N 0.28%MoG/ 823 B-MgMoQOgy/ 72-2153 ) Pale gray
1.72%\ 05/ V505 41-1426
MgMoOg4
O MoV,0g 823 MoV,0Og/ 74-1510 2 Brown
V05 41-1426

a8 A-D are MgVO,E—H are MgVMo0,J-K are MgMoO,L-N are VMoO supported on MgMoO, ar@l 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 are%@fil m

d XRD indicates single-phase sample; however, the sample is likely to consist of a mixture of Mgd@0G;.

€ XRD indicates single-phase sample; however, the sample is likely to consist of a mixture of Mgdg(OH).

reported in the JCPDS (Joint Committee of Powder Diffrac- (I andJ). Approximately 0.1 g samples were dissolved with
tion Standards) database. 6 ml of 15.8 M HNG; and diluted to~ 20 pgmt? of so-
Thermal gravimetric analysis (TGA) was performed on lution. The samples were further diluted to1 pg m! of
the Mg(VO4)2 sol—gel precipitate in flowing oxygen to  solution to inspect for possible contaminants using induc-
study the combustion of the residual alkoxide moieties dur- tively coupled plasma-mass spectroscopy (ICP-MS).
ing calcination. Measurements were made on a TA Instru-  Visible Raman spectra were obtained for the sol—gel pre-
ments TGA 2950 thermogravimetric analyzer. The heating pared MgV207 (B), Mgs(VO4)2 (C), Mgz.98(V0.908M00 02
profile was a linear ramp from room temperature to 723 K at Ogz)2 (D), 1/2 molar mixture Mg@(VO4)2/MgMoOy (H),
2 Kmin~1. The sample was held isothermally at 723 K for Mgo.g9M003.992 (1), and Mg 019M004.015 (J). The metal
12 h and then heated to 923 K at 2 K min oxides were sieved to 60/140 mesh particles-ari5 cm of
Surface areas were measured byaddsorption at 77 K material was packed and centered inte 8-cm-long quartz
using an OMNISORP 360 and determined using a 5-point tube (i.d., 3.0 mm; 0.d., 5.0 mm). Samples were loaded into a
Brunauer, Emmet, and Teller (BET) method. Krypton ad- high-pressure cell and translated laterally to minimize laser-
sorption measurements, using a Micromeritics ASAP (Ac- induced damage. The spectra were collected usi6g mw
celerated Surface Area and Porosimetry) 2405 Instrument atof 514.5 nm radiation of a Lexel Model 95 Argon ion laser,
77 K, were made for the accurate determination of surface and a SPEX triplemate spectrograph equipped with a CCD
areas that were: 1 m? g2, detector. An acetaminophen standard was used as a refer-
Scanning electron microscopy (SEM) micrographs of ence to calibrate the spectra. In addition, visible Raman
MgyV207 prepared by the solid-state technique, and spectroscopy characterized the structures of(M@4)2 (C)
Mg2V207 (B) and Mg(VO4)2 (C) prepared by the sol- and Mgy g9aM00s3.992 (I) during replicated reaction condi-
gel method, were obtained with a Hitachi S-4500 FE-SEM. tions. The samples were exposed to reaction gas (3§H44,C
Samples were deposited on carbon tape and coated withl0% &, and 60% N by volume) flowing at 50 standard
5 nm of gold to prevent charging. cmmin~1 (sccm, miminr?) while the spectra were taken
Inductively coupled plasma-atomic emission spectropho- at 303, 623, 673, 723, and 798 K. Then, the samples were
tometry (ICP-AES, Thermo Jarrell Ash Atomscan Model reoxidized at 798 K with flowing air while the spectra were
25 Sequential ICP spectrometer) was used to determine thaaken. Spectra of fresh samples were collected while heating
Mg/Mo atomic ratios in the magnesium molybdate samples at 798 K in a 100 sccm flow of He.
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Table 2

Oxidative dehydrogenation of propane over magnesium vanadates and molbdates

Ref. Targeted formulation Mass 5% converdion 10% conversioh High conversiof

label tested Selectivity =~ Temperature Selectivity ~ Temperature ~ Temperature Conversion Selectivity

(9) (%) (K) (%) (K) (K) (%) (%)

A MgV,0g (meta) 2.07 57.2 626 44.2 661 811 15.2 47.6

B Mg,V207 (pyro) 1.67 54.5 638 47.4 671 807 15.6 53.1

C Mg3V20Og (ortho) 1.70 23.4 641 29.1 698 807 12.6 40.3

D Mg 98(V0.98M00 0204)2  1.71 46.0 623 40.6 652 804 16.5 55.6

E Mg2 .54V 1,08M0g 9208 2.28 — - — - 807 4.6 38.4

F Mgy sVMoOg 2.64 452 806 - - 808 5.4 40.2

G Mg2.46V0.92M01 0808 2.75 57.4 763 46.8 806 809 10.4 46.0

H 1:2 MggV20g/MgMoO, 1.56 29.7 702 30.8 738 806 13.2 405

| Mgg.992M003 gg2 2.30 76.8 690 71.3 724 808 18.6 61.8

J Mg1 015M004 015 2.01 46.0 731 44.6 742 806 15.4 49.2

K MgMo,07 2.53 70.7 678 61.3 714 798 17.3 58.8

L 2%V>05/ MgMoO4 2.34 59.6 678 54.1 718 813 16.8 59.3

M 0.14%Mo0Q;/1.86% 2.44 61.1 673 47.4 707 813 18.2 60.5
V205/ MgMoQg4

N 0.28%Mo0G;/1.72% 2.33 66.2 677 52.0 710 814 17.8 60.4
V205/MgMo04

(0] MoV20g 2.82 35.2 620 171 676 811 12.9 35.5
Quartz chips - - - - - 808 3.3 51.1

@ Test conditions: 30% §Hg, 10% G (50 psig, 4000 GHSYV, total flow= 133 sccm 14/30 mesh catalyst). Conversion and selectivity computed based on
gas-phase components only.

b Interpolated from the observed data.

¢ Highest conversion obtained.

UV Raman spectroscopy characterized30D4)2 (C) flow reactor using 2 cfof catalyst. The catalyst was diluted
and Mg .g9M003 992 (1) after they were exposed to repli-  with 2 cn? of quartz chips (14/30 mesh) to prevent the for-
cated reaction conditions. The UV Raman spectra were col- mation of temperature gradients. A reactant gas mixture of
lected using~ 5 mW of the 244 nm line, which was gener- 39.9 sccm GHg, 13.3 sccm @, and 79.8 sccm pwas in-
ated by frequency doubling the 488 nm output of art Ar  troduced into the reactor at 3.4 atm. The reactor was heated
ion laser to 244 nm using a temperature-tuned BBO (  to 573 K, data were collected after 3 h, and then the temper-
BaB,0s) crystal. The Raman scatterings from the samples atyre was increased by 25 K. Again, the data were collected
were collected using an ellipsoidal mirror, in an 18@&ck-  after the reaction proceeded for 3 h. This procedure was re-
scattering geometry, coated with Al:MgRo improve UV peated until data had been collected every 25 to 773 K with a
reflectivity. The photons were focused onto a Spex triple- fing 35 K increase to 808 K, where the temperature was held
grating spectrometer equipped with an imaging photomulit- ¢ 24 h and data were collected every 3 h. In all studies, the
plier tube. The spectral resolution is limited by the detector o, o effluent passed through a condenser to remove wa-

~ 1 S
to t2t0 e q .TStf?ndards of chcliq[roforlljg, c%/cltcr)]hexani, etfgl ter and liquid oxygenated products. Gas-phase reactants and
acetate, and 1etion were used to cafibrate the spectra. Ny, q,cts were analyzed with an on-line HP 6890 gas chro-

g;%ng])lseasmvstlaerz Véi:)eoz:;c?g 'gtgg Qg'c(?%z?lgv?/egfcreelgggfgssmatograph equipped wi-th a thermal conductivity detector.
(75% CsHg and 25% G by volume) for 1 h at 303, 623, 673, Chromgtograph separation was accomplished ywth a mole-
723, and 798 K. Then, the samples were reoxidized with acular sieve column, a Poroplot Q, and a_n alumlna/KCI col-
7.5 sccm flow of @ for 1 h at 798 K. In addition, spectra umn. The condensate was gnalyzed offline with an HP5890
were collected after heating fresh samples at 798 K for 1 h Senes- I ghrqmatograph using a Supe!cowax column ,a'."f]‘ a
in a 25 scem flow of He. All samples were cooled to 298 K ﬂame .|on|zat|0n detector. The conversions and selectivities
before the UV Raman spectra were taken under flowing N listed in Table 2 are based on carbon and are calculated by
for 1 h. This procedure was adopted to protect the ellipsoidal the following equations:
mirror from heat damage.

The selectivities and conversions of the metal oxides were conversion= ((3%[C3Hs] + [COl + [COy])
measured for the oxidative dehydrogenation of propane.
Catalyst powders were pressed at 1020 atm for 15 min to /(3 [CsHelreactan}) * 100%
form a 3.18-cm-diameter tablet. The tablet was then Cr“ShEdSelectivityz ((3* [CaHe))
and sieved to 14/30 mesh particles. Propane ODH conver-
sions and selectivities were tested in a packed bed, down- /(3* [CsHe] + [CO] + [COZ])) +100%
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3. Resultsand discussion
3.1. Catalyst synthesis and characterization

Metal oxides were synthesized at 823 K by the sol-gel
method and analyzed with powder X-ray diffraction (XRD)
(Fig. 1). Examination of the powder diffraction patterns
reveals the formation of the targeted compositions with-
out the presence of trace impurities with a few exceptions.
The MoV>0g (O) and the three Mgs,V112,M01_2,0g
compositions E, F, and G) were not single-phase sam-
ples at 823 K. The diffraction pattern foD contains
peaks indicative of ¥Os. It has been reported that the
preparation method and the calcination temperature in-
fluence the composition of Mo—V oxides [50-52]. The
Mg25+xV1+2¢M01_2,0g structure is located along the
Mg3(VO4)2—MgMoOy tie line. A mixture of Mg(VOa)2
and MgMoQ is present at 823 K because the MiyMoOg-
type structure does not form appreciably below 1173 K [53].
A single phase of MgsVMoOg (F) was formed at 1173 K
(Fig. 2). Temperatures of 1223 and 1323 K (which are be-
low its peritectic melting point, 1423 K) were needed to
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Fig. 2. Powder diffraction patterns of (a) MgV 1.08M0g.920s;

(b) Mg2 5VM0Og; (c) Mgo 46V 0.92M01 0g0s; calcined at 1173, 1223, and
1323 K, respectively. Diffraction patterns were taken at room temperature
in air.

Combustion of the residual alkoxide moieties during the
calcination of the Mg(VOg4)2 precipitate was investigated
with thermogravimetric analysis. Inspection of the TGA data
showed a continuous weight loss of 25.2% upon increasing
the temperature from room temperature to 723 K in flowing
O.. However, no additional weight loss was observed upon

incorporate the excess vanadium and molybdenum, respecincreasing the temperature from 723 to 973 K. This implies

tively, into the Mg 54,V 112,M01_2,Og structure and form
Mg2.54V 1.08M00.9208 (E) and Mg.46V0.92M01.060s (G).

= J
wﬁjw
LJM

d)

Arbitrary Intensity

50 60 70

40
2-Theta (°)

Fig. 1. Powder diffraction patterns for the sol-gel-prepared metal oxides
calcined at 823 K: (a) Mg¥Og; (b) MgoV207; (c) Mg3(VOg4)2;

(d) Mg2.05(V0.98M0g 0204)2; (8) 37.0% Mg(VO4)2/MgM0Oy;

() 1:2 Mgz(VO4)2/MgMoOy; (9) 29.9% Mg (VO4)2/MgMoOy;

(h) Mgp.992M003 gg; (i) Mg1.015M004 015 () MgMo207; (K) 2% V05

on MgMoQy; (I) 1.86% V505, 0.14% MoQ on MgMoOy; (m) 1.72%
V205, 0.28% MoQ on MgMoQy; (n) MoVoOg, impurity VoOs(x).
Diffraction patterns were taken at room temperature in air.

that all of the organic compounds were combusted when the
samples were calcined at 823 K for 12 h.

The physical properties of the metal oxides are summa-
rized in Table 1. Surface areas increased as the Mg/V and
Mg/Mo atomic ratios increased. This, in turn, is consistent
with increasing melting points for the samples as the Mg/V
and Mg/Mo atomic ratios increase. The low surface areas of
the M5+, V1+2:M01_2,0g samplesE, F, andG) are a
result of the high calcination temperatures required to form
single-phase samples.

Scanning electron micrographs (Fig. 3) of MgO7
prepared by the solid-state technique, and,WigD; (B)
and Mg(VOg)2 (C) prepared by the sol-gel method, con-
firm the small & 500 nm), uniform particle size of these
metal oxides prepared by the sol-gel method at 823 K. The
smaller size of the Mg/ 207 particles prepared by the sol-
gel method compared with the sample synthesized by the
solid-state technique is evident from the figures.

Raman spectra of select metal oxides are shown in
Fig. 4. The spectra of My207 (B), Mgs(VOa)2 (C),
and Mg .99AM003 992 (1) are consistent with previously re-
ported spectra [54-56]. Minor shifts<(1 cm 1) in the
peak positions betweed and Mg 9g(V0.9eM00.0204)2 (D)
were detected but no additional peaks were found, con-
firming the absence of MgMo£(996 cnt 1) and MoQ
(826 cntl) [57]. Large backgrounds, due to fluorescence,
were seen in the spectra of the 1:2 molar 3A§D4)2/
MgMoO4 (H) and Mg.019V1004.015 (J). The background
in the spectrum ofl is so intense that the vibrational fea-
tures barely can be discerned.

The source of fluorescence is difficult to attribute to
a specific origin, because organic phases [58], trace tran-
sition metal impurities [58] (e.g., iron), and/or hydroxyl
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Fig. 4. Raman spectra of (a) MY207; (b) Mgz(VOy)o;
(€) Mg2.08(V0.98M00.0204)2; (d) 1:2 molar ratio of Mg(VOgs)2/
MgMoOy; (e) Mgy.992M0O3.992; (f) Mg1.019M004.015

3.2. Reaction studies

A summary of the gas-phase data from the propane ODH
experiments is presented in Table 2. It is important to note
that the reactant gas mixture is propane rich, and oxygen is
the limiting reagent [60]. Therefore, the maximum obtain-
able conversion is 66.7% for an ODH reaction that is 100%
selective with respect to the formation of propylene. No ap-
preciable conversion was observed from the reactor or quartz
chips at temperatures 808 K. The main products obtained
during the catalytic testing were propylene, CO, andb,CO
occasionally, minor amounts of the liquid oxygenated prod-
ucts, acrolein, acrylic acid, acetic acid, propionic acid, ace-
tone, and unknowns, were detected. When the oxygenated

) . components are included in the calculations, the selectivi-
nique calcined at 873 K; (b) My/»,0O7 prepared by a sol-gel method . . . .
calcined at 823 K; (c) Mg(VOy4), prepared by a sol-gel method calcined ties decrease by 1%, while Fhe g:onversmns increase by
at 823 K. < 2%. The carbon balance is within 95-105% for all of
the reactions. Significant differences in the conversions and
selectivities exist between the catalysts, so the results will
groups [59] can cause fluorescence. It was establishedpe discussed in families of materials: the Mg—V—0O, Mg—V—
from the TGA experiments that an organic phase is not Mo-0, Mg-Mo-0, and the V-Mo—O-based catalysts.
present and therefore cannot cause the fluorescence. Ele- The selectivity and conversion data of the vanadates
mental analysis was used to analyze the compositions of(A, B, andC) are plotted in Fig. 5. Mg¥Og (A) exhib-
the magnesium molybdate samples. Inductively coupled ited higher selectivities and conversions than,MgO7 (B)
plasma-atomic emission spectrophotometry confirmed thatand Mg(VO4)» (C) at temperatures below 598 K, while
the stoichiometries of the magnesium molybdatesn(dJ) displayed the highest selectivities and conversiona,ds,
were Mg.g9M003 992 and Mg 013V1004.015 respectively.  andC at temperatures above 698 K. For exampléhad a
Inductively coupled plasma-mass spectroscopy showed con-selectivity of 53.1% and conversion of 15.6% at 808 K. Cat-
tamination of boron, silicon, phosphorous, and zinc on the alystC showed the lowest selectivities and conversions,of
parts per billion scale in the samples. The fluorescence wasB, andC at all temperatures. Additionally, a slight decrease
not attributed to these contaminants since they are found inin the conversion ofc was observed after 24 h at 807 K
both samples. These results suggests that the fluorescencigom the initial conversion of 12.6 to 12.2%. This decrease
originates from hydroxyl groups that would be present from is associated with coke formation detected with UV Raman
the excess magnesium (as Mg(QHn J. spectroscopy. At temperatures above 698 K, the selectivities

Fig. 3. SEM micrographs of (a) Mty ,O7 prepared by the solid-state tech-
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Fig. 5. Catalytic results for the ODH of propane with the Mg—\~O catalysts. Fig. 7. Conversion versus selectivity. Test conditions: 3036l§; 10% O
Solid symbols correspond to the conversion, and hollow symbols corre- (50 psig, 4000 GHSV, total flow= 133 sccm 14/30 mesh catalyst). Data
spond to selectivity. Test conditions: 30%kg, 10% O (50 psig, 4000 computed based on gas-phase components only.

GHSV, total flow= 133 sccm 14/30 mesh catalyst). Conversion and selec-

tivi ted based ph ts only. . o
vity compuited based on gas-phase components only. mation of propylene after oxygen depletion is also accom-

panied by an unvarying production of GOn general, the

0] g S SR e P I § amount of CO produced increased while thes@@creased
o \x\ & -..;82:‘:-5% ----- S as the temperature increased and the reaction proceeded, and
o \ ‘ L6 this shift from CQ to CO provides a quantitative marker,

- based on the oxygen mass balance, for the increase in se-
= ] E @ lective ODH. The calculated increase in the propylene se-
% 6] Lg 2 lectivity and conversion for Mg/ 207 (B) that results from
s ] P 2 the shift of CQ to CO between 703 and 807 K is 5.2%

g 4] = MgV.0, & (46.4 to 51.6%) and 1.6% (13.6 to 15.2%), respectively.
31 —®—MgV.,0, L2 Thus, when depletion of Din the reactant stream occurs
2 A Mg (VO),

and as the temperature increases, a more efficient utilization

——Mg(V Mo O) ] . . . . . ..
: il of oxygen is realized leading to an increase in selectivity. In

098 0.02

0 — — =10 addition, while the analysis of hydrogen was not performed,
350600650 700750 800 the dehydrogenation reaction is also likely to contribute to
Temperature. (K) the selective conversion of propylene. The observation of

Fig. 6. Total @ and CQ, detected in the product stream of Mg—V-O cata- coke formatlon’ which typically accompanies catalytic dehy-
lysts during the ODH of propane. Solid symbols correspond to $heatd drogenation, was detected by UV Raman spectroscopy mea-
hollow symbols correspond to GOTest conditions: 30% §Hg, 10% O, surements on the Mg@vOa,), (C) catalyst following reaction
and 60% N (50 psig, 4000 GHSV, total flow= 133 sccm 14/30 mesh cata-  at 723 and 798 K. Based on the good agreement between
lyst). Conversion and selectivity computed based on gas-phase componentsphe gbserved selectivity of propylene 53.1% (see Fig. 5) ver-
only. sus the percentage calculated or expected from the shift of
COy to CO (51.6%), the dehydrogenation reaction appears
and conversions of the catalysts decreased as follBws:  to make a minor contribution. Consistent with these observa-
A > C. These results parallel the electrical conductivity and tions, the data acquired after oxygen depletion lie on a single
band-gap energy data reported by Volta and co-workers andcurve when conversion versus selectivity is plotted (Fig. 7).
described in the Introduction [27]. This suggests that the surface structure(s), and perhaps the
The initial selectivities decreased with increasing con- active site(s), of the reduced magnesium vanadates(
version, but, interestingly, at temperatures above 673 K the andC) and molybdated (andJ) are similar, although there
selectivities began to increase with increasing conversions.could be other possible explanations.
This phenomenon is related to the complete depletion,of O A significant improvement in the conversion and selec-
in the reactant stream (Fig. 6). Upon depletion of f@m tivity of Mg3(VOa4)2 (C) was observed with the substitution
the reactant stream, the increase in propane conversion obef molybdenum into the structure. Catalydtreached 10%
served as the temperature increases occurs with an additionatonversion at 698 K with a 29.1% selectivity for propy-
consumption of the lattice oxygen from the catalyst, thereby lene. In contrast, Mgog(V0.0eM00.0204)2 (D) reached 10%
reducing the catalyst, as observed in the visible and UV conversion at 652 K with a selectivity of 40.6%. Addition-
Raman spectroscopy measurements og(M@4)2 (C) and ally, D exhibited a higher conversion (16.5%) and selectivity
Mgo.99M003 992 (1). Note, however, that the selective for- (55.6%) thanA, B, andC at 808 K. A small increase in
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the liquid oxygenated products (0.37% vs 0.11%), primarily had a comparable conversion and better selectivity @an
acrolein, was observed with the molybdenum substitution. 808 K, which is similar to the results seen with the ODH of
The increase in conversion and selectivity seen with n-butane [37]. In contrast to the previous results seen @ith
molybdenum substitution is associated with Mg cation va- andD, smaller amounts of oxygenated products formed with
cancies formed from the substitution of ffofor V>*. The increasing molybdenum concentration (0.39 and 0.95% for
data suggest that these cation vacancies allow for a moreG andE, respectively). An increase in selectivity with in-
facile diffusion of the lattice oxygen to the surface of the creasing conversion was not observed because the oxygen
catalyst. Furthermore, the cation vacancy is electron rich, was not depleted in the reactant stream as a result of the low
rendering the oxide anions more basic. The more basic ox-conversions.
ide anion can more easily abstract a hydrogen atom fromthe Magnesium molybdated ,(J, and K) exhibited lower
adsorbed propane. Similar increases in conversion and selecconversions than the vanadatés 8, andC) at tempera-
tivity associated with cation vacancies have been seen withtures below 723 K. For example, the vanadates reached 5%
other oxidation catalysts [61-66]. Sleight and Linn attribute conversion at temperatures near 630 K, whereas the molyb-
the increase in selectivity and activity to the more basic na- dates reached the 5% conversioma?00 K. The rate of
ture of the oxide anions, promoting allyl formation [61]. Propane conversion over the molybdate catalysts increased
Tsunoda et al. [63] and Fan et al. [62] suggest that the in- quickly, such that at higher temperatures the molybdates ex-
crease in activity is due to the more facile diffusion of the hibited higher conversions than the vanadates. At identical
oxide anions through the bulk structure. Li and co-workers conversions, the molybdates were more selective than the
propose that the cation vacancies allow for the formation vanadates. Weaker metal—oxygen bonds have been shown to
of Mo=0 and distorts the Mo(V)@tetrahedron creating a  increase the activity, but decrease the selectivity of the reac-
stronger Bi~O-V bond [64]. They suggest the enhanced se-tion [29,67,68]. Chen et al. show that a decrease in the UV—
lectivity results from the Me-O double bond, and that the Visible absorption-edge energy of metal oxide catalysts cor-
increased conversion is due to a synergistic effect betweenr€lates to an increase in the propane ODH turnover rate [69].
the Mo=0 and the Bi-O-V bonds [64]. They state that the energy required to transfer electrons from
The magnesium vanadium molybdatds €, and G) the oxygen to the metal is an indication of the C—H bond ac-
showed the lowest conversions of all the catalysts testedtivation energy and that as the metal-oxygen bond becomes
(Fig. 8). The Mg sVMoOg catalyst F) reached a maxi- Mmore difficult to break, the turnover rate of propane ODH
mum conversion of only 5.4% with a selectivity of 40.20. decreases [69]. . _
Again, the conversions and selectivities of the catalysts 1he catalytic behavior of the magnesium molybdates
increased with increasing molybdenum substitution. The (I» J, andK) is shown in Fig. 9. The MgogM0Os.992
Mg2.54V 1.08M00 9208 sample E) had a conversion of 4.6% _(I) exhibited the highest conversion (18.6%) and selectiv-
and selectivity of 38.4% at 808 K, but an increase of the 1Y (61.8%) and produced the most oxygenated products
molybdenum content to MgieVo.9M01.060s (G) improved (3.08 with 0.96% acetic acid, 0.82% acrylic acid, 0.32%

the conversion (10.4%) and selectivity (46.0%). CataGyst acrolein, and other oxygenates) of all the catalysts tested.
The Mai.019M004.015 (J) had a conversion curve similar

m MgV, Mo, O, to I, but was less active at higher temperatures. The selec-
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Fig. 8. Catalytic results for the ODH of propane with the Mg-V-Mo-O  Fig. 9. Catalytic results for the ODH of propane with the Mg—Mo—O cata-
catalysts. Solid symbols correspond to the conversion, and hollow symbols lysts. Solid symbols correspond to the conversion, and hollow symbols
correspond to selectivity. Test conditions: 30%Hg, 10% G (50 psig, correspond to selectivity. Test conditions: 30%Hg, 10% G (50 psig,
4000 GHSV, total flon= 133 sccm 14/30 mesh catalyst). Conversion and 4000 GHSV, total flow= 133 sccm 14/30 mesh catalyst). Conversion and
selectivity computed based on gas-phase components only. selectivity computed based on gas-phase components only.
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tivity of J was lower than at all temperatures, but fewer than bothl andJ. A slight increase (0.04%) in the amount
oxygenates formed (0.36%) with These results agree with  of liquid oxygenates produced by mixturewas observed,
those seen previously in other reports; that is, MgMe@h compared td.

a slight excess of Mo®shows a higher activity and selec- As shown above, supported vanadium oxide catalysts
tivity than samples with an excess of MgO [13,34,70]. Inad- (L, M, andN) have conversions and selectivities similar to
dition, complete oxygen depletion from the feed stream was those of the single-phase catalystk (The surfaces of sup-
observed only at 808 K fdrandJ; thus, an increase of selec-  ported catalysts can be described as two-dimensional struc-
tivity with conversion was not observed. The Mgh@y (K) tures of monomers or oligomers that are bonded to a metal
exhibited a lower selectivity thanat all temperatures. Cata-  oxide. However, Wachs and co-workers report data that in-
lyst K exhibited higher selectivities and conversions tdan  dicate the bulk Fe-V and Al-V vanadates have specific ac-
and higher conversions than samplat lower temperatures tivities which are nearly an order of magnitude greater than

(< 748 K). . o the respective monolayer vanadium oxide-supported cata-
The conversions and selectivities of the supported lyst, while that of bulk Ni-V is approximately two orders
V2-2:M02,0s. catalysts [, M, andN) are similar tol of magnitude greater than the monolayer vanadium oxide-

(Fig. 10). For example, selectivities of 59.3, 60.5, and 60.4% supported catalyst [71].
and conversions of 16.8, 18.2, and 17.8% were observed for  The results presented here show the importance of the

L, M, andN, respectively, at 808 K. However, the selectivi- pulk catalyst structure on the catalytic selectivity and conver-
ties ofL, M, andN begin to increase at 725 K, because of  sjon. The bulk structure allows the catalysts to continuously
oxygen depletion from the reactant stream. These data im-yndergo reduction and reoxidation cycles during reaction
ply that the surfaces df, M, andN were not as selective as  conditions, at steady state. However, the ODH reactions oc-
| for the formation of propylene. cur at the catalyst surface. Therefore, the catalyst surface
Molybdenum divanadium oxide, Mo)Dg (O), exhibited  strycture needs to be resolved to allow for a fundamental

the highest conversion (1.8%) at 573 K of all catalysts tested, ynderstanding of the reaction pathway that occurs at the
but the conversion did not increase as fast as the other catagatalyst surface.

lysts. O displayed the lowest selectivity (15.6%) at 698 K
before increasing to 35.5%, the lowest selectivity observed 3 3 Raman studies
at 808 K. These results can be explained by the presence of

V20s. Kung and co-workers report thab®@s exhibits high
conversions for alkane ODH but low selectivities for alkene
formation [7,26].

The 1:2 molar mixture of Mg(VO4)2/MgMoO4 (H) dis-
played a higher conversion than the magnesium vanadium
molybdatesk, F, andG), but at equivalent conversions the
selectivity ofH was lower. The selectivity and conversion
of H were similar to those of catalysl but were lower

The visible Raman spectrum of M/ O4)2 (C) at room
temperature matches previously reported spectra [72,73]
(Fig. 11). The UV Raman spectrum is in good agreement
with the visible Raman spectrum, but an additional peak is
observed in the UV Raman spectrum at 650 ér(Fig. 12).

This additional peak is assigned to the V—-O—Mg stretch-
ing mode because the V-O-In of InYQr4], the V-O-Fe
of FeVQy [74], and the V-0O-V of MgV207 [73] and rare

—m— 2% V,0, on MgMoO, earth orthovanadates [75] are centered near 650 cifhe
—8—0.14% MoO,, 1.86% V,0,, MgMoO,
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Fig. 10. Catalytic results for the ODH of propane with the Mo—V-O cat- Fig. 11. Visible Raman spectra of M/O4)». The spectra were taken un-
alysts. Solid symbols correspond to the conversion, and hollow symbols der in situ conditions (30% 4Hg, 10% O, and 60% N flowing at 50
correspond to selectivity. Test conditions: 30%Hg, 10% O (50 psig, sccm) at: (a) 303 K; (b) 623 K; (c) 673 K; (d) 723 K; (e) 798 K. Spectrum
4000 GHSV, total flon= 133 sccm 14/30 mesh catalyst). Conversion and (f) was taken after (e) under a flow of air at 798 K. Spectrum (g) was taken
selectivity computed based on gas-phase components only. of fresh catalyst under a flow of He at 798 K.
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e) Fig. 13. Magnification of the visible Raman spectra of {\04)>. The
spectra were taken under in situ conditions (308blg, 10% O, and 60%
f) N5 flowing at 50 sccm) at: (a) 623 K; (b) 673 K; (c) 723 K; (d) 798 K.

Spectrum (e) was taken at 798 K under a flow of air.
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Fig. 12. UV Raman spectra of M{vO4)>. The spectra were taken after
the catalysts were exposed to reaction conditions (3@¢4gC10% Gy, and

60% N, 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) exposed to a 5 sccm
flow of O at 798 K. Spectrum (g) was taken of fresh catalyst exposed to a
1-h flow of He at 798 K. All spectra were taken for 1 h at room temperature
under flowing . g)
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Table 3 Raman shift (cm™)
In situ visible Raman peak positions (crH) for Mgz(VOa)-
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Fig. 14. Visible Raman spectra of MggaMoO3 ggo. The spectra were
taken under in situ conditions (30%3Bg, 10% &, and 60% N flow-

860 854 853 850 ing at 50 sccm) at: (a) 303 K; (b) 623 K; (c) 673 K; (d) 723 K; () 798 K.
825 821 sH Spectrum (f) was taken after (e) under a flow of air at 798 K. Spectrum (g)
722 was taken of fresh catalyst under a flow of He at 798 K.

469

448

409 freshC at 798 K in flowing helium; therefore, the reduc-
387 tion of the catalyst during the replicated reaction conditions
349 339 336 335

cannot be attributed to thermal reduction (Figs. 11(g) and

§§§ 287Hl 562 12(g)). Upon reoxidation, the catalyst turned white in color
233 228 226 and the Raman peaks reappeared.
198 192 188 Interestingly, the temperature (673 K) at which the visible
a Spectrum recorded but no observable features. Raman bands disappeared corresponds to the temperature
b SH indicates shoulder. where oxygen was not detected in the reaction stream, for

the first time, during the catalytic testing. Magnification of
peak is evident in the UV Raman spectrum because thethe visible Raman spectrum taken at 673 K reveals a small
exciting photon energy (5.1 eV) is near the O band peak at~ 853 cn! (Fig. 13), indicating that the catalyst is
gap ¢~ 5 eV) [76-78], thus enhancing the intensity of the not fully reduced. The catalyst is reduced further at higher
stretching mode [79,80]. The broad peaks-at610 cnt? temperature. Indeed, no Raman features of thg?vQetra-
in Fig. 12(d and e), are associated with coke formation from hedra are observed upon magnification of the spectra taken
propane dehydrogenation at the high temperatures [81]. Theat 723 and 798 K, excited by visible and ultraviolet light.
peak positions shifted to lower frequencies as the in situ  The visible and UV Raman spectra of WgaMoO3 992
temperature increases (Table 3) [82]. The gradual disappear{l) at room temperature match the previously reported spec-
ance of the Raman bands associated with the symmetrictrum [83] (Figs. 14 and 15). The lack of agreement be-
stretch ¢1, 860 cnTl), asymmetric stretchug, 825 cntl), tween the peak positions and those reported for the hydrated
asymmetric bendwg, 722 cntl), and symmetric bend, MgMoOy indicates that water is not coordinated to the sam-
349 cntl) of the VO3~ [82] indicates the reduction of the  ple [84]. In the UV Raman spectrum, the peaks-879 and
sample. The catalyst appeared black when it was visually 950 cnt are not resolved. Most of the peak positions shift
inspected in the UV Raman cell after the ODH reaction at to lower frequencies as the temperature increases for the in
723 K. The Raman bands did not disappear upon heatingsitu experiments (Table 4). The disappearance of the Ra-
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< d Fig. 16. Magnification of the visible Raman spectra ofgyg,MoO3 gg2.

The spectra were taken under in situ conditions (309l4; 10% O, and
i 60% N, flowing at 50 sccm) at: (a) 673 K; (b) 723 K; (c) 798 K. Spectrum

€) h
W v \-\_H__N_,._ N - (d) was taken at 798 K under a flow of air.
g)

electron energy loss spectroscopy (HREELS) on an oxygen-
400 600 800 1000 1200 1400 1600 1800 modified Mo (100) surface [85] The peak shift to a lower
wavenumber than that observed in the HREELS experiment
is due to the weaker bond strength from the higher Mo oxi-
Fig. 15. UV Raman spectra of MaosMoOs 0oz The spectra were taken dation state of the reducédUpon reoxidation, the catalyst
after the catalysts were exposed to reaction conditions (3g#5C10% turned pale gray in color and the Raman peaks reappeared.
0,, and 60% N flowing at 50 sccm) for 1 h at: (a) 298 K; (b) 623 K;  The Raman bands associated with the three-coordinate oxy-
(c) 673 K; (d) 723 K; (e) 798 K. Spectrum (f) was taken after (e) exposed gen of the reduced catalyst disappeared.
to a 5 sccm flow of @ at 798 K. Spectrum (g) was taken of fresh catalyst Again, a correlation exists between the peak intensity
exposed to a 1-h flow of He at 798 K. All spectra were taken for 1 h at room . . .
temperature under flowing\l a}nd the catalyst reduction. Bands from.the visible excita-

tion taken at 723 and 798 K seem to disappear. However,

small peaks are apparent upon magnification of the spectra
(Fig. 16). No Raman features are observed for the spectrum
taken at 798 K, even after magnification. The difference in
the UV and visible Raman features is due to the “skin depth”

Raman Shift (cm'i)

Table 4
In situ visible Raman peak positions (¢ for Mgg.ggzM003 g2

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

970 961 SH sA netration, the minimum depth of material probed which i

358 352 51 350 950 947 ggteimeilngd'byihe absL:)rpﬂSi?y OC]: theasearf:pllaeoa?nedd give(:w bi/

910 904 902 900 900 . i >

874 A/ (4rk), wherel is the laser wavelength ards the imagi-

855 848 848 843 nary part of the complex refractive index of the sample [86].

424 To the best of the author’s knowledge there is no direct in-

385 formation on thek value of the Mg(VO4)2 and MgMoQ,

371 370 370 369 : . . ) - >

349 347 347 so the skin depth is estimated using similar solids as mod-

335 335 335 335 335 335 els [87]. At 244 nm (514.5 nm), the skin depth of KNHO

277 280 280 282 is calculated to be 12.1 nm, that of Bagi@ 14.9 nm

204 202 202 198 (28.4 nm), and that of SrTi®is 15.1 nm (27.6 nm). The

180 177 177 176 skin depths of the materials at 244 nm are approximately half
& SH indicates shoulder. the skin depths at 514.5 nm. Therefore, the catalyst surface

contributes more to the UV Raman signal than the visible
man peaks corresponding to the symmetric stretgh900 Raman signal. The Raman data imply that the surface of the
and 958 crml), asymmetric stretchyg, 910 and 874 cmt), catalyst is reduced but the bulk is still oxidized. This expla-
asymmetric bend, and symmetric bend of the M6O[83] nation is consistent with the reaction data.
indicates the reduction of the sample. The catalyst appeared The Raman data combined with the reaction data demon-
gray when it was visually inspected in the cells after the strate that the ODH of propane is consistent with the Mars—
reaction at 798 K. The reduction éfduring in situ condi- van Krevelen reaction mechanism. Although the peak inten-
tions cannot be attributed to thermal reduction as the vibra- sities decrease during the reaction with propane, peaks are
tional bands did not disappear upon heating fresh catalyst atobserved in the in situ Raman spectra until the gas-phase
798 K in flowing helium (Figs. 14(g) and 15(g)). Interest- O in the reaction stream had been consumed in the reac-
ingly, a new band appears at445 cnt! in the UV Raman tion. At this point, further reaction reduces the catalyst and
spectrum after the reaction at 798 K. The peak position is the peaks associated with the ¥O /Mo0O42~ cannot be de-
attributed to the stretching mode of three-coordinate oxy- tected. The reactor data show that the(@) had completely
gen and not bridging oxygen, because no additional peaksreacted by 673 K with catalysE. Propane further reacted
at higher Raman shifts were observed. This peak is similar with lattice oxygen resulting in the reduction of the catalyst.
to the three-coordinate vibration seen with high-resolution However, gas-phase oxygen was still present during the re-
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action at 798 K with catalyst so the catalyst was never fully ~ experiments correlates with the reaction of propane and the
reduced. lattice oxygen, reducing the catalyst. These data combined
with the reactor data demonstrate that the oxidative dehy-
drogenation of propane occurs by the Mars—van Krevelen
4. Conclusions reaction mechanism.
A new band centered at 445 crhis observed in the UV
In order to compare the reactivity of magnesium vana- Raman spectrum for the reduced ¢gMoOs g92and is at-
dates and magnesium molybdates in the same ODH studytributed to the stretching mode of three-coordinate oxygen.
a series of metal oxides from the MgO205—MoQ; ternary This new feature can give insight into the structural changes
phase diagram have been prepared. These samples were efie catalyst undergoes during the ODH reaction. Further-
amined for the oxidative dehydrogenation of propane. From more, the appearance of new features helps to focus our
the catalytic data presented above, the magnesium vanadatattention to surfaces that may exhibit reconstruction upon
selectivities and conversions decrease as follows\M@7 reduction.
> MgV20s > Mgs(VOy4)2 at temperatures greater than These results illustrate the importance of determining the
723 K. The vanadates exhibited higher conversions than thereaction pathway in atomic detail. A fundamental under-
molybdates at identical temperatures below 723 K; how- standing of the molecule-transforming chemistry that occurs
ever, the molybdates exhibited a lower selectivity at identi- on solid surfaces and the reaction mechanism in the bulk of
cal conversions. MgggaM00O3 992 exhibited the highest se-  the catalysts will allow for the development of catalysts with
lectivity and conversion (at 808 K) of the catalysts tested. increased selectivities and conversions and improved yields.
Compared with Mg g92M003.992 the recorded yields from
the samples comprised ofyV2,Mo02,05,, supported on
MgMoOy4 are nearly the same (at 808 K). However, com- Acknowledgments
plete oxygen depletion occurred at723 K for the sup-
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