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The oxidative dehydrogenation of propane to propylene was investigated over vanadate catalysts supported on
calcium and strontium hydroxyapatites (VO./CaHAp and VO,/StHAp, respectively). Catalytic activities were
improved by both CaHAp and SrHAp supports, but the improvement was greater for VO./StHAp than for VO./
CaHAp. The maximum yield of propylene observed for 5% VO,/StHAp was comparable to that of Mg,V,07,
which is one of the most active catalysts for the oxidative dehydrogenation of propane. The combination of
active sites for loading (VO,) and the OH groups of the support (CaHAp and SrHAp) resulted in the enhanced
catalytic activity. Furthermore, the redox nature of the loading directly contributed to the enhancement of VO,/
SrHAp activity. The effect of catalyst weight (5% VO,/StHAp) relative to the feedstock flow rate on selectivi-
ties to propylene and CO; suggested that oxidative dehydrogenation proceeded through a consecutive mechanism
in which propylene was formed from the oxidative dehydrogenation of propane, followed by deep oxidation from
propylene to COy, rather than the direct oxidation of propane.
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1. Introduction

Our previous study suggested that the combination of
OH groups in hydroxyapatite (M1o(PO4)s(OH)2, M = di-
valent cation) and vanadate (VO,) would form an active
catalyst for the oxidative dehydrogenation of propane.
In order to combine OH groups and vanadates, PO+~ in
calcium hydroxyapatite (Caio(PO4)s(OH)2; CaHAp)
was partly substituted with VO3~ at the atomic ratio of
V/P=0.10 to form Caio(PO4)s5.45(VO4)o55(0H)2
(VO4~CaHAp), which had catalytic activity (16.5% of
the conversion of propane and 54.2% of the selectivity
to propylene)"?, comparable to that of magnesium
pyro-vanadate (Mg>V207), which is one of most active
catalysts for the oxidative dehydrogenation of pro-
pane¥™®, Only CaHAp demonstrated rather low
activity. However, the substitution of vanadate resulted
in unfavorable modification of the hydroxyapatite struc-
ture. For example, increasing the vanadate contents in
VO4~CaHAp caused the hydroxyapatite structure to
become an amorphous phase!?. Preliminary experi-
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ments showed that substitution of a small amount of
PO4* with VO4* in strontium hydroxyapatite
(Sr10(PO4)s(OH)2; StHAp), with an atomic ratio of V/P=
0.025, (the latter had greater activity than that of CaHAp
under the same reaction conditions as employed for
CaHAp and VOs~CaHAp systems)"?, resulted in
unfavorable conversion of Srio(PO4)s(OH)2 to Sr2P207.
Since SrHAp showed higher activity for the oxidative
dehydrogenation of propane to propylene than CaHAp,
another process for the combination of OH groups in
hydroxyapatite and vanadate should be developed. In
this respect, supported catalysts, rather than substituted
catalysts, seem to be more favorable for the combina-
tion of these two active species.

In the present study, vanadate was supported on both
CaHAp and SrHAp for use as catalysts for the oxida-
tive dehydrogenation of propane. Since the combina-
tion of vanadate and StHAp provided an active catalyst
comparable to Mg>V207, the redox nature of the sup-
ported catalyst (VO./StHAp) and its reaction mech-
anism for the oxidative dehydrogenation of propane
was also investigated.
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2. Experimental

2.1. Preparation of Vanadate-supported Calcium
and Strontium Hydroxyapatites

All chemicals were of high purity and were used as
supplied. Calcium and strontium hydroxyapatites
(CaHAp and SrHAp, respectively) were prepared from
Ca(NO3)2°4H,0 (Wako Pure Chemicals, Osaka) and
Sr(NOs)2 (Wako) together with (NH4)>HPO4 (Wako)
according to the procedures reported by Hayek and
Newsely” and Matsumura et al.¥. The resulting solids
were dried in air at 373 K overnight and then sieved to
the size fraction of 0.85-1.70 mm, followed by calcina-
tion at 773 K for 3h. Vanadate catalysts supported
over CaHAp and StHAp (VO./CaHAp and VO,/StHAp,
respectively) were prepared from the supports by
impregnation with an aqueous solution of NH4VO;
(Wako), followed by calcination at 773 K for 3 h. The
loading is expressed as the weight percentage: 100V/
(V +CaHAp) or 100V/(V + StHAp).

2.2. Apparatus, Procedure and Analysis

The catalytic experiments were performed in a fixed-
bed continuous-flow reactor operated at atmospheric
pressure. The reactor consisted of a quartz tube, 9 mm
i.d. and 35 mm length, attached at each end to a 4 mm
i.d. quartz tube for a total length of 25 cm. The cata-
lyst charge was held in place in the enlarged portion of
the reactor by two quartz wool plugs. In all experi-
ments, the catalysts (0.5 g) were heated to the reaction
temperature (723 K) while maintaining a continuous
flow of helium and were held at this temperature under
a 25 ml//min flow of oxygen for 1 h. The oxygen was
then completely replaced by helium, and the reaction gas
was introduced into the reactor. The reaction condi-
tions are as follows unless otherwise stated: P(C3Hg) =
14.4 kPa, P(O2) =4.1 or 0 kPa and F =30 m//min. No
homogeneous reaction was observed under these condi-
tions.

The reaction was monitored with an on-stream
Shimadzu GC-8APT gas chromatograph equipped with
a thermal conductivity detector and integrator (Shimadzu
C-R6A). Two columns, one Porapak Q (6 m X3 mm)
and the other Molecular Sieve 5A (0.2 m X 3 mm), were
employed in the analysis. The conversion of propane
was calculated from the products and from the propane
introduced into the feed. The selectivities were calcu-
lated from the conversion of propane to each product
on a carbon basis. The yield of propylene was esti-
mated from the conversion of propane multiplied by
1/100 of the selectivity to propylene. The carbon mass
balances were 100=5%. The reaction rate per unit of
surface area was estimated as the rate per unit of cata-
lyst weight (r=FCoX/W, in which F, Co, X and W are
flow rate, initial concentration of CsHs, conversion of
CsHs and catalyst weight, respectively) divided by the
catalyst surface area®. Continuous analyses of the
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reaction used the effluent gas from the reactor was
introduced into a quadrupole mass spectrometer
(Pfeiffer-Hakuto OmniStar-s).
2.3. Characterization

X-ray diffraction (XRD) patterns were recorded with
a Rigaku RINT 2500X diffractometer, using mono-
chromatized Cu Ko radiation.  Solid-sate 'V MAS
NMR (nuclear magnetic resonance) spectroscopy was
performed with a Bruker AVANCE DSX 300, using
0.16 M (1 M=1mol-dm™3) NaVOs solution as the
external reference at — 574 ppm at room temperature
and a spinning rate of 25 kHz. X-ray photoelectron
spectroscopy (XPS; Shimadzu ESCA-1000AX) was
carried out using monochromatized Mg Ko radiation.
The binding energies were corrected using 285 eV for
C Is as an internal standard. Specific surface areas
were measured by N> adsorption at 77 K according to
the BET theory (Nippon Bel, BELSORP 18).

3. Results and Discussion

3.1. Catalytic Activities on VO./CaHAp and VO./
SrHAp

Five types of both VO./CaHAp and VO./StHAp cat-
alysts were prepared. The XRD (X-ray diffraction)
patterns of four VO/CaHAp catalysts were essentially
identical to that of CaHAp prepared for this study and
agreed with the reference patterns for Caio(PO4)s(OH)2
(JCPDS 09-0432) (Fig. 1). Similarly, the XRD pat-
terns of four VO./StHApD catalysts and StHAp prepared
for this study matched the reference data for
Sr10(PO4)s(OH)> (JCPDS 33-1348) (Fig. 2). Table 1
shows the a-axis and c-axis lattice constants of VO./
CaHAp and VO./SrHAp calculated from these XRD
data were insensitive to the loading. However, the
specific surface area of both VO,/CaHAp and VO./
SrHAp catalysts decreased with increased in loading.

Figure 3 illustrates the conversion of propane and
selectivity to propylene, CO and CO; in the presence of
gaseous oxygen in the feedstream at various VO./
CaHAp loadings. Table 1 shows the reaction rates
per unit of catalyst weight and surface area. The sta-
bilized activity after 6 h on-stream is shown (Table 2).
Conversion increased with higher loading and reached
the maximum at 2.5% VO,/CaHAp (Fig. 3). The
reaction rates per unit surface area also increased with
loading and reached the maximum at 5.0% VO./
CaHAp (Table 1). Conversion of propane was 5.7%,
selectivity to propylene was 21.3%, and the yield of
propylene was 1.2% over CaHAp. In contrast, con-
version of C3Hs was 10.8%, the selectivity to C3He was
48.1%, and yield of CsHe was 5.2% over 2.5% VO./
CaHAp. Therefore, VO./CaHAp showed improve-
ment in the catalytic properties. However, the catalytic
properties did not exceed those of Mg>V207 (C3Hg con-
version=14%, C3Hs selectivity =50.9% and C3Hg
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Fig. 1 XRD Patterns of CaHAp and Various VO,/CaHAp Catalysts
before the Use for the Oxidative Dehydrogenation of
Propane
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Fig. 2 XRD Patterns of StHAp and Various VO,/StHAp Catalysts
before the Use for the Oxidative Dehydrogenation of
Propane

Lattice Constant, Surface Area and Reaction Rate per Unit of Catalyst Weight and Surface Area for

Lattice constant [nm]

Surface Rate

Catalyst a c area [m?/g] [mol-min~'-g™'] [mol*min~'-m™]
CaHAp 0.942 0.687 57 2.01 X107 3.52%1077
1.0% VO,/CaHAp 0.941 0.689 53 3.08x107° 5.82%x1077
2.5% VO,/CaHAp 0.943 0.688 53 3.83x107° 7.23%1077
5.0% VO,/CaHAp 0.942 0.690 47 3.76 X107 8.00x 1077
10.0% VO,/CaHAp 0.942 0.688 49 3.80x107° 7.75 %1077
SrHAp 0.976 0.729 35 2.73%107° 7.79 %1077
1.0% VO,/StHAp 0.977 0.729 36 3.27%x107 9.09 % 1077
2.5% VO,/StHAp 0.977 0.729 34 4.44 %107 13.06 X 1077
5.0% VO,/StHAp 0.978 0.729 34 4.55%107 13.38 1077
10.0% VO,/StHAp 0.978 0.730 27 4.08 %107 16.98 X 1077

yield =7.1%), which is one of the most active catalysts
for the oxidative dehydrogenation of propane!?, and
CaHAp partly substituted with vanadate (VO4CaHAp)
(CsHs conversion=16.5%, C3Hs selectivity =54.2%
and C3Hp yield =8.9%) under the same reaction condi-
tions as employed in the present study?.

Figure 4 illustrates C3Hg conversion and selectivity
to each product in the presence of gaseous oxygen in
the feedstream at various VO,/StHAp loadings. The
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conversion of propane was 7.6 %, the selectivity to pro-
pylene was 26.7%, and the yield of propylene was
2.0% over StHAp, all of which were greater than those
for CaHAp. Similar effects of loading on the conver-
sion and selectivity to those of VO,/CaHAp were
observed for VO,/STHAD, as the selectivity to C3Hs was
increased and that to CO» was decreased extensively by
addition of 1.0% vanadate loading. The maximum
activity (CsHs conversion = 12.7%, C3Hs selectivity =
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Fig. 3 Conversion and Selectivity after 6 h on-Stream at 723 K in
the Presence of O, (4.1 kPa) over CaHAp and VO./CaHAp
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Fig. 4 Conversion and Selectivity after 6 h on-Stream at 723 K in
the Presence of O, (4.1 kPa) over StHAp and VO,/StHAp

Table 2 Catalytic Activities over VO,/CaHAp and VO,/StHAp at 0.75 and 6 h on-Stream

Conv. [%] Selectivity [%]
Catalyst
CsHg CO CO, CsHg

CaHAp 53 (5.7) 37.8(34.6)  47.0(442) 152 (21.3)
1.0% VO,/CaHAp 8.3 (8.9) 23.2 (22.5) 40.4 (38.5) 36.4 (39.0)
2.5% VO,/CaHAp 10.4 (10.8) 17.8 (17.4) 36.6 (34.7) 45.5 (48.0)
5.0% VO,/CaHAp 9.0 (10.7) 21.9(204) 407 (33.0)  37.4(46.6)
10.0% VO,/CaHAp 8.7 (10.8) 24.6 (21.8) 41.7 (34.2) 33.6 (44.0)

SrHAp 7.1 (7.6) 24.6 (24.2) 49.0 (49.0) 26.4 (26.7)
1.0% VOJ/StHAp 9.8 (9.1) 18.1(17.4)  22.8(203)  59.1(62.3)

2.5% VO./StHAp 11.7 (12.5)
5.0% VO,/StHAp 12.5 (13.0)
10.0% VO/StHAp  12.0 (12.8)

151 (157) 226(213)  62.4(63.0)
16.5(16.7)  24.1(22.6)  59.4 (60.7)
18.0(183)  245(23.0)  57.5(58.7)

Values in parentheses: values at 6 h on-stream.

62.5% and C3Hs yield=7.9%) was observed at 5.0%
for VO./SrHAp, and was comparable to the activities of
Mg>V207 and VO4~CaHAp under the same reaction
conditions as employed in the present study. As
shown in Figs. 3 and 4, the conversion and selectivity

J. Jpn. Petrol. Inst.,

over VO./CaHAp and VO./SrHAp were rather in-
sensitive to loading at more than 2.5%, probably due to
the reaction conditions close to oxygen-limited condi-
tions since the conversion of oxygen was more than
90% on those catalysts.
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The selectivity to CsHg of VO./StTHAp was evidently
greater than those of Mg>V>07 and VO4~CaHAp,
whereas the order of the reaction rates per unit surface
area was Mg,V,07>VO,/STHAp>VO4sCaHAp?.
Based on our previous studies, oxidative dehydrogena-
tion of methane and propane proceeds favorably over
CaHAp and SrHAp, respectively')!?, indicating that
the active site, the OH group in CaHAp and StHAp'?,
activates methane and propane at higher and lower
reaction temperatures, respectively. Therefore, the
beneficial effect of the loading was observed for VO./
SrHAp rather than for VO,/CaHAp. This study fur-
ther investigated the properties of VO/StHAp. The
XRD patterns of VO,/CaHAp and VO,/SrHAp after use
in the oxidative dehydrogenation in the presence of gas-
eous Oy were essentially identical to those before the
employment of the reaction (not shown).

3.2. Redox Properties of VO./STHAp

Table 1 shows that the reaction rate per unit surface
area increased with higher loading of vanadate.
Therefore, the properties of VO, rather than the surface
area, were the important contributors to the catalytic
activity, although the combination of VO, and StHAp
was essential for the increased activity. We hypothe-
sized that the lattice oxygen in VO, was the contributory
factor in the enhancement of the activity. Therefore,
propane conversion in the absence of gaseous oxygen
in the feedstream was investigated.

Figure 5 illustrates the conversion of propane as a
function of time-on-stream. Conversion was negligi-
ble over the catalysts other than 10.0% VO./SrHAp,
regardless of time-on-stream. Based on the results for
VO.,~CaHAp?, StHAp should demonstrate low activity
during the initial time-on-stream until 0.45 h because of
no abstraction of lattice oxygen from StHAp, whereas
1.0-5.0% VO./StHAp could be expected to show more
activity than StHAp during the initial time-on-stream
until 0.45 h, due to the rapid abstraction of lattice oxygen
from VO,. Therefore, abstraction of lattice oxygen in
VO, is important in the reaction behaviors. If lattice
oxygen is abstracted from the catalysts, the structure of
VO; and the valence of vanadium should be strongly
influenced by the abstraction of lattice oxygen. The

present study analyzed catalysts previously employed
under various conditions by XRD, XPS (X-ray photo-
electron spectroscopy) and solid-state 'V MAS NMR
(nuclear magnetic resonance).

Regardless of the presence or absence of gaseous
oxygen in the feedstream, essentially identical XRD
patterns to those illustrated in Fig. 2 were observed for
the catalysts after use to obtain the results illustrated in
Figs. 4 and 5 (not shown). XPS was used to investi-
gate the effects of oxygen abstraction from VO, and the
composition over the catalyst surface. Table 3 lists
data for the binding energy of each component and the
P/Sr, O/Sr and V/Sr atomic ratios obtained from 10.0%
VO,/SrHAp before and after reactions with and without
gaseous oxygen ((A), (B) and (C) in Table 3, respec-
tively). Information on VO, is more easily obtained
from a VO,-rich catalyst, so 10.0% VO./StHAp was
analyzed. The binding energy of V 2ps, together with
other components and the O/Sr atomic ratio were essen-
tially insensitive to the reaction conditions used.
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Fig. 5 Conversion of Propane at 723 K in the Absence of O, over
SrHAp and VO,/StHAp

Table 3 Surface Characteristics of 10.0% VO./SrHAp before and after Propane Conversion under Various

Reaction Conditions

Binding energy [eV]

Atomic ratio

Conditions
Sr 3p|/2 P2s O ls \' 2]33/2 P/Sr O/Sr V/Sr
(A) Before C5Hg conversion 280.0 190.8 531.6 517.9 0.30 1.29 0.02
(B) After C5Hg conversion at
P(02)=4.1 kPa 279.5 190.8 531.3 5174 0.30 1.29 0.02
(C) After CsHg conversion at
P(02)=0 kPa 279.5 190.3 531.0 517.2 0.32 1.36 0.03
(D) Afterre-oxidation of the 79 51955 5315 5176 0.33 129 0.02
sample used in (C)
J. Jpn. Petrol. Inst., Vol. 51, No. 1, 2008
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Fig. 6 °'V MAS NMR of 10.0% VO,/StHAp before and after

Propane Conversion under Various Reaction Conditions:
(A) fresh; (B) after propane conversion with oxygen (P(O,) =
4.1 kPa); (C) after propane conversion without oxygen
(P(O,) =0kPa); and (D) after re-oxidation at 723 K for 1 h
with O, (25 m//min) of the sample used in (C)

Binding energy of V 2ps» from V3* is 517.85, 517.5
and 518.6 eV for V205 and NazV Q4241314
Furthermore, a chemical shift of approximately 1 eV
occurs between V3 (V20s5) and V4 (VOs) in XPS
analysis (516.8 and 515.7 eV)*»19:10_ Therefore the
valence of vanadium over the catalyst was +5, even
after propane conversion in the absence of gaseous
oxygen in the feedstream, due to the supply of oxygen
species from the bulk to the surface. Abstraction of
lattice oxygen from the surface of 10.0% VO./SrHAp
should reduce the atomic ratio of O/Sr after use for pro-
pane conversion without gaseous oxygen. However,
the O/Sr ratio after propane conversion without gaseous
oxygen was essentially identical to the other conditions,
again indicating that oxygen species were supplied
from the bulk to the surface.

The XRD and XPS analyses provided no direct evi-
dence for the abstraction of lattice oxygen from the cat-
alyst, so solid-state 'V MAS NMR was performed. If
the lattice oxygen in VOy is abstracted, the valence of
vanadium should be reduced from 5+ to 4+. Solid-
state >'V MAS NMR is suitable for observing the re-
duction of vanadium, since NMR can detect vanadium
5+ but not vanadium 4 +. We previously found that
the redox behaviors of vanadium species can be reason-
ably explained by the combination of XRD, EXAFS
(extended X-ray absorption fine structure) and solid state
IV MAS NMR'?.  Therefore 'V MAS NMR was used
to examine the redox behaviors of vanadium species.
Figure 6 illustrates 'V MAS NMR obtained for 10.0%
VO./StHAp: as unused; after propane conversion with
oxygen; and, after propane conversion without oxygen.
The fresh catalyst demonstrated an evident NMR signal
due to vanadium at —596 ppm together with various
side bands (Fig. 6 (A)). The °>'V MAS NMR signal
due to V20s, which has been extensively studied as a

J. Jpn. Petrol. Inst.,

Vol. 51,

55

model catalyst for the oxidative dehydrogenation of
propane'®-19, occurs at — 609 ppm, indicating that VOx
on the supported catalyst is not a simple oxide. In this
study, the signal/noise ratio (S/N) was used to estimate
the conversion of V3* to V#*.  As illustrated in Figs. 6
(A) and (B), the S/N ratio of the fresh catalyst was
approximately 12, but became 3.6 after propane conver-
sion with O, indicating that slight reduction of V37 to
V#* proceeds even in the presence of gaseous oxygen.
Further reduction to V4* was detected after propane
conversion without Oz in the feedstream (Fig. 6 (C)),
shown by the S/N ratio of approximately 3.0.
Therefore, abstraction of lattice oxygen, followed by
reduction of V3" to V4*, was confirmed in VO/SrHAp
catalysts. If the VO. species has a favorable redox
chracteristics, the V4" species in sample (C) in Fig. 6
should be converted to V3* species by re-oxidation.
Indeed, the S/N ratio became approximately 5.1 after
the re-oxidation, at 723 K for 1 h with O, (25 m//min),
of sample (C) in Fig. 6, indicating that part of the V**
was converted into the V3% species. As described in
(D) in Table 3, the valence of the vanadium species
over the catalyst surface was 5+ during the reduction/
re-oxidation cycles in this study, due to the supply of
oxygen from the bulk to the surface.

Reduction of a V3* to a V** species in VO/SrHAp
results in the formation of oxygen vacancy due to the
abstraction of lattice oxygen in the catalysts. Re-
oxidation of the reduced catalysts should be dissimilar,
so detection of the effects of loading of the catalysts
during re-oxidation may be possible. Therefore, the
catalysts were employed for the propane conversion in
the absence of oxygen in the feedstream (P(CsHs) =
14.4 kPa diluted with He, F =30 m//min, 7= 723 K and
W=0.25 g) for 1.5 h on-stream, followed by the intro-
duction of oxygen (P(0O2) =4.1 kPa) into the feedstream
(Fig. 7). The quadrupole mass spectrometer was used
to analyze the oxygen-response in the effluent gas.
Figure 7 shows the oxygen-responses after the intro-
duction of oxygen to STHAp and to various VO./
SrHAp; t=0 min in Fig. 7 corresponds to the above-
described 1.5 h on-stream. Although evident informa-
tion, as observed from a similar experiment using mag-
nesium vanadate®®, was not observed, oxygen was
detected first at ca. 30 s on StHAp, which showed the
lowest activity for oxidative dehydrogenation, whereas
oxygen was last detected at ca. 40 s for 5.0% VO./
SrHAp, which showed the maximum activity in this
study. Clearly the detection time of oxygen effluent
for various VO./StHAp catalysts was later than that for
SrHAp, indicating that the lattice oxygen in VOx directly
contributes to the activation of C;Hs.

3.3. Reaction Mechanism

To evaluate the basic properties of VO,/StHAp and
investigate the reaction mechanism for the oxidative de-
hydrogenation of propane, the effects of P(C3Hsg)/P(O2)
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Reaction conditions: before and after = 0 min, the catalysts (0.25 g)
were exposed to the reactant gas (P(C;Hg) = 14.4 kPa diluted with
He; T=723 K; F=30 m//min) in the absence (P(O,)=0kPa) and
presence of O, (P(O,) = 4.1 kPa), respectively.

Fig. 7 Oxygen Response in the Effluent Gas from SrHAp and
Various VO,/StHAp Catalysts
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Fig. 8 Effect of P(C3Hg)/P(O,) on the Oxidative Dehydrogenation
of Propane over 5.0% VO,/StHAp at 723 K at 6 h on-Stream

and W/F were observed for 5.0% VO./SrHAp.
P(C3Hs)/P(0O3) ratios of 28.8/2.1, 28.8/4.1, 14.4/4.1,
14.4/8.2 and 14.4 kPa/12.3 kPa were used, diluted with
He. As expected, increased P(C3Hs)/P(O>) ratio resulted
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Fig. 9 Effect of W/F on the Oxidative Dehydrogenation of Propane
over 5.0% VO,/StHAp at 723 K at 6 h on-Stream

in increased selectivity to CsHe and decreased conver-
sion of C3Hs as illustrated in Fig. 8. However, the yield
of CsHs increased with lower P(Cs;Hg)/P(0O3) ratios,
indicating that gaseous oxygen in the feedstream pro-
moted the oxidative dehydrogenation of C3Hg to C3Hs
rather than deep oxidation to CO,. Figure 9 shows
that the catalytic activities for W/F' =0.0083, 0.0167 and
0.0250 were almost identical. However, conversions
of C3Hsg and O decreased at W/F=0.0056 or lower.
Almost total Oz conversion was achieved at W/F =
0.0083 and higher, with no further change in conver-
sion with increased amount of catalyst, indicating that
excess 5.0% VO,/StHAp does not promote the oxida-
tion of propane. Figure 7 shows that the selectivities
to CsHg and COx increased to 100% and decreased to
0%, respectively, with decreasing W/F ratio, indicating
that propylene was first formed on the catalyst, followed
by deep oxidation to COy in the oxidative de-
hydrogenation of propane over 5.0% VO/SrHAp.

4. Conclusions

The present study showed that vanadate catalyst sup-
ported on strontium hydroxyapatite was active for the
oxidative dehydrogenation of propane. The redox
properties of the vanadate species, combined with the
properties of the OH groups of strontium hydroxy-
apatite, compared to those of calcium hydroxyapatite,
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directly contributed to the increased activity of the sup-
ported catalyst. Easy abstraction and incorporation of
lattice oxygen from and into vanadate, respectively, on
VO./StHAp, as indirectly expected from the redox
behaviors of the vanadium species demonstrated by 'V
MAS NMR, resulted in favorable redox cycles for the
oxidative dehydrogenation of propane to propylene.
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