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Abstract

The oxidative dehydrogenation of propane to propylene on strontium and cobalt—strontium hydroxyapatites (SrHAp and Co-SrHAp,
respectively) and H-D exchangeability of hydroxyl groups in those catalysts withHave been studied. Both the yield ol and H-D
exchangeability were found to be enhanced with increasing the cobalt contents in the catalysts, the latter of which was investigated by solit
state!H MAS MNR at 25 kHz. It is suggested that oxygen species, like lattice oxygen in oxide catalysts, as formed from hydrogen desorption
from OH groups in the hydroxyapatites, may contribute to the activatiorgbfgCThe structure of Co—SrHAp, of which the XRD pattern
was identical to that of SfHAp, was also identified with extended X-ray absorption fine structure (XAFS) and sofléstd&S NMR.
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1. Introduction is rather strange that OHgroups may directly contribute

to hydrogen abstraction from alkanes. It has been reported

The partial oxidation and oxidative dehydrogenation of that hydrogen in the hydroxyl groups can be exchanged with

alkanes to value-added products over various hydroxyapa-deuterium in RO and CHOD [8-10]. Recently, the H-D
tite catalysts have been extensively studied in our labora-exchangeability of the OH groups with CHOD was re-
tory. Hydroxyapatite [Mo(PQu)s(OH)2], where M is a diva- confirmed in our laboratories [11,12], indicating that oxy-
lent metal cation, has a hexagonal structure and is evidentlygen species, suggested as active sites for the oxidation of
a solid of considerable flexibility in its elemental composi- alkanes on oxide catalysts, may be formed during the H-D
tion and the hydroxyl groups can be easily exchanged by exchange [13]. It may be reasonable that the increase of
CI~ to form the corresponding chlorapatite {yPOs)6Cl2] the H-D exchangeability in the hydroxyapatites results in
[1,2]. Although the favorable catalytic activities for the ox- the enhancement of the formation of such an active oxygen
idation of alkanes were found on hydroxyapatites contain- species to directly contribute to hydrogen abstraction from
ing calcium [3], strontium [4], and barium [5] and those glkanes in the oxidation.
incorporated with lead [6,7], rather low activities were ob- In the present paper, we report the oxidative dehydro_
served on the corresponding chlorapatites [3—7]. Since thegenation of propane on strontium hydroxyapatite and that
exchange of OH by CI~ in those hydroxyapatites resulted incorporated with cobalt cation (StHAp and Co—SrHAp,
in a great decreqse of the activities [3-7], the active sit.e ON respectively) and H-D exchange behaviours of hydroxyl
the hydroxyapatite appears to be Olgroups. However, it groups in those catalysts withpD. Furthermore, the struc-

ture of Co—SrHAp has been characterized by X-ray diffrac-
" Corresponding author. tion (XRD), 3P and'H MAS NMR, and X-ray absorption

E-mail address: sugiyama@chem.tokushima-u.ac.jp (S. Sugiyama). ~ spectroscopy (XAFS).

0021-9517/03/$ — see front mattér 2003 Elsevier Science (USA). All rights reserved.
doi:10.1016/S0021-9517(02)00101-X


http://www.elsevier.com/locate/jcat

S. Sugiyama et al. / Journal of Catalysis 214 (2003) 8-14 9

Table 1

Preparation conditions, composition, and surface of fresh SrHAp and Co-SrHAp

Catalyst SrHAB Co conc? Time® Sr/pd 10?Co/srd SAe
SrHAp 20 0 mmof150 mL 4h 1.53 (1.52) 0(0) 59.6
Co36SrHAp 13 46.1 mm@l00 mL 6 min 1.56 (1.47) 3.63 (14.3) 56.0
C055SrHAp 15 51.9 mmgl50 mL 8h 1.40 (1.45) 5.47 (16.3) 56.1

Values in parentheses were obtained by XPS.
@ Weight of SrHAp employed (g).
b Initial concentration of cobalt and volume of solution employed.
€ Duration of incorporation (h).
d Atomic ratio by ICP except those in parentheses.
€ BET surface area (f79).

2. Experimental TC detector and integrator. The columns used in the present
study and the method employed in the calculation of the
conversions and selectivities have been described previously.
The reaction rates per unit of surface area were estimated
as the raten{= FCoXa/W, in which F, Cg, Xa, and W
were flow rate, initial concentration ofzElg, conversion of
CsHs, and catalyst weight) per catalyst surface area. In the
H-D exchange reaction, the catalyst was calcined at 723 K
solution at 293 K under the conditions given in Table 1 [14]. in situ in a helium flow (15 mimin) and then calcined in

To control the amount of Gd incorporated, stirring times  situ in an oxygen flow (25 mgmin) at 723 K for 1 h. After
were adjusted to 6 min and 8 h since it is generally acceptedthe calcination, the reactant gas, to whicybwas supplied
that the incorporation of divalent cations into hydroxyap- from a saturator aP(D20) = 2.0 kPa andF = 15 mL/min
atites proceeded greatly at a rather shorter stirring time [14]. diluted by helium, was supplied to the catalyst at 723 K
Undoped catalyst (denoted as SrHAp) was treated in thefor 2 h. After the reaction, the reactant gas was changed
same manner but without the addition of cobalt nitrate. Af- to a helium flow and the temperature decreased to room
ter being washed with water and dried at 373 K overnight, temperature. H-D exchangeability of those catalysts was
the sample after calcination at 773 K for 3 h was referred to measured by solid stat¢i MAS NMR.

as the “fresh catalyst.” All catalysts were sieved to the par-

ticle size of 0.85-1.70 mm. The concentrations of Sr, Co, 2.3. Characterization

and P in each catalyst were measured in aqueous3+Hg©
lutions with inductively coupled plasma (ICP) spectrometry.
The incorporated catalysts are denoted asxStHAp, with

xx equal to 1000CHSr (atomic ratio). The BET surface ar-
eas and the atomic ratio of 8 and CgP of each catalyst
are summarized in Table 1.

2.1. Catalyst preparation

Strontium hydroxyapatite was prepared from SrgiO
(Wako Pure Chemicals, Osaka) and (NtJHPOy (Wako)
[4,7]. Cobalt cations were incorporated into the hydroxya-
patite by stirring the solid and Co(Ng® - 6H20 in aqueous

The surface areas of the catalysts were calculated from
adsorption isotherms obtained with a conventional BET ni-
trogen adsorption apparatus (Shibata P-700). X-ray pho-
toelectron spectroscopy (XPS; Shimadzu ESCA-1000AX)
used monochromatized Mgekradiation. Powder X-ray dif-
fraction (XRD) patterns were recorded with a Rigaku RINT
2500X diffractometer, using monochromatized Cu-tadi-
ation. Patterns were recorded over tlferange of 53—60°.

The catalytic experiments on the oxidation of propane The concentrations of Sr, Co, and P in each catalyst were
and H-D exchange reaction withoD were performed determined in aqueous HNGsolution by ICP (Shimadzu
in a fixed-bed continuous flow quartz reactor operated at ICPS-5000).'H and 3P MAS NMR were obtained with
atmospheric pressure. The reactor consisted of a quartz tubea Bruker AVANCE DSX300, with an external reference of
9-mm id and 35 mm in length, sealed at each end to 4- adamantane and (NjjpHPO, at 1.91 and 1.33 ppm, respec-
mm id quartz tubes to produce a total length of 25 cm. The tively, at room temperature and a spinning rate of 25 and
catalyst charge was held in place in the enlarged portion 4 kHz, respectively. X-ray absorption spectroscopy (XAFS)
of the reactor by two quartz wool plugs. In the oxidation was measured (3 GeV) with a storage ring current of 67 mA
of propane, prior to reaction, the catalyst was calcined in at the High Energy Research Organization. The X-rays were

2.2. Apparatus, procedure and analysis

situ in an oxygen flow (25 mpmin) at 723 K for 1 h. The
reaction conditions were as follows¥ = 0.5 g, F = 30
mL/min, T = 723 K, P(C3Hg) = 14.5 kPa, andP(0O,) =

monochromatized with channel-cut Si(311) crystals at the
BL-10B station for the measurement of XAFS near the Sr K
edge while those were monochromatized with a Si(111) dou-

4.1 kPa; balance to atmospheric pressure was provided byble monochromator and the higher order harmonics were
helium. The reactants and products were analyzed with aneliminated by a focusing double-mirror system at the BL-
on-stream gas chromatograph (Shimadzu GC-8APT) with a 9A station for the measurement of XAFS near the Co K
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edge. The absorption spectra were observed using an ioniza ‘ s CoB5SrHAp

tion chamber in transmittance mode. The photon energy was | \ . CoO
scanned in the range 7.4-8.8 and 15.8-17.1 keV for Co K : ‘
and Sr K edges, respectively. Details of the calculation pro-
cedures on XAFS were described in our previous paper [14].
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3. Results |
- 00—
3.1. Characterization of catalyst g N
XRD patterns of Co—SrHAp were essentially identical 7379952 7846.61;655'951 G3.282 7750‘485;79.946
to that of SrHAp (Fig. 1) and information from &b in Energy /eV
Co-SrHAp was not obtained at all, although ICP and XPS
analyses showed that Co is certainly present in bulk and on Fig. 2. XANES spectra of fresh Co55SrHAp and CoO.

the surface of those catalysts (Table 1), respectively. In the

XPS spectra of those fresh catalysts, peaks attributed to SiCoQ, are shown in Table 2. The nearest distances of Sr-O
3p1/2, O 1s, P 2, and Co 23,2 (when present) were found  and Co—O in Co—SrHAp were insensitive to the content of
at approximately 280, 531, 190, and 782 eV, regardless of Co?t incorporated into SrHAp to be approximately 2.5 and
the contents of incorporated cobalt. To characterize cobalt2 g A, respectively. It is evident that the nearest distances
species in the cobalt-incorporated catalysts, XAFS#®d  of Co-O in Co36SrHAp and Co55SrHAp are dissimilar
MAS NMR have been employed. The X-ray absorption to those in Co—O3!P MAS NMR spectra of SrHAp and
near-edge structure (XANES) spectra near the Co K edgeCo-SrHAp catalysts afford indirect information on site
of Co55SrHAp are shown in Flg 2, together with that of symmetry around Cd . As shown in F|g 3, a Singiélp
CoO. ltis evident that edge position of those samples Néarresonance, which can be assigned tQi:POions in SrHAp

the Co K edge was similar, indicating that the electronic and Co—SrHAp [8,15], was observed in the NMR spectrum.
configuration of the cobalt species in Co55SrHAp is not |t should be noted that the intensity of the side band was
Significantly different from that of C%_ in CoO. HOWEVGr, greater with increasing content of éioin CO_SrHAp_

it should be noted that the shape of the spectra from those

two samples was evidently different, indicating that the 32 catalytic activities of Co-SrHAp for propane

site symmetry of cobalt in those two samples was evident. gyjdation

Metal-oxygen distances, Sr—O and Co-0, in the nearest core

obtained by EXAFS analyses of SrHAp, Co-SrHAp, and e oxidation of propane has been examined to assess the
contribution of Co species incorporated into SrHAp. With
increasing incorporation of Gd, the conversion of propane,
the selectivity to propylene, and the reaction rate per unit
of the corresponding surface area increased as shown in
Table 3 and those activities continued by 6 h on-stream. The
data of Table 3 show that there is a definite improvement
when C&7 is added to SrHAp. However, the difference in
performance between Co36SrHAp and Co55SrHAp is not
impressive, particularly in the selectivity to propylene. To
examine additionally the effect of the incorporation ofto
into SrHAp, Col1SrHAp was separately prepared from
another lot of SrHAp, which was referred to as SrHAp-2.
The conversions of propane on SrHAp-2 and Col11SrHAp
(C) were 8.2 and 11.5% while the selectivities to propylene
were 38.2 and 57.0%, respectively. Therefore, it appears that

Intensity (arb.units)
o+

Table 2
I S T WS T S S R Nearest distance of Sr—O and Co-O of fresh SrHAp and Co-SrHAp
10 20 30 40 50 60 estimated by EXAFS
26/degrees Sample SrHAp Co036SrHAp Co55SrHAp CoO
i . ) . S0 (A) 2.54 2.55 2.52 -
Fig. 1. XRD patterns of fresh catalysts: (A) SrHAp; (B) Co36SrHAp; Co-0 (A) N 204 201 245

(C) Co55SrHAp.
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Fig. 4.1H MAS NMR of catalysts after exposure to He for 2 h at 723 K:

Fig. 3.31P MAS NMR of fresh catalysts: (A) StHAp; (B) Co36SrHAp; () STHAP; (B) Co36SrHAP; (C) CoSSSTHAP.

(C) Co55SrHAp.

and —0.4 ppm due to OH [2,15,16]. It should be noted
the major role of C&" incorporated into SrHAp is for the  that, after calcination of those samples in He flow at

enhancement of the conversion of propane. 723 K, those samples were exposed to the atmosphere
to form the absorbed #D. It has been reported that the

3.3. H-D exchange of hydroxyl groupsin S'HAp and corresponding'H NMR signal due to the adsorbed,&

Co-S'HAp with DO is observed from calcium, strontium, barium, and lead

hydroxyapatites calcined in anhydrous flbw but exposed
To examine the contribution of OHin hydroxyapatites  to the atmosphere after the calcination [15]. As shown in

to hydrogen abstraction fromgllg, H—D exchange of OH Fig. 5, H-D exchange of those catalysts withresulted
ion in SrHAp and Co-SrHAp with PO was examined. inadecrease of intensity of a peak at a higher magnetic field.
Prior to H-D exchange reaction of SrHAp, Co36SrHAp, and It should be noted that the intensity of the peak decreased
Co55SrHAp with O, those catalysts were treated with with increasing content of Gd in the catalysts, indicating
He for D,O and'H MAS NMR was measured (Fig. 4). that the introduction of Co" in the catalysts resulted in
Two signals were observed from three samples, one broadan enhancement of H-D exchange. Chemical shift obtained
signal at lower magnetic field between approximately 5.0 from H and3®lP MAS NMR of SrHAp and Co—SrHAp may
and 7.0 ppm due to adsorbedh® and the other sharp afford further information on the H-D exchangeability of

one at higher magnetic field between approximate/9 those catalysts. BottH and®1P NMR signals obtained from
Table 3
Catalytic activities of STHAp and Co—SrHAp for propane oxidation
Catalyst Conversion (%) Reaction rate Selectivity (%)
CsHg 0, (mol min~1m=2) co Cco» CHy CoHy CsHg
SrHAp 8.6 93 R2x 1077 23.5 47.9 - 1.6 27.0
(8.2) (92) (5.0x1077) (22.6) (47.9) @) @) (29.5)
C036SrHAp 17.9 79 12 x 1077 17.7 30.6 1.0 4.4 46.3
(15.8) (72) (101 x 10°7) (18.4) (29.7) (1.6) (4.3) (46.6)
Co55SrHAp 23.0 98 12 x 10~/ 13.2 32.1 1.1 5.0 48.6
(22.1) (98) (141x10°7) (14.0) (31.4) (1.0) (5.0) (48.6)

Data were collected at 0.75 and 6 h on-stream. Values in parentheses were obtained at 6 h on-stream. Reaction @ordif®@8K, W = 0.5 g,
P(C3Hg) = 145 kPa,P(03) = 4.1 kPa, andF = 30 mL/min.
@ Reaction rates per unit of surface area.
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Fig. 5. I1H MAS NMR of catalysts after exposure to,D diluted with y

He (P(D20) = 2.0 kPa) for 2 h at 723 K: (A) SrHAp; (B) Co36SrHAp; Fig. 6. Schematic illustration of local structure of StHAp and Co—SrHAp.
(C) Co55SrHAp.

are longer than those of Co—O while XRD patterns of those
the catalysts treated with He shifted to higher magnetic field, catalysts were essentially identical. Based on these results
that is, from approximately-0.4 to —0.9 or —0.8 ppmand  and the structure of hydroxyapatite [18], Fig. 6 suggests
3.4 to 2.2 ppm, respectively, with increasing Co content in the situation of cobalt in those catalysts. In Fig. 6'Sin
the catalysts (Figs. 3 and 4). Results fréhh NMR reveal SrHAp is replaced by Gd to afford Co—SrHAp as a solid-
that hydrogen in OH in Co—SrHAp becomes more anionic  gq|ution type of Sto_ »Co, (PQu)s(OH), while the site cen-
than that in SrHAp, resulting in favorable H-D exchange.  ter of those cations may be rather different. Therefore, the

deviation from site symmetry of SrHAp, which can not be

detected by XRD but detected by EXAFS, is produced in

4. Discussion Co-SrHAp. The information on the site symmetry may be
further obtained by*!P MAS NMR (Fig. 3). A greater in-
4.1. Catalyst structure tensity of side band in the spectrum of Co—SrHAp indi-

cates that site symmetry around P species may fall into dis-

Based on the preparation procedure of those cobalt-order due to site positioning of 6. Only one3!P MAS
incorporated catalysts, three situations for cobalt speciesNMR peak from SrHAp and Co-SrHAp demonstrates that
in those catalysts may be suggested: (1) ion-exchangePO4s3~ ions in both unit cells have a similar structural en-
type as Syo(POy)s(OH)2 + Co10(POy)6(OH)2 (CoHAP); vironment, suggesting the formation of solid solution like
(2) solid-solution type as g x Co, (PO4)s(OH)2; (3) Co- Srio_ »Co, (PQy)s(OH)> from the incorporation of Co
supported type as Co@ro(POs)e(OH)2. The results ob-  into SrHAp.
tained by XANES (Fig. 2) and EXAFS (Table 2) in-
dicate that Co species incorporated into SrHAp is not 4.2. Advantageous effects of the incorporation of Co?+
CoO. Therefore, the catalysts are not Co-supported typein SHAp
as CoQ'Srio(POy)s(OH),. Furthermore, a singléP MAS
NMR peak was observed from Co—SrHAp, indicating that ~ As shown in Table 3, the advantageous effects of the
the situation for the cobalt species is not the ion-exchangedincorporation of Cét into SrHAp are evident. The em-
type as Sto(POs)s(OH)2 + Co1o(POs)s(OH)2 [17]. Since ployment of Co compounds as a catalyst for the oxidation
31p resonance of hydroxyapatite is rather sensitive to diva- of propane has been reported from several groups [19-24]
lent cations in the apatite, two resonances due to SfHAp andand an advantageous influence of the incorporation of Co
CoHAp should be detected if CoHAp is formed from the species into molybdates [20-24] and tungstates [23] has
incorporation of Cé" into SrHAp [17]. It should be noted  been reported to the oxidative dehydrogenation of propane.
that the nearest distances of Sr—O in SrHAp and Co-SrHAp It should be noted that those catalysts are oxides, indi-
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j ! 25 5. Conclusion
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1. Based on the results obtained by XRER MAS NMR,
and XAFS, the structure of strontium hydroxyapatite
incorporated with cobalt was suggested to be a solid-
solution type, Sto— x Co, (PO4)s(OH)2.

. The catalytic activities for the oxidative dehydrogena-
tion of propane on SrHAp and Co-SrHAp were en-
hanced with increasing content of cobalt in the catalysts.

3. H-D exchangeability of SrHAp and Co-SrHAp was

also enhanced with increasing the content of cobalt in
the catalysts.
1 1 4. It was suggested that a probability of the presence

20 25 30 35 of the active oxygen species during propane oxidation

Chemical shift/ppm is enhanced on the Co-rich catalysts, resulting in the

Fig. 7. Dependence of4Eig conversion and reaction rate on chemical shift enhancemem.Of the catalytic aCtIVItIPTS for the oxidative

from 3P MAS NMR. Symbols: circle, Co55SrHAp; triangle, Co36SrHAp; dehydrogenation of propane on Co-rich catalysts.

and square, SrHAp. Open symbols: fogig conversion. Closed symbols:
for reaction rate.

—
= N
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