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Abstract

A series of exchanged cobalt/calcium (Co2+/Ca2+) hydroxyapatite Ca10−xCox(PO4)6(OH)2 was synthesized and characterized by XR
UV-visible-near-infrared (NIR) and IR spectroscopy, magnetic measurements (SQUID), and X-ray photoemission spectroscopy (X
level of Co2+/Ca2+ exchange was limited to 1.35 wt% Co. After calcination in air at 550◦C, cobalt was still present as Co2+ and all
samples were paramagnetic, showing that the apatite matrix impedes the oxidation of Co2+ and that the Co2+ ions are isolated, whatever th
Co content. Magnetic measurements and UV-visible diffuse reflectance spectra show that the exchanged Co2+ ions are hosted by two type
of sites (with octahedral and trigonal prismatic symmetries). XPS confirmed the surface cobalt enrichment and did not reveal C3+ ions.
Dehydrogenation of 2-butanol leads almost exclusively to the formation of butanone. As the Co content increases, the ketone yield p
through a maximum. In the oxidative dehydrogenation of ethane, the ethylene yield also reaches a maximum (22 mol%) for 0.9
at 550◦C. These results are ascribed to (i) the partial compensation of the intrinsic dehydrogenating activity of cobalt by the de
basicity of apatite induced by the replacement of Ca2+ by Co2+, and (ii) the involvement of two types of sites.
 2004 Elsevier Inc. All rights reserved.

Keywords: Cobalt catalysts; Hydroxyapatite; UV-visible-NIR diffuse reflectance; DC magnetic susceptibility; XPS; 2-Butanol dehydrogenation; Ethane
oxidative dehydrogenation
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1. Introduction

Phosphates with an apatite-like structure M10(PO4)6-
(OH)2, where M is a divalent cation, represent a large fam
of materials used in different applications such as: (i)
exchangers for chromatographic columns or for the sto
of heavy or radioactive elements, (ii) luminescent mater
(iii) bioceramics for implantation (rheumatoid arthritis), (i
electrolytes for high-temperature fuel cells, and (v) catalyst
[1–6].

Calcium hydroxyapatite Ca10(PO4)6(OH)2, CaHap, has
a hexagonal unit cell, whose composition is highly fle

* Corresponding author. Fax: 33 1 44 27 61 37.
E-mail address: bozonver@ccr.jussieu.fr (F. Bozon-Verduraz).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.05.007
ble. The structure was described by Beevers and McIn
[5] and confirmed by Young and co-workers[6]. It is a
compact assemblage of [PO4]3− and Ca2+, which defines
two types of zeolite-like channels. The first type of ch
nel has a diameter of about 2.5 Å and contains Ca2+ ions,
Ca2+(I), surrounded by nine oxygen atoms. The second
of channel (3.5 Å in diameter) hosts the hydroxyl groups
pseudo-octahedral Ca2+(II) cations, and plays an importa
role in the acid–base and electrical properties of apatite.
calcium ions can be exchanged with most divalent cat
[7–10]without affecting the stability of the phosphate. W
regard to the exchange abilities, there is no agreemen
tween the researchers about the amount of exchang
cations, but the order Cu2+ > Pb2+ > Zn2+ > Cd2+ > Co2+
is generally accepted[8]. The kinetics of exchange is go
erned by the nature and the radius of the cation. Moreo

http://www.elsevier.com/locate/jcat
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the hydroxyl groups in the tunnels can be exchanged e
by Cl−, F−, and Br− [3,10]. Other structural modification
are brought about by replacing phosphorus by vanadium
arsenic and by the creation of nonstoichiometry or calc
deficiency. All these changes influence the properties of th
apatites and allow the modulation of their surface acid–b
characteristics.

These features have attracted attention with regard to
plications of phosphates and apatites in heterogeneous cata
ysis [4,11–24]. Hall and co-workers[11,12] demonstrated
the efficiency of apatites in the dehydration and dehyd
genation of 2-butanol, andassigned the dehydrogenati
activity to their basic character. Incorporation of transitio
metal ions into alkaline earth phosphates improves t
performance in dehydrogenation. Introduction of Cu2+ and
Ni2+ ions into this matrix creates new redox centers[13]
whereas the incorporation of Cu2+ induces activity in cyclo-
hexane dehydrogenation[14]. On the mixed cobalt–calcium
orthophosphates, Ca3−xCox (PO4)2, the transformation of 2
propanol into acetone is favored, in contrast to Ca3(PO4)3,
and the dehydrogenation activity was ascribed to the
mation of Co3+ ions during the thermal activation[15].
The oxidative dehydrogenation of light alkanes on CaH
and SrHap was studied in depth by Moffat and co-work
[16–19]and Sugiyama et al.[20]. CaHap catalyzes the pa
tial oxidation of methane to carbon monoxide and hyd
gen at about 600◦C [16]. The formation of oxygen radica
species on both nonstoichiometric and stoichiometric
cium hydroxyapatites has been reported[17]. On CaHap, the
selectivity to propene in the oxidative dehydrogenation
propane (ODHP) is increased significantly by adding te
chloromethane[18]. In SrHaP, the introduction of cobalt b
exchange[19] also enhances the selectivity to propene[20].
In the latter case, the activity of the Co-rich catalysts was
cribed to “active oxygen species derived from the abstrac
of hydrogen from OH groups.” Several investigators a
proved that the addition ofphosphorus improves the perfo
mances of various catalysts in the oxidative dehydrogena
of ethane (ODHE), although its role in the activity enhan
ment and in the structure of active sites is still unclear.
instance, El-Edrissi et al.[21] showed that the addition o
phosphorus to Cr/TiO2 and V2O5/TiO2 increases the activ
ity and the selectivity to ethylene. This was assigned to
appearance of new phosphate phases on the carrier an
to the tuning of the surface acid–base properties to the va
necessary for the reaction.

The present work is a part of a study of the cataly
behavior of cobalt/CaHap systems in the oxidative dehy
genation of ethane, carried out in our laboratories; it follo
investigations of cobalt/titania[22] and cobalt/phosphat
[23] systems. The use of cobalt is justified by its imp
tance in redox catalysis. Concerning the cobalt sites,
question arises as to theirisolated or cooperative nature.
This prompted us to incorporate cobalt ions through
exchange[19] and to carry out combined magnetic and sp
troscopic (UV-visible-NIR) studies, in addition to XRD, IR
o

and XPS measurements. Moreover, the role of the acid–
properties of the solids was investigated by testing their
formance in the dehydrogenation of 2-butanol in an atte
to correlate these properties with the catalytic performa
(activity and selectivity) in ODHE.

2. Experimental

2.1. Preparation of the support and the catalysts

Several methods for the preparation of CaHap have b
reported[10,24–26]. Most of these lead to pure Hap b
do not produce the large surface area required for catal
This prompted us to use the following procedure: a so
tion of (NH4)2HPO4 (0.6 mol L−1) was added dropwise to
1 mol L−1 solution of calcium nitrate while stirring. The re
sulting precipitate was slowly dissolved in 2 mol L−1 nitric
acid. The solution was adjusted to pH 9, by adding ammo
which led to a second precipitation; the pH was maintai
while stirring at 80◦C for 24 h. After filtration, the recovere
solid was washed well with hot water and dried at 80◦C and
then at 120◦C.

The exchanged samples, Co/Hap, were prepared at
temperature by introducing 1 g of CaHap into 50 cm3 of ul-
trapure water. After stirring for 24 h, a solution of cob
nitrate of known concentration was added to the suspen
which was again stirred for 24 h. The solids recovered
ter filtration were washed with hot water, dried at 120◦C,
and finally calcined at 550◦C in a rotating furnace flushe
with air. The temperature of 550◦C is at least as high a
the reaction temperature (450–550◦C) but not high enough
to induce the formation of pyrophosphate[27]. The samples
are labeled Co(z)Hap, wherez is the Co wt% content; the
are violet.

2.2. Characterization techniques

The specific surface area of the samples evacuate
300◦C was measured using nitrogen adsorption at−196◦C.
X-Ray diffraction patterns were obtained with a Sieme
D500 high-resolution diffractometer using CoKα radia-
tion (λ = 1.78 Å). The data were collected with a 0.0◦
(2θ ) step at room temperature. Diffuse reflectance sp
tra were recorded at room temperature between 190
2500 nm on a Varian Cary 5E spectrometer equipped
a double monochromator and an integrating sphere co
with polytetrafluoroethylene (PTFE). PTFE was the re
ence. FTIR transmission spectra were recorded on a Br
Equinox spectrometer between 4000 and 400 cm−1 us-
ing self-supporting and KBr disks. This technique w
used because it provides information about the purity o
the samples. It is sensitive to the presence of carbon
and pyrophosphates. Chemical analyses were carried
at the Service Central d’Analyse (CNRS, Vernaison)
inductive coupling plasma-atomic emission spectrosc
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(ICP-AES). DC magnetic susceptibility was measured
a SQUID magnetometer in the 5 to 300 K range with
magnetic field of 200 Oe. The data, corrected from the
magnetic contribution of apatite, are presented per mo
cobalt.

X-ray photoelectron spectra were recorded on a SSX
spectrometer (Surface Science Laboratory) equipped w
monochromated AlKα source (1486.6 eV, 20 W) at abo
10−9 Torr, and on a VG Scientific ESCALAB 250 sy
tem equipped with a micro-focused, monochromated AlKα

X-ray source (1486.6 eV, 650 µm spot size, 200 W) an
magnetic immersion lens, which focuses electrons em
from the sample over a cone of up to±45◦ into the main
lens column of the equipment. The magnetic immersion
enhances the sensitivity by about one order of magnit
The spectra were acquired in the constant analyzer ener
mode, with a pass energy of 150 eV for the survey
40 eV for the narrow regions. Furthermore, higher sp
tral resolution was achieved for the C1s and Si2p reg
by setting the pass energy at 10 eV. The spectra were
itized, summed, smoothed, and reconstructed using Ga
Lorentzian components. The measurements were carrie
on powdered samples dispersed on an indium plaque, u
the C1s peak at 285 eV as a reference. The surface co
sition of the samples was estimated from XPS peak a
corrected by the difference in cross sections accordin
Scofield data[28].

2.3. Catalytic tests

2-Butanol conversion was used as a probe reactio
evaluate the acid–base properties of the catalysts. The
was carried out between 120 and 240◦C in a U-shaped
continuous-flow microreactor operating at atmospheric pre
sure. 2-Butanol diluted by air or N2 was fed into the reacto
at a partial pressure ofPol = 8.4 × 102 Pa; the total flow
rate was 60 cm3 min−1. The reaction mixture was analyze
by a FID chromatograph equipped with a stainless-steel
umn (diameter 1/8 inch) containing Carbowax 1500 (15%
on Chromosorb PAW (60/80 mesh). The selectivity to bu
tanone is about 100% (99.5%) and the results are expre
in terms of butanone yield.

The oxidative dehydrogenation of ethane was perform
from 400 to 550◦C in a quartz U-shaped fixed-bed micro
actor operating at atmospheric pressure. Prior to the reac
the catalyst was sieved to a grain size of 125 to 180
then put into the reactor between two quartz wool plu
and treated in a stream of pure nitrogen. The reaction m
ture was 6 vol% ethane, 3 vol% O2, and 91 vol% N2 and
the total flow rate was 60 cm3 min−1. The effluent gase
were analyzed by means of two on-line chromatographs
equipped with a Porapak Q column and a FID, and the o
equipped with a silica gel column and catharometers. Un
the experimental conditions, the reaction started at aro
300◦C and produced only ethylene and COx.
-
-
t

-

y

d

,

3. Results and discussion

3.1. Characterization of the samples

3.1.1. Chemical analysis
After calcination at 550◦C, the initial CaHap contain

37.38 wt% Ca and 17.39 wt% P, with a Ca/P ratio
1.67. Hence, this hydroxyapatite is stoichiometric. T
Co2+/Ca2+ exchange characteristics were determined
adding the same amount of Hap to several solutions of
ferent cobalt concentrations.Fig. 1 depicts the variation in
the Co and Ca contents (wt%, measured after calcina
at 550◦C) of the solid samples versus the initial Co co
tent in the solutions (amount of Co introduced divided
the amount of Hap, before exchange). It shows clearly
the sum of the exchanged Co2+ ions and of the remainin
Ca2+ ions is fairly constant and equal to the initial amoun
Ca2+. The exchange reaches a plateau at 1.35 wt% Co
a Co2+/Ca2+ ratio of 0.023. In hydroxyapatite, the calciu
cations occupy two sites: Ca2+(I) surrounded by nine oxy
gens and Ca2+(II) surrounded by seven oxygens. Howev
as shown inTable 1, the effective coordination is six for bo
sites because six oxygens are located between 2.41 to 2
from Ca2+(I) and between 2.36 to 2.50 Å for Ca2+(II), the
other oxygens being 2.7 to 2.8 Å away[29]. It is noteworthy
that the maximum exchanged Co (1.35 wt%) is lower t
that obtained with copper, which is around 3.3 wt%[13].
However, the sizes of the cations are similar; the tex
of the phosphate and the exchange media may thus p
role.

Fig. 1. Amounts of exchanged cobalt (a) and remaining calcium (b) vers
initial Co content in the solution.

Table 1
Some structural information on calcium sites in CaHap

Site Ca–O distances (Å) Ca–P distances

Ca(I) 2.41(3),2.45(3),2.77(3) 3.0–3.7
Ca(II) 2.36(4),2.5(2),2.7(1)
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.35
Table 2
Specific surface areas of the samplesbefore and after ODHE reaction at 550◦C

Amount of cobalt (wt%) 0 0.19 0.38 0.73 0.96 1.13 1.25 1

Specific surface area (m2 g−1)
before catalysis

51 41 39 40 42 40 40 43

Specific surface areas (m2 g−1)
after ethane ODH

47 34 35 35 34 39 40 39
(
orte
ce

ples
S
ith

ation
e

Hap
p

ic

Ca-
and
of

ls
he
am-
to th

)
inly

due
86

et o
from
es.
den

25;

igh-

in-

ding
, the

se

a-
s,
f-
alt

en
on-
ith

rel-
3.1.2. Surface area
The surface areas of CaHap and of the different Coz)/

Hap samples, before and after the catalytic tests, are rep
in Table 2. The Co2+/Ca2+ exchange lowers the Hap surfa
areas by approximately 20%.

3.1.3. XRD patterns
According to the XRD patterns, the exchanged sam

calcined at 550◦C are isostructural with CaHap (JCPD
9432). They were indexed in the hexagonal system w
space group P63/m. The lattice parametersa andc were de-
termined using the least-squares method. The incorpor
of cobalt into Ca10(PO4)6(OH)2 resulted in a slight decreas
in the parametera, confirming that Co2+ ions are introduced
into the phosphate network. The parameters of pure Ca
are a = b = 9.424 Å, c = 6.877 Å. For the Co(0.96)Ha
sample, they area = b = 9.414 Å, c = 6.877 Å, and for
Co(1.35)Hap,a = b = 9.399 Å, c = 6.876 Å. This contrac-
tion of the unit cell is in agreement with the lower ion
radius of the Co2+ ion (0.735 Å) compared to Ca2+ (1.00 Å).

3.1.4. IR spectroscopy
The IR spectra of the samples are characteristic of

Hap. They exhibit three bands centered at 965, 1035,
1094 cm−1, attributed to the different vibrational modes
the P–O bond, and a sharp band at 3575 cm−1, due to the
symmetric vibrations (νs) of the OH groups in the channe
of the structure[9]. Cobalt exchange does not modify t
vibrational modes of the different bonds in CaHap. The s
ples do not contain pyrophosphate, since the bands due
stretching modes of P2O7

4− (1165, 1124, and 757 cm−1) are
absent from the spectra[30].

3.1.5. UV-visible-NIR DRS
The UV-visible-NIR spectra of Co(z)Hap samples are

displayed inFig. 2 on the Schuster-Kubelka-Munk (SKM
scale. The spectrum of CaHap (not shown) consists ma
of a band at 296 nm, attributed to O2− → Ca2+ charge
transfer, and of several bands in the near infrared (NIR)
to: (i) ν(OH) overtones of surface hydroxyl groups (13
and 1432 nm) and (ii) a combination ofν(OH) and δ(OH)

(1940 and 2220 nm). After exchange of different quantities
of cobalt, the spectra show a weak band at 325 nm, a s
three bands at 520, 570, and 640 nm, and a broad band
1100 to 1800 nm, partially overlapping with OH overton
The weak band at 325 nm is ascribed to a spin-forbid
transition and will not be considered further.
d

e

f

Fig. 2. UV-visible-NIR diffuse reflectance spectra of Co(z)/Hap for differ-
entz (wt%) values: (1) 0.19; (2) 0.38; (3) 0.73; (4) 0.96; (5) 1.13; (6) 1.
(7) 1.35.

In most oxygen environments, cobalt is present as h
spin Co2+(3d7) and/or low-spin Co3+(3d6). In the high-spin
configuration, free Co2+ ions display a4F fundamental term
and a4P excited term. In octahedral symmetry, three sp
allowed d–d transitions appear:ν1[(4T1g(F) → 4T2g(F)],
ν2[(4T1g(F) → 4A2g(F)], and ν3[(4T1g(F) → 4T1g(P)];
since the4A2g(F) and 4T1g(P) levels cross, theν2 and ν3
transitions are poorly resolved, their separation depen
on the cobalt–oxygen distance. In tetrahedral symmetry
three spin-allowed d–d transitions,ν1[4A2(F) → 4T2(F)],
ν2[(4A2(F) → 4T1(F)], andν3[(4A2(F) → 4T1(P)] are also
symmetry allowed[31]. As the levels do not cross, the
transitions are well separated butν1, which lies in the IR
range, is rarely observed.In both these high symmetry sur-
roundings, the T levels are generally split, for several re
sons: (i) lowering of symmetry arising from distortion
(ii) spin–orbit coupling, and (iii) the dynamic Jahn-Teller e
fect. Moreover, five coordination is not uncommon in cob
complexes[32,33]. Hence, identification of Co2+ sites is not
straightforward. However, significant information is giv
by the band intensity, much higher in a tetrahedral envir
ment (due to symmetry allowance) and by comparison w
model compounds. The following model compounds are
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Table 3
Position and attribution of UV-visible-NIR bands of Co/Hap samples

Band position
(nm)

Band position

(cm−1)

Attribution
d–d transition

516 19400 4T1g(F) → 4T1g(P) Oh

4A′2(F) → 4E′′(P) D3h
570, 644 17500, 15500 ν2(4T1g(F) → 4A2g(F)) Oh

4A′2(F) → 4A′2(P) D3h
1250 8000 ν1(4T1g(F) → 4T2g(F)) Oh

1400–1800 7150–5550 4A′2(F) → 4E′ D3h

evant: (i) Oh symmetry encountered in Co2+/MgO [34,35]
andβ-Co(OH)2 [36], (ii) six-coordinated trigonal prism D3h,
(iii) five-coordinated C3v or D3h in Co2+/zeolite [37–39],
(iv) five-coordinated C4v observed in (MgCo)2P2O7 [40],
(v) Td symmetry in Co2+/ZnO [41]. The latter two sites
can be ruled out: (MgCo)2P2O7, which displays a ban
around 835 nm, not observed in this study, and the te
hedral species because the band intensity is too low[22,
31,39]. Conversely, the presence of an octahedral oxy
environment is supported by comparison with the spec
features of Co2+/MgO [31,34]andβ-Co(OH)2 [36], except
for the absorption in the 1400 to 1800 nm range (Table 3);
this suggests that another Co2+ site is involved. This secon
species may be identified with C3v-sited Co2+ and six- or
five-coordinated D3h species. The attributions proposed
presented inTable 3: (i) the shoulder at 516 nm is ascribed
ν3[4T1g(F) → 4T1g(P)] whereas the peak at 570 nm and
shoulder at 644 nm are assigned toν2[4T1g(F) → 4A2g(F)];
the splitting of this transition is due to spin–orbit couplin
and/or Jahn-Teller perturbation[31,39]; C3v or D3h entities
also absorb in this region, (ii) in the 1100–1800 nm reg
the shoulder near 1250 nm is ascribed to theν1 transi-
tion [4T1g(F) → 4T2g(F)] of an octahedral species, where
absorption in the 1400–1800 nm range is assigned to
ν′

1 transition [4A′2(F) → 4E′(F)] of the D3h environment
(probably six-coordinated). It is noteworthy that Co2+ ions
are exchanged with surface Ca2+ ions (see XPS data be
low). For these surface Co2+ ions, the missing oxygens a
replaced by water molecules, which leads to six-coordin
cations with more or less marked distortions from the o
hedral. It is important to note that the Co3+ ions are absen
despite the treatment at 550◦C in air, proving a marked sup
port effect, i.e., the apatite matrix impedes the oxidation
Co2+ in air.

3.1.6. Magnetic measurements
For a free high-spin Co2+ ion (4F9/2 fundamental state)

the calculated effective magnetic momentµeff, involving
a full orbital contribution, is about 6.63µB [42]; in octa-
hedral six-coordinate oxygen complexes where the fun
mental electronic state is4T, the typical experimentalµeff
value of Co2+ ion ranges from 4.70 to 5.20µB [43]. A µeff
value of 6.63µB, which approaches the expected full orbital
contribution, has been reported for octahedrally coordinate
Co2+ ions in aluminosilicate glasses containing 40 mo
CoO [44]. Conversely, when the fundamental state is
bitally nondegenerate (4A2) or partially degenerate (4E), the
orbital contribution is fully or partially quenched and the e
perimentalµeff values lie in the 3.9 to 4.4 range, close to
spin-only value (about 3.88µB) [45].

The temperature dependence of the reciprocal mag
susceptibility (χ−1

M ) of all the tested catalysts is presented
Fig. 3and is compared to that of the antiferromagnetic s
dard Co3O4. The Curie law is verified for all the sample
suggesting that the cobalt ions are magnetically isolated.
effective magnetic momentµeff is deduced from the slop
of the χ−1

M vs T plot (obtained by a least-square linear
in the whole temperature range. For 0.19 wt% Co, the v
is high (5.98µB), but for Co-richer samples,µeff is close
to 4.1–4.3µB, with the exception of the sample containi
0.96 wt% Co, which amounts to 4.91µB (Table 4). These
µeff values confirm that the cobalt ions are predominantl
the bivalent state and suggestthat their siting changes wit
the cobalt composition.

If we ignore the highestµeff values, obtained forz = 0.19
and 0.96 wt%, the averageµeff value is close to the spin-on
value (about 3.88µB) [45]; this suggests almost comple
quenching of the orbital contribution. This occurs in fo
coordinated tetrahedral (Td), five-coordinated (C4v, C3v, C2v
or D3h), or six-coordinated (D3h trigonal prism) high-spin
complexes[27,34].

Another possible explanation for the lowerµeff values is
the partial antiferromagnetic spin coupling through bridg
oxygen ligands. This hypothesis can be evaluated thro
examination of theχT (T ) curves (Fig. 4). For the sample
at 0.73, 1.13, and 1.35 wt% Co, theχT value is almos

Fig. 3. Temperature dependence of the reciprocal susceptibility of cata
(the curve of Co3O4 is also shown for comparison).

Table 4
Effective magnetic moment of cobalt ions in Co/Hap samples

Co (wt%) 0.19 0.38 0.73 0.96 1.13 1.35

µeff (µB) 5.98 4.28 4.28 4.91 4.22 4.14



K. Elkabouss et al. / Journal of Catalysis 226 (2004) 16–24 21

o

g-
nd

ses
r-

d
-

gher
ten

nvi-

tes
the

d to
-
t
he
cture

t

and

y

p-
s
ves
-
nt

h
nd,

ba-
the
ox-

t
sic-

s on
og-
-

m-
balt
tive
eed
ed
ivity
x-
ion

ts to
n

0

e

of
nd
Fig. 4. Temperature dependence ofχT for catalysts with 0.19 to 1.35 C
wt% (for comparison, the curve of standard Co3O4 is also given).

constant from 300 to 5 K, which rules out antiferroma
netic coupling. However, for the two samples at 0.19 a
0.96% Co,χT is constant down to about 50 K but decrea
at lower temperatures. This indicates the absence of antife
romagnetic coupling and theoccurrence of spin–orbit cou-
pling in these samples, high for the former, and less marke
for the latter. Conversely, for Co3O4, where antiferromag
netic coupling occurs between Co2+ ions, χT decreases
continuously with decreasing temperature. Hence, the hi
µeff value of the samples at 0.19% Co (and to a lesser ex
at 0.96% Co) is indicative of Co2+ siting (in majority) in a
highly symmetric field such as an octahedral oxygen e
ronment, in which the orbital contribution is important.

3.1.7. X-ray photoelectron spectra (XPS)
In practice, the identification of cobalt oxidation sta

is not straightforward because in many oxide systems,
Co2p binding energy (BE) of Co2+ exceeds that of Co3+
and the Co2+ reference compounds are often suspecte
contain surface Co3+ [46]. However, the following are rel
evant: (i) the Co2p BE of Co2+ is slightly higher than tha
of Co3+ (781–783 and 779–780 eV, respectively); (ii) t
Co2p spectrum shows a strong satellite (shake up) stru
in high-spin Co2+ which is not observed in low-spin Co3+;
(iii) the spin–orbit splitting is higher in Co2+ species (abou
15.7–16.0 eV) than in Co3+ species (15.0–15.5 eV)[22,38,
46].

Table 5gives the Co2p3/2 BE, the surface (Co/Ca)XPS
ratio (determined from the integrated areas of Co2p
t

Ca2p peaks) compared to the bulk values (determined b
ICPMS), the spin–orbit coupling�E (Co2p1/2 − Co2p3/2),
and theS/M (satellite peak/main peak) intensity ratio. It a
pears that the (Co/Ca)XPS ratio is about four to five time
the global ratio, which confirms that the exchange invol
surface sites only. The values of BE and�E are characteris
tic of Co2+ ions and do not vary significantly as the amou
of exchanged cobalt increases. Moreover, theS/M intensity
ratio is nearly constant (� 0.7). It follows that cobalt ions
are present exclusively as Co2+ species, in agreement wit
the data of UV-visible-PIR spectroscopy. On the other ha
examination of O1s BE may give some insight into the
sicity of the samples. BE increases from about 529 eV for
most basic oxides to around 533 eV for the most acidic
ides[47]. The values of the Co(z)/HaP samples range from
531.2 for CaHap to 531.7 eV forz = 1.35%, suggesting tha
the introduction of cobalt induces a slight decrease in ba
ity.

3.2. Catalytic activity

3.2.1. 2-Butanol conversion
The influence of the acid–base character of catalyst

the alkene selectivity in the ODH of alkanes is now rec
nized as an important parameter[48] and 2-butanol conver
sion is considered to be an important criterion[11,12]. In
the present work, the stationary state activity of Co(z)Hap
in 2-butanol conversion was investigated at different te
peratures as a function of the quantity of exchanged co
(Fig. 5). In the absence of oxygen, the catalysts are not ac
below 220◦C and, moreover, the conversion does not exc
1.4% above 220◦C. Hence, all experiments were perform
in the presence of oxygen, whereupon a noticeable act
appears atT � 160◦C. The reaction produces almost e
clusively butanone, with a negligible residual dehydrat
reaction (less than 0.5%).On pure CaHap, the butanone
yield increases markedly with temperature and amoun
86% at 240◦C (Fig. 5); this dehydrogenation activity ca
be ascribed to basic centers such as Ca2+–O2− pairs, which
can abstract hydrogen atoms.On Co(z)Hap samples, the bu-
tanone yield increases with temperature in the 160 to 24◦C
range and clearly reaches a maximum at aroundz = 0.3–0.5,
shifting toward higher values ofz upon temperature increas
(Fig. 5).

This maximum may be related to: (i) the involvement
different Co2+ sites, as shown by UV-visible spectra a
Table 5
XPS data

Sample
z (wt%)

Co2p3/2
BE/eV

Ca at.% Co at.% Co/Ca
XPS at.%

Co/Ca
bulk at.%

�E S/M

0.19 782.3 21.24 0.27 1.27 0.32 15.7 0.78
0.38 783.0 15.68 0.85 3.36 0.64 15.7 0.72
0.73 783.0 21.35 1.22 5.71 1.20 15.4 0.76
0.96 782.5 19.59 1.02 5.21 1.60 15.7 0.76
1.35 782.7 19.55 2.54 12.99 2.30 15.6 0.69
Co3O4 780.0 – – – – 15.1
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Fig. 5. Variation of butanone and ethylene yields with cobalt content.

Fig. 6. 2-Butanol dehydrogenation: variation of activation energy and pr
exponential factor with cobalt content.

magnetic measurements, and (ii) the modification of
acid–base properties of the catalyst, induced by the in
poration of Co2+ ions. It is expected that this substitutio
will decrease the basicity of the solid by lowering the res
ual charge on the oxygen bonded to calcium. A maxim
may be reached as a result of compensation betwee
specific dehydrogenating activity of Co2+ ions and the de
crease in basicity. This duality also appears in the cha
in the apparent activation energyEa and in the preexponen
tial factorA with the amount of exchanged cobalt (Fig. 6).
Both curves exhibit two domains: when the Co concen
tion increases;Ea andA decrease first but do not vary si
nificantly for higher contents (> 0.75 wt%). However, this
value is larger than that corresponding to the maximum
tanone yield. This is due to the simultaneous occurrenc
two mechanisms or two types of sites.
e

Fig. 7. Variation of ethane conversion (open symbols) and ethylene
lectivity (full symbols) with cobalt content at different temperatures. T
selectivity data at 450◦C, very close to those recorded at 500◦C, have been
omitted for clarity. Symbols: small squares: 450◦C; circles: 500◦C; large
squares: 550◦C.

3.2.2. Ethane ODH
The catalytic activity of Co(z)Hap samples was measur

in the 400 to 550◦C range.Fig. 7 shows the variations i
ethane conversion and ethylene selectivity with cobalt con
tent. At 450, 500, and 550◦C, the conversion increases wi
the amount of cobalt but reaches a maximum at about 1
Co at 550◦C. At 500 and 550◦C ethylene selectivity show
similar variations but a maximum is reached between
and 1%. As pointed out above for 2-butanol dehydroge
tion, these maximums are due to the competition betw
the decrease in the basicity of oxygen upon cobalt in
poration into the apatite matrix, and the increase in de
drogenating activity ascribed to Co2+. Fig. 5 shows clearly
that, to reach the maximum, a larger amount of coba
necessary than that for butanone production. The specifi
hydrogenating performance of Co2+ (high selectivity) may
be related to:

(i) the nature of the cobalt–hydrocarbon interacti
which could involve a hydride-like (Co2+- -H–C2H5) species
and an intermediate cobalt–ethylene species;

(ii) the nature of the active oxygen species involv
O2

−, O−, and O2− (lattice) entities have been proposed
light alkanes dehydrogenation mechanisms, especiall
vanadium-based catalysts; however, it is generally acce
that O2

− is associated with nonselective oxidation[49].
O2

− species have been detected at room temperature on
CaHap outgassed at 900◦C [17]. On the other hand, the in
teraction of gaseous oxygen with Co2+ ions diluted in oxide
matrices, such as MgO[50], has been shown to generate O2

−
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species at room temperature according to the equation:

Co2+ + 1

2
O2 � Co3+ + O2

−.

However, under our reactions conditions (T � 450◦C), it is
unlikely that O2

− contributes to selective oxidation.
The redox properties of Ca3−xCox(PO4)2 in 2-propanol

dehydrogenation were ascribed to the Co3+/Co2+ couple
[19]. Conversely, in Co(z)/CaHap (present work), the st
bilization of Co2+ ions was shown by UV-visible spec
troscopy, magnetic measurements, and XPS. We pro
that the incorporation of Co2+ ions into the matrix favors
the mobility of neighboring lattice oxygen or OH groups
As suggested by Sugiyama et al.[20] for propane oxida-
tion on Co-SrHaP, active lattice oxygens may arise fr
the OH groups of the matrix. Moreover, above 500◦C, the
OH groups are mobile enough to contribute to ionic cond
tion by diffusion, along thec axis of the hexagonal matri
of CaHap[51,52]. Hence, incorporation of cobalt should f
vor the formation of vacancies, which may be replenis
by gaseous oxygen and contribute to ethylene productio

C2H6 + Oo → C2H4 + H2O+ Vo,

1

2
O2 + Vo → Oo,

where Oo is a lattice oxygen ion andVo a neutral oxygen
vacancy (containingtwo electrons).

Finally, at 550◦C, the maximum corresponds to an ov
all conversion approaching 35% and an ethylene yield
22%, which is comparable withthe best results achieved th
far over different catalysts in conventional reactors[48].

3.3. Characterization after ethane ODH

The surface area of the samples decreases slightly (Ta-
ble 1), but analysis by XRD, UV-visible spectroscopy, a
XPS did not show modification of other characteristics
Analogous stability was previously observed at similar
action temperatures in hydrotreatment reactions over coba
and molybdenum-loaded CaHap[53].

4. Conclusion

Introduction of cobalt by exchange in stoichiometric c
cium hydroxyapatite, CaHap, is limited to 1.35 wt% C
Even after calcination at 550◦C in air, cobalt is still presen
as Co2+, which illustrates the effect of the support. Accor
ing to UV-visible-NIR spectroscopy and magnetic measu
ments, cobalt is present asisolated Co2+ species, showing
paramagnetism whatever the Co content. Two types of
are involved: octahedral and probably six-coordinated3h
(trigonal prism). Co(z)Hap samples are active in 2-butan
dehydrogenation in the presence of oxygen atT � 160◦C
with a selectivity in butanone of about 100%. The maxim
butanone yield passes through a maximum forz = 0.3–
0.5 wt% Co. It may involve different Co2+ sites and com
pensation between the decrease in apatite basicity an
increase in lattice oxygen mobility, induced by cobalt
corporation. Co(z)Hap catalysts show significant activity
ethane ODH atT � 450◦C, which increases with temper
ture in the 450 to 550◦C range. Upon increasing Co conte
the ethylene yield reaches a maximum forz ≈ 1% Co at
500 and 550◦C (22%), which can also be accounted
by the parameters discussed for 2-butanol conversion.
ther work in progress on the ODH of propane shows
the propene yield is slightly lower (17%) than the eth
ene yield, although propane is thermodynamically less st
than ethane.
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