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bstract

The influence of the anionic substitution and the thermal treatment on the acid/base properties of hydroxyapatite was studied by temperature-

rogrammed desorption of ammonia (TPD-NH3). Stoichiometric hydroxyapatite, A-type and B-type carboapatites have been synthesized.
ubstitution of OH− by the CO3

2− (Carbo-A) modifies the acid strength distribution, increases the overall acidity and acid site density (�mol/m2).
ubstitution of the PO4

3− (B-site) by the CO3
2− did not lead to noticeable changes on the adsorption sites. These results suggest that the Ca2+ ions

re the most significant sites for ammonia adsorption.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The synthetic apatites, widely used initially as bioceramic
aterials, are also studied as potential adsorbants for heavy
etals [1,2] and have been applied as catalysts in various trans-

ormations. Hydroxyapatite is a catalyst for gas-phase acid/base
eactions [3–6], gas-phase partial oxidation reactions [7–10] and
n many liquid phase reactions such as Knoevenagel reactions
11], hydration of nitriles [12] and Friedel–Crafts alkylation
13].

Hydroxyapatite Ca10(PO4)6(OH)2 – HAp – may present
ignificant differences in surface and bulk properties, even
n materials with very close chemical compositions due to
ation/anion substitution or to variation on the material sto-
chiometry. Calcium deficient HAp, with the general for-

ula Ca10−x(HPO4)x(PO4)6−x(OH)2−x [0 ≤ x ≤ 1] presents dif-
erent catalytic performance from stoichiometric apatites.
he stoichiometric apatites (x = 0) are predominantly basic
olids, while the non-stoichiometric also contain acid sites
5,14].
Calcium substitution allows the addition of metallic sites
o the material rendering it active in methane activation reac-
ions; anion substitution reactions, PO4

3− groups by HPO4
2−

∗ Corresponding author.
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nd CO3
2−, and OH− by F−, modify the surface properties and

he thermal stability of the material [15].
The apatite structure possesses a great flexibility in accept-

ng substitutions in its network and substitutions of calcium
ons (Ca2+/M2+) [16]. The structure of calcium hydroxyapatite,
rst resolved by Naray-Szabo [17] and later refined by Beev-
rs and McIntyre [18], is presented in Fig. 1. The framework
f stoichiometric calcium hydroxyapatite can be described as a
ompact assemblage of tetrahedral PO4 groups where each PO4
etrahedron is shared by one column, and delimit two types of
nconnected channels. The first channel has a diameter of 2.5 Å
nd is bordered by Ca2+ ions (denoted Ca (I)). The second type
lays an important role in the properties of the apatites. It has a
iameter of around 3.5 Å and is also delimited by oxygen and
a2+ ions in a coordination of 7 (denoted Ca (II)). These chan-
els host OH groups (or halide ions) along the c axis to balance
he positive charge of the matrix. The existence of two different
alcium sites is of special interest because the material proper-
ies can be tuned by the specific site modified [19]. The OH−
ons are located in columns perpendiculars to the unit cell face,
t the center of the hexagon formed by groups of coplanar cal-
ium ions. The oxygen of the hydroxyl group is located 0.4 Å
ut of the plane formed by the calcium ion, and hydrogen 1 Å

arther, almost on the triangle plane of calcium. The environ-
ent around the OH− sites is very attractive for substitutions

ecause it allows one to control not only the site acid strength
ut also the ratio between Lewis and Brönsted acid sites.

mailto:vera@peq.coppe.ufrj.br
dx.doi.org/10.1016/j.tca.2006.08.012
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Fig. 1. The structure of calcium hydroxyapatite.

In the case of carboapatites, Ca10−x/2[(PO4)6−x(CO3)x]
(OH)2−2y(CO3)y], the carbonate ion can be located at two dif-
erent sites, depending on the temperature that the material is
repared [20]. If the material is synthesized at high tempera-
ures (∼900 ◦C), the carbonate ion substitutes only the hydroxyl
on (A site), originating a Carbo type A apatite. If the material
s prepared at low temperatures (∼400 ◦C) and by precipitation,
he substitution is less selective and both hydroxyl (A site) and
hosphate ions (B site) are replaced, and a Carbo type B apatite
s formed [19,21].

The possibility of controlling the material stoichiometry and
recise ion substitutions make the hydroxyapatite a very attrac-
ive material for structure–property investigations, especially the
evelopment of catalysts with designed properties.

The acid properties of a solid are related to the number of
cid sites and their strength. The solid surface is intrinsically
eterogeneous, and structural/non-stoichiometric defects gener-
te a very broad acid site distribution that is very difficult to be
recisely characterized. Nevertheless, the thermo-programmed
esorption (TPD) of ammonia can give a quantitative under-
tanding of the total amount of acidity and a qualitative picture
f the strength of the acid sites [22].

This work presents a study of the effects of anion substitutions
nd different calcination procedures on the acid site strength

istribution of the apatites. These treatments change signifi-
antly the acid properties of the solid, including overall acid
trength, acid sites distribution and ratio of Lewis to Brönsted
cid sites.
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. Experimental

.1. Apatite synthesis

.1.1. Hydroxyapatite
The hydroxyapatite precursor was prepared by slowly

dding a 0.3 M (NH4)2HPO4 aqueous solution to a 0.5 M
a(NO3)2·4H2O aqueous solution, both alkalinized by adding
H4OH (pH 10–11), at 80 ± 5 ◦C under continuous stirring. The
other suspension was aged at the precipitation temperature for
h. The precipitated was then washed several times with hot
ater (80 ◦C) to eliminate any residual alkali. After filtration,

he obtained solid was dried in an oven at 80 ◦C for 24 h. This
recursor was called (HAp-dried). A portion of the dried pre-
ursor was calcined at 900 ◦C for 5 h and sieved at 65 mesh, this
aterial was named (HAp-calc).

.1.2. Carboapatite A
The calcined hydroxyapatite (HAp-calc) was subsequently

reated at 900 ◦C, under CO2 flow (high-purity, 99.99%) for 10 h.
hen, the material was allowed to cool down under CO2 flow.
he obtained material was labeled Carbo-A, contained around
% (w/w) of carbonate ions.

.1.3. Carboapatite B
An alternative procedure was followed for the synthesis of

he hydroxyapatite, it was prepared an aqueous solution contain-
ng 0.24 M of (NH4)2HPO4 and 0.12 M of (NH4)2CO3 in order
o obtain 10% (w/w) of carbonate ions in the final solid. This
olution was also slowly added to a 0.5 M Ca(NO3)2·4H2O aque-
us solution, both alkalinized by adding NH4OH (pH 10–11), at
0 ± 5 ◦C under continuous stirring. The mother suspension was
ged at the precipitation temperature for 2 h. The precipitate was
hen washed several times with hot water (80 ◦C) to eliminate
ny residual alkali. After filtration, the obtained solid was dried
n an oven at 80 ◦C for 24 h. The dried material was calcined
t 400 ◦C for 3 h and sieved at 65 mesh. The obtained material
as labeled Carbo-B, contained around 12% of carbonate ions

w/w) and the degree of substitution of phosphate ions obtained
as around 17%.

.2. Characterization

X-ray powder diffraction (XRD) patterns of the samples
ere recorded in a Rigaku X-ray diffractometer (Dmax 2200)

quipped with a graphite monochromator using Cu K� radia-
ion (40 kV and 40 mA). The step-scans taken over the range of
θ from 5◦ to 130◦ in step of 0.05, the intensity data for each
tep was collected for 5 s. Lattice parameters were refined by
ietveld method and the structure refinements were performed
ith FULLPROF program [23]. The crystallite size was mea-

ured by Scherrer equation using selected peak widths from

RD patterns [24].
The specific surface area was measured by nitrogen adsorp-

ion at 77 K (BET method) using Micrometrics ASAP-200
quipment.
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ig. 2. FTIR spectra of the Carbo-A and calcined hydroxyapatite (HAp-calc).

Infrared spectra were obtained with Perkin-Elmer FTIR
ystem 2000. The self-supported pellets were prepared with
5–50 mg of material, pre-treated at 200 ◦C and under vacuum
10−5 Torr), for 1 h in a specially designed glass cell.

The thermo-programmed desorption (TPD) was carried out
n a Micrometrics TPD/TPR 2900 equipment coupled with a
uadrupole mass detector (Balzer QMS 200). The experimental
onditions were a heating rate of 10 ◦C/min, final temperature
f 1100 ◦C, sample mass of about 300 mg with helium as gas
arrier (60 L/min). The sample was kept at 150 ◦C for 1 h under
elium flow (60 mL/min), then the temperature was lowered to
0 ◦C and the flow was switched to a mixture of 4% NH3/He
60 mL/min). The sample was maintained in 4% NH3/He flow
or 1 h, and then the flow was switched back to pure helium
nd the temperature program started. The desorbed compounds
ere monitored using the relation m/e: NH3 (m/e = 15), NO

m/e = 30), H2O (m/e = 18), N2 (m/e = 28), O2 (m/e = 32, 16),
2O (m/e = 44). The total acidity was calculated by measuring

he total ammonia uptake.

. Results and discussion

The infrared spectra of the carboapatites A and B were com-
ared to the calcined sample (HAp-calc) spectra. Carboapatite A
Fig. 2) shows three well defined bands originating from stretch-
ng vibrations of carbonate ions, due to the substitution of phos-
hate groups (PO4

3−), at 879 cm−1 (ν2), at 1465 cm−1 (ν3a) and

t 1534 cm−1 (ν3b), for both substitution, PO4

3− groups (type
) and OH− groups (type A). These bands attributed to CO3

2−
ons can also be seen in the Carboapatite B spectrum (Fig. 3), but
hifted to a lower wavenumber: at 874 cm−1 and a broad band

(
P
d
a

able 1
ell parameters from XRD data for the apatites

amples Chemical formulae Structure Z

Ap-dried Ca10(PO4)6(OH)2 Hexagonal 1
Ap-calc Ca10(PO4)6(OH)2 Hexagonal 1
arbo-A Ca10(PO4)6(CO3) Hexagonal 1
arbo-B Ca9.5(PO4)5(CO3)2 Hexagonal 1
ig. 3. FTIR spectra of the Carbo-B and calcined hydroxyapatite (HAp-calc).

ith peaks at 1417 cm−1 (type B) and at 1505 cm−1, character-
stic from type AB, with a shoulder at 1455 cm−1 (ν3a) and at
538 cm−1 (ν3b) [25]. As reported by Elliott [19], the frequen-
ies of (ν2) and (ν3a) are independent of the degree of substitution
f OH− by CO3

2− ions within ±4 cm−1, however ν3b decreases
ithout a clear pattern from about 1565 to 1527 cm−1 as the
egree of substitution increases. Infrared studies of substituted
patites [21] have shown that the frequency of ν3b depends only
n the hexagonal unit cell volume; as the volume increases, ν3b
ecreases linearly.

The infrared spectroscopy is an important tool for charac-
erizing apatites, in especial it allows one to easily identify the
ype of site substituted by the carbonate ion in the carboap-
tite framework. Regarding to the substitution, it is clear in
oth Figs. 2 and 3 that OH− group band from libration mode at
31 cm−1 present in the HAp-calc sample is absent for carboap-
tite samples, indicating that all hydroxyl groups were replaced
y carbonate ions.

More information about the structure can be obtained from
he phosphate related bands (900–1200 cm−1). The band at
130 cm−1, characteristics of the stoichiometric apatites con-
aining HPO4

2− ion and carbonate CO3
−, is intense for the

arboapatite A. This band is absent in the carboapatite type B,
uggesting that carbonate ions replace phosphate ions in the car-
oapatite type B, occupying the anionic trivalent sites (PO4

3−).
The IR spectra showed that the CO3

2− ions are in two differ-
nt environments and the crystal data obtained from XRD pattern

Fig. 4) confirmed the hexagonal lattice symmetry (space group
63/m) for all samples [19,20]. The calculated cell parameters
erived from XRD data for the apatites prepared in this study
re presented in Table 1.

Density Lattice constants (Å)

a b c

3.159 9.434 a 6.883
3.159 9.430 a 6.885
3.114 9.488 a 6.878
3.096 9.355 a 6.906
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Fig. 4. XRD pat

Table 2 presents the results of the surface area measurements,
long with the total amount of ammonia absorbed. Calcination
trongly reduces the HAp total acidity (in �mol/g), mainly due
o the loss of surface area, and to a lower extent, the specific
cidity (in �mol/m2).

The total acidity of the carboapatites is similar to the total
cidity of the HAp-dried, and nearly four times higher than total
cidity of the hydroxyapatite calcined at 900 ◦C. This suggests
hat, in some cases, the most important role in the acidity is
layed by the Ca2+ ions. Literature data shows that hydroxya-
atite presents anphoterous behavior, with Hammet constants
H0) between +3.3 and +9.3 [3].

The specific acidity, however, shows a distinct pattern. Car-
oapatite A, that has OH− groups substituted by CO3

2−, shows
specific acidity that is nearly four times higher than the acid-

ty of the other samples. This distinct behavior may be caused

y an increase in the number of HPO4

2− acid sites, resulting
rom replacement of the one OH− by CO3

2− group, required to
ounterbalance the ionic charges. However, this same replace-

6
i
i

able 2
pecific surface area (SBET) and acidity by ammonia temperature-programmed desor

amples Thermal treatment CO3
2− (%, w/w)

Ap-dried 100 ◦C/24 h –
Ap-calc 900 ◦C/5 h –
arbo-A 900 ◦C/5 h 5.5
arbo-B 400 ◦C/3 h 12.5
for the apatites.

ent takes place on Carbo-B that presents low specific acidity.
n alternative explanation for the increase in the specific acid-

ty is due to thermal sintering during the calcination that would
ead to more pronounced exposure of the bc and ac unit cell
aces, and in consequence, the Ca2+ ions become more exposed
n the surface contributing more significantly to the solid spe-
ific acidity [26,27]. Accordingly, a five-fold increase in the
verage crystallite size, calculated by Scherrer [24], is observed
etween Carbo-A (1241 Å (0 0 l), 689 Å (h k l)) and Carbo-B
247 Å (0 0 l), 138 Å (h k l)).

The ammonia desorption profiles of the apatites are shown
n Fig. 5. The strength of the acid sites is directly related to
he desorption temperature, and for sake of analysis, ammonia
s desorbed from weak acid sites below 300 ◦C, from moder-
tely acid sites between 300 and 450 ◦C, from strong acid sites
etween 450 and 650 ◦C, and from very strong acid sites above

50 ◦C, for the heating rate of 10 ◦C/min. A complicating factor
n the analysis of these profiles is that an ammonia salt is used
n the preparation of the apatites. A blank test showed 10–20%

ption (TPD-NH3) of the carboapatites and hydroxyapatite samples

SBET (m2/g) Acidity (NH3 ads.)

Total (�mol/g) Specific (�mol/m2)

27 343 13
10 81 8
10 313 31
41 315 8
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ig. 5. Ammonia desorption profiles (TPD-NH3) of the investigated apatites:
Ap-dried; HAp-calc; Carbo-A; Carbo-B.

f the ammonia desorbed comes from the solid itself, mainly at
emperatures above 700 ◦C.

The effect of the thermal treatment in the distribution of acid
ites is evident, the calcined sample presents a significant amount
f strong acid sites and a smaller amount of very strong acid sites,
hile the non-calcined sample (HAp-dried) shows a broad dis-

ribution of acid sites excluding the strong ones, and the profile
as a distinct valley from 500 to 700 ◦C (Fig. 5). The transfor-
ation of the weak acid sites to strong acid sites is attributed

o the water desorption from the solid surface, while the
trongly acid sites disappear due to dehydration of the HPO4

2−
roups.

The Carbo-B shows two peaks of weak and moderately acidic
ites in a lower relative amount than the dried hydroxyapatite
Fig. 5). There is a large peak in the strong acid sites region
450–650 ◦C) and practically no desorption peak was observed
bove 700 ◦C.

Carbo-A shows two very distinct peaks, resembling the HAp-
ried sample, however, these peaks are associated to strong and
ery strong acid sites while the HAp-dried sample shows a
roader acid site distribution with weak and very strong acid
ites. The final result of the acid site distribution in Carbo-A is
nteresting, as despite of loosing weak acid sites, the total acidity
emains the same.

Analyzing the data in Fig. 5 along with the structural features
n Fig. 1, it is possible to associate the existence of the strong
cid sites (450–650 ◦C) to the triangles of Ca2+ ions present
n all samples. The very strong acid sites can be attributed to
he protons from HPO4

2− group and the weak acid sites to
dsorbed water that interacts with ammonia through dipolar
nteractions.

Quantitative studies analyzing the TPD profiles of the HAp-
alc through mathematical modeling of the desorption process
28] were able to identify four different ammonia adsorption
ites, as defined in this study, in the HAp-dried sample with
olar fractions 0.48, 0.28, 0.18 and 0.06; apparent activation

nergies for desorption of 38, 63, 125 and 146 kJ/mol, therefore

anging from weak to strong acid sites (Fig. 6). This wide range
f acid sites seems to be present in all samples (Fig. 5) in different
roportions, and shows that anion substitution is able to tune the
urface properties of the material.

[

[

ig. 6. Comparison between experimental and calculated ammonia desorption
rofiles (TPD-NH3) of the dried hydroxyapatite (HAp-dried) at a heating rate
f 5 ◦C/min.

. Conclusions

The synthesized apatites showed very distinctive acid sites
trength and distribution, depending on the substitution and
he thermal treatment. The substitution at the A sites (OH)−,
arbo-A, leads to a three-fold increase in the total acidity and
significant change in the acid site distribution. Nevertheless,

he substitution at B sites PO3
3−, does not lead to significant

hange, highlighting the importance of the Ca2+ ions on the
cid properties of the material.

The total acidity measurement showed that the solid over-
ll acidity is similar for the Carbo-A, Carbo-B and HAp-dried.
evertheless, the TPD profiles showed significant differences

n the acid strength distribution of these materials. This implies
hat the surface acidity of hydroxyapatites can be tuned to reach
atalyst or adsorbent design criteria without changing the solid
otal acidity.
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