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ABSTRACT: Sodium and carbonate co-substituted fluorapatites (Ca10-xNax(PO4)6-x(CO3)xF2, 0≤ x≤3) were prepared via 
the hydrothermal method. The obtained powders were investigated by X-ray diffraction, infrared spectroscopy, 

thermogravimetric analysis and specific surface area measurements. Results indicate that both Na+ and -2
3CO ions were 

incorporated into the apatite structure only until x=2. Above this value, the excess of CaCO3 remained unreacted. For 
the monosubstituted sample, the structural refinement using the Rietveld method showed that Na+ is distributed between 
the two cationic sites. No carbonate ions were detected in the apatite anionic channel, indicating that the synthesised 

carbonated fluorapatite is of B-type. The -2
3CO  group substituting the -3

4PO one is located in positions corresponding to 
two faces of the phosphate tetrahedron. The specific surface area of the substituted powders increased with the rise of 
the carbonate amount. When calcined at 1000 °C in air atmosphere, the carbonated fluorapatite decomposed with a 
release of CO2 and formation of CaO.   
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RESUME: Des fluoroapatites co-substituées au sodium et au carbonate (Ca10-xNax(PO4)6-x(CO3)xF2, 0≤x≤3) ont été 
synthétisées par la méthode hydrothermale. Les poudres obtenues ont étés analysées par diffraction des rayons X, 
spectroscopie infrarouge, thermogravimétrie et mesure de la surface spécifique. Les résultats obtenus montrent que 
l’incorporation simultanée des ions carbonate et sodium dans la structure apatitique n’est possible que jusqu’à x=2. Au-
delà de cette valeur, l’excès de CaCO3 ne prend pas part à la réaction. L’affinement structural par la méthode Rietveld 
de l’échantillon monosubstitué montre que les ions Na+ sont localisés dans les deux sites cationiques et l’absence des 

ions carbonate dans les tunnels anioniques. Il s’agit donc d’une substitution de type B. Les ions -2
3CO  substituent les 

ions -3
4PO dans des postions correspondant à deux faces du tétraèdre du groupement phosphate. Le traitement thermique 

des poudres réalisé sous air à 1000°C révèle une décomposition partielle de la phase apatitique carbonatée avec départ 
de CO2 et formation de CaO.        
 
Mots-clés: Fluoroapatite; Carbonate ; Sodium; Substitution; méthode hydrothermale  
 
1. INTRODUCTION  
 Over the last three decades, hydroxyapatite (Ca10(PO4)6(OH)2, HA) has gained much interest 
as a biomaterial thanks to its chemical composition and crystallographic structure similar to those of 
the mineral phase of the hard tissues, contributing largely to its biocompatibility and bioactivity [1-
4]. However, in comparison to synthetic HA, biological apatite is nonstoechiometric, and it contains 
several species such as Na+, K+, Mg2+, Zn2+, F-, -2

3CO , etc. Among these ions, which have a strong 

influence on physical-chemical, biological and mechanical properties of the apatite, -2
3CO  is the 

most abundant one in the bone [5]. Carbonated apatite is more reactive and soluble than pure HA 
[6-8]. In the HA structure, -2

3CO  ions can replace, either, the two OH- and -3
4PO  ions, leading to A- 

or B-type carbonated HA, respectively. They can also substitute both ions simultaneously, leading 
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in this case to the mixed AB-type. The obtaining of a given type is closely related to the synthesis 
conditions [9-11]. When -3

4PO  ion is replaced by -2
3CO , the resulting charge is generally 

compensated by the substitution of Na+ for Ca2+ in the B-type carbonated HA [12,13].  
Compared to HA, fluorapatite (FA) is timidly studied as a biomaterial, probably because of 

its fluorine content (3.77 wt%), which is higher than that contained in the human body (<1.00 wt%). 
Fluorine is beneficial to human health in low concentrations as it confers a high level of protection 
against dental caries [14] and has a beneficial effect on the osteoporosis [15,16]. However, fluorine 
is toxic in excess. Indeed, it can cause deformities of the hard tissues, namely, dental and skeletal 
fluoroses [17]. To avoid this problem, for example, a composite of tricalcium phosphate and FA at a 
fixed amount (26.52%) has been considered [18]. For such a composite, it is still possible to 
improve its bioactivity by using a carbonated fluorapatite (CFA). In fact, it has been shown that the 
osteoblastic activity at the bone/CFA interface is higher than that at the bone/coralline HA interface 
[19]. Furthermore, Sakae et al. studying the in vivo performance of HA, CHA and CFA implanted 
in a dog mandible had observed that CFA induced a faster bone remodelling, and a more 
completely formed Havering system was obtained with CFA compared to HA or CHA [20]. 

A literature review reveals that the incorporation of the carbonates in the HA is widely 
investigated [21-25]. However, to our knowledge only a few studies are currently available on CFA 
[26,27].  
 The aim of the present article is to investigate the effects of the incorporation of the ( -2

3CO , 

Na+) pair on the crystallographic and physico-chemical properties of FA. 
 
2. CRYSTAL STRUCTURE 
 FA crystallizes in the hexagonal system (space group P63/m) [28] (Fig. 1), where -3

4PO  

groups build the framework. The ten Ca2+ cations are distributed over two nonequivalent 
crystallographic sites. Four per unit cell occupying the Ca(1), i.e., (4f) sites are located along the 
three-fold axis. They are surrounded by nine oxygen atoms: 3 O(1), 3 O(2) and 3 O(3). The six 
other cations occupying the Ca(2), i.e., (6 h) sites are coordinated by six oxygen atoms (O(1), O(2) 
and four O(3)), and a fluorine atom. These Ca-atoms are positioned in the summits of two alternated 
equilateral triangles at z = 1/4 and 3/4, which are centered on a helical six-fold axis of the structure, 
where the fluorine atoms are located.  

 
Fig. 1: Projection along [0 0 1] of sodium-carbonate co- substituted fluoroapatite cell. 
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3. EXPERIMENTAL PROCEDURE  
3.1. Powder synthesis  
 FA and sodium-carbonate co-substituted counterparts with the chemical formula Ca10-xNax(PO4)6-

x(CO3)xF2, where 0≤x≤3, were synthesized via the hydrothermal method from calcium carbonate (CaCO3), 
sodium nitrate (NaNO3), diammonium hydrogenophosphate ((NH4)2HPO4) and ammonium fluoride (NH4F), 
according to the following equation: 
 
xCaCO3(s) + xNaNO3(s) + (10-2x)Ca(NO3)2(s) + (6-x)(NH4)2HPO4(s)  + 2NH4F(s) + (6-x)NH4OH(aq)   
                           →     Ca10-xNax(PO4)6-x(CO3)xF2 + (20-3x)NH4NO3(aq)   + (6-x)H2O(liq)                  (1)   
 
 Appropriate amounts of the precedent reagents were weighed according to the stoichiometric formula. 
After homogenization in an agate mortar, the mixture was  introduced with 5 cm3 of water in a Teflon vessel 
(model 4749 Parr Instrument). The pH in the suspension, which was maintained under vigorous stirring for 
10 min, was adjusted to 9 with a concentrated ammonia solution. All the experiments were carried out at 
180°C for 6 h. The precipitates were collected by filtration, washed with deionized water and dried at 70 °C 
overnight.  
 
3.2. Sample characterization  
  X-ray diffraction (XRD) was carried out on a PANALYTICAL X-PERT MPD θ-θ diffractometer 
operating with copper radiations. The samples were scanned in the 2θ range from 9 to 90° with a step size of 
0.02° and a counting time of 10 s per step. The crystalline phases were identified by reference to the JCPDS 
cards. The lattice parameters were refined by the least-squares method. 

The average crystallite size, DXRD, of the synthesized powders was estimated using the Debye-
Scherrer equation: 

   βcosθ

λ
DXRD 

                                                                                   
(2) 

where λ is the wavelength of the monochromatic X-ray beam, β is the  full width at half maximum and   is 
the Bragg’s angle of the diffracted peak. 

FTIR spectra were recorded from 400 to 4000 cm-1 on a Jasco FTIR-420 spectrophotometer. 1 mg of 
powdered samples was carefully mixed with 300 mg of KBr and pelletized in a 13 mm diameter die.  

The specific surface areas (SSA) were measured with a Belsorp 28 SP apparatus using the B.E.T. 
method. Nitrogen was used as an adsorbed gas.  

The thermogravimetric analyses were performed on the as-prepared powders using a Seteram TG 92 
apparatus. The analyses were conducted in air from room temperature to 1000°C with a heating rate of 
10°C/min.  
 
3.3. Structural analysis 

The structural refinements were performed by means of the Rietveld method [29] using the Fullprof 
program [30]. The space group P63/m and the FA atomic positions were used as the starting sets in the 
refinement procedure for the unsubstituted sample [31]. Then, the structural parameters of the substituted 
samples were refined using the data that were determined earlier. A fifth-order polynomial was used to 
simulate the background, and a pseudo-Voigt function was employed to fit the experimental peak profiles. 
The first factors that have been refined were the scale factor, the background coefficients, the profile 
parameters and the lattice parameters. Then, the width at half height, the preferred orientation, the occupancy 
factors and the isotropic thermal factors were refined. The refinement of Ca2+ and Na+ occupancy factors has 
been performed by assuming that the two cations are distributed between the two sites S(1) and S(2). The 
occupancy factors of oxygen, fluorine, phosphorus and carbon were assumed constant, in agreement with the 
stoichiometry of the apatite. It is worth noting that the refinement has been achieved in several steps, and the 
parameters obtained after each step were introduced to make the next step. In the last refinement cycles, all 
parameters were freed.  
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4. RESULTS AND DISCUSSION 
4.1. As-prepared powders 

X-ray diffraction patterns of as-prepared powders are shown in Fig. 2. For x≤2, all the peaks 
of each pattern matched well with the ICDD standard (JCPDS 34-0011), indicating that the 
powders were single-phase apatite. For x≥2.5, besides those of the FA, the patterns present 
additional peaks, belonging to the calcite (CaCO3) (JCPDS 5-586). The intensity of these latter 
peaks increased with the rise of the used CaCO3 amount. This indicates that the insertion of 
carbonate within the apatite lattice is limited to x=2. Above the latter value, the excess of CaCO3 
introduced in the starting suspension remained unreacted and was found in the synthesised product. 
Obviously, an equivalent amount of NaNO3 remained also unreacted, but it was dissolved in the 
mother solution due to its high solubility in water.  

From Fig. 2, one can see that as the carbonate amount inserted in the apatite cell increased, 
the diffraction peaks became broader than those of pure FA. Thus, the substitution of the (Na+, -2

3CO ) 

pair for the (Ca2+, -3
4PO ) pair resulted in a decrease in the crystallinity of powders. This assumption is 

corroborated by the crystallite size values determined from the (300) and (002) reflections 
broadening using Eq. (2) (Table I). The broadening of the diffraction peaks resulted from the 
disorder induced by the difference between the sizes of both ions pairs [32]. 

 

  
Fig. 2: XRD patterns of the as-prepared 

Ca10-xNax(PO4)6-x(CO3)xF2 samples: 
a) x= 0; b) x= 0.5, c) x= 1, d) x= 1.5, e) x= 2, f) x= 2.5 and h) x= 3. 

Fig. 3: (300) XRD reflection of Ca10-xNax(PO4)6-

x(CO3)xF2 samples for x = 0, 1 and 2. 

 
A low crystallinity is usually synonymous of a low chemical and thermal stability. Thus, the 

incorporation of carbonates can confer to FA a certain bioactivity. Furthermore, some peaks 
gradually moved towards the high angles. Fig. 3 shows the shift of the (300) reflection. In 
agreement with the literature data [33-35], this shift is consistent with a contraction in the a-axis. 
The a and c lattice parameters, as a function of the carbonate amount are illustrated in Table I. As 
expected, with the increasing of the -2

3CO content, a decreased progressively with respect to that of 

FA, whereas c increased. The decrease of a parameter is due to the replacement of -3
4PO  by a 

smaller ion -2
3CO ; the C-O bond lengths (1.30 Å) are shorter than those of P-O bonds (1.51 Ǻ), 

while, the increase of the c parameter is consecutive to the a-axis contraction; the PO4 tetrahedra 
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having a larger effect on a-axis than on c-axis (Fig. 1). The (c/a) ratio is practically constant (0.7345 
for x=0 and 0.7379 for x=2). According to these findings, we can conclude, once again, that the 
(Na+, -2

3CO ) pair was incorporated into the FA structure.  

The specific surface areas were determined only for the as-prepared powders with x≤2 

(Table I).The SSA increased with the rise of the used carbonate amount, it varied from 42.8 to 71.3 
m2/g for x=0 and 2, respectively. This increase in SSA confirms the reduction in crystallinity of the 
powders when carbonates were inserted within the apatite lattice.  

 
Table I: Lattice parameters, specific surface and crystallite size value of samples 

Composition a(Ǻ) c(Ǻ)   c/a  S (m2/g) D(002) nm D(300) nm 

Ca10(PO4)6F2 9.3678(1) 6.8815(4) 0.7345  42.8 47.5 45.7 

Ca9.5Na0.5(PO4)5.5(CO3)0.5F2 9.3545(2) 6.8854(3) 0.7360  45.1 44.2 42.7 

Ca9Na (PO4)5(CO3)F2 9.3497(2) 6.8874(2) 0.7366  49.1 41.2 37.8 

Ca8.5Na1.5(PO4)4.5(CO3)1.5F2 9.3459(3) 6.8893(2) 0.7371  61.9 28.6 25.7 

Ca8Na2(PO4)4(CO3)2F2 9.3384(5) 6.8912(5) 0.7379  71.3 22.4 20.8 

 
The FTIR spectra of the as-prepared powders are presented in Fig. 4. For all  samples, the 

spectra showed the PO4-derived bands in an apatitic environment at 1047-1104 cm-1 (υ3), 968 cm-1 
(υ1), 611-572 cm-1 (υ4) and 466 cm-1 (υ2), and the CO3-derived bands at 870 cm-1 and around 1420-
1480 cm-1. The carbonate bands are in agreement with those of the carbonate group located in the 
phosphate site [36,37]. The lack of the band at 1537 cm-1 corresponding to the vibration mode of 

-2
3CO  located in the OH- site suggests that the synthesized CFA are of B-type [38-40]. Besides, 

some additional bands were observed. The bands appearing at 3450 and 1644 cm-1 were assigned to 
the water adsorbed on the surface of powders, while the band at 1382 cm-1 was attributed to residual 
NO 

3  groups resulting from the starting reagents. The FTIR spectra revealed a clear increase in the 

intensity of the CO3-derived bands and also a broadening of the PO4-derived bands when x 
increased. These effects can be explained by the increase of the carbonate concentration in the 
apatite structure and the decrease of the crystallinity of the powders as it was indicated by X-ray 
diffraction and SSA measurements. 

The structural refinement was performed on NaCO3FA samples for x=0 and 1 calcined at 
400°C to improve their powder cristallinity. The final reliability factors cRp and cRwp (without 
background), RB and RF, were gathered in Table II. The atomic coordinates, isotropic thermal 
displacement parameters and occupancy factors were listed in Table III. The experimental and 
calculated XRD profiles as well as their difference are presented in Fig. 5. It can be concluded that the 
parameters used for the structure determination were reliable, and they led to a good refinement of 
the experimental data. 

The refinement of occupancy factors of the cationic sites was carried out without restraints. 
They showed that Na+ was distributed over the two Ca-sites: 37% in site 1 (4f) and 63% in site 2 
(6h). According to El Feki et al. [13], the preferential occupancy of Na+ of the Ca(2) sites cannot be 
explained by the difference of the sizes of the two cations, which have practically the same size 
(VIrca2+= 1.0 Ǻ and VIrNa+= 1.02 Ǻ), and they suggested that this distribution occurs only if the 
simultaneous substitution of -2

3CO  ions for -3
4PO are considered. In a first step, the refinement was 

done with a full occupation of the -3
4PO  sites. 
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Fig. 4: FTIR spectra of as-prepared Ca10-xNax(PO4)6-

x(CO3)xF2 samples for x= 0.5, 1, 1.5, 2, 2.5 and 3. 
Fig.5: Observed, calculated XRD patterns and their difference 
for Ca9Na (PO4)5(CO3)F2 sample. 

 
This refinement induced large values of the thermal displacement parameters of P, O1 and 

O2 atoms, indicating that their occupation factors were too high, whereas that of O3 remained 
reasonable. These results can be interpreted by the substitution of (PO4) tetrahedral by (CO3) 
triangles preferentially in the planes of the faces (O3, O3’, O1) and (O3, O3’, O2). So, the final 
refinement has been carried out with two (C1O3) and (C2O3) triangular groups distributed on these 
two tetrahedron-faces. The corresponding oxygen atoms (O3C, O3’C and O1C1 for C1 and O3C, 
O3’C and O2C2 for C2) have been placed assuming that the triangles are equilateral and the C-O 
lengths about 1.30Ǻ. Atomic coordinates for (C1O3) and (C2O3) were then fixed. For the fluorine 
atoms, in spite of a relatively high value of the thermal parameter, “z” coordinate value has been 

fixed at ¼ to avoid its divergence. A similar structure refinement was also proposed for NaCO3OH 
apatite by El Feki et al [13]. 
 

Table II: Details of Rietveld refinement of Ca10-xNax(PO4)6-x(CO3)xF2  samples for x=0 and 1 
Formula Ca10(PO4)6F2 Ca9Na(PO4)5(CO3)F2 
Formula weight (g) 1007.986 956.564 
Space group symmetry Hexagonal P63/m Hexagonal P63/m 
Formula units per cell Z 1 1 
Zero point 2θ(°) -0.024 -0.065 
Number of parameter refined 36 36 
cRp 4.77 9.43 
cRwp 6.88 12.30 
RB 5.14 7.33 
RF 3.99 5.34 

 
Selected interatomic distances and angles were reported in Table IV; they reflected the good 
coherence of the refinement procedure. The mean P-O, M(1)-O and M(2)-O bond lengths were 
nearly the same for the two compositions,  agreeing  with  the small variation  of the a and  c-axis. 
Furthermore, the distortion indices of the (PO4) tetrahedron ID (O-P-O) calculated from the values 
of the (O-P-O) angles, increased from 0.008 for x=0 to 0.024 for x=1. This result confirmed the 
strong perturbation of the apatite structure due to the substitution of the carbonate group for the 
phosphate group. 
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Table III: Atomic coordinates, occupancy factors and isotropic thermal parameters of 
Ca10-xNax(PO4)6-x(CO3)xF2 samples for x=0 and 1 after Rietveld refinement 

x Atom Wyck. 
site 

x y z occup. 
factors 

B[Å2] 

x=0 
 

Ca1 4f 1/3 2/3 0.0023(15) 1.0 1.3(2) 
Ca2 6h 0.2401(7) -0.0081(9) ¼ 1.0 1.0(1) 

P 6h 0.3980(1) 0.3680(1) ¼ 1.0 1.2(2) 
O1 6h 0.3250(2) 0.4850(2) ¼ 1.0 2.2(5) 
O2 6h 0.5912(2) 0.4682(2) ¼ 1.0 2.5(5) 
O3 12i 0.3363(1) 0.2543(1) 0.0644(2) 1.0 2.8(4) 
F 2a 0.0000 0.0000 ¼ 1.0 1.8(5) 

x=1 
 

Ca1 4f 1/3 2/3 0.0012(2) 0.91(3) 1.3(4) 
Na1 4f 1/3 2/3 0.0012(2) 0.09(3) 1.3(4) 
Ca2 6h 0.2372(1) -0.0112(2) ¼ 0.89(2) 1.5(3) 
Na2 6h 0.2372(1) -0.0112(2) ¼ 0.11(2) 1.5(3) 

P 6h 0.3954(3) 0.3694(2) ¼ 0.833* 1.1(4) 
C1 6h 0.3408* 0.3249* ¼ 0.06(3) 1.1(4) 
C2 6h 0.4208* 0.3217* ¼ 0.11(3) 1.1(4) 
O1 6h 0.3242(3) 0.4874(3) ¼ 0.833* 1.4(9) 

O1C1 6h 0.3293* 0.4575* ¼ 0.06(3) 1.4(9) 
O2 6h 0.5901(4) 0.4711(4) ¼ 0.833* 4.0(1) 

O2C2 6h 0.5693* 0.4480* ¼ 0.11(3) 4.0(1) 
O3 12i 0.3440(2) 0.2561(2) 0.0660(2) 0.833* 4.2(8) 
O3C 12i 0.3440(2) 0.2561(2) 0.087* 0.167* 4.2(8) 

F 2a 0.0000 0.0000 ¼ 1.0 5.0(9) 
*: fixed values 

   
4.1.1. Thermal behaviour 
Thermogravimetric analysis of as-prepared powders for x=0 and 1 was performed in air from room 
temperature to 1100°C. The obtained curves are shown in Fig. 6. The two curves displayed, below 
200°C, a first weight loss of about 2.5% due to the removal of the adsorbed water. It was followed 
by the departure of the lattice water (up to  450°C) and the decomposition of the residual nitrate. 
The value of this weight loss is more important for the substituted sample. A similar observation 
was done for CHA by Suchanek et al. [41]. Compared to the pure FA, the substituted sample 
exhibited from 580°C a third weight loss of about 4%, attributed to the decomposition of the apatite 
and the release of CO2. The theoretical value is of 4.6 %. 
In order to assess the effect of carbonate on the thermal stability of FA, the samples were calcined 
in air at 1000°C for 1 h. The XRD patterns shown in Fig.7 exhibited sharper peaks whose intensities 
were more important than those of the as-prepared powders peaks, indicating an improvement of 
the powder crystallinity. For the unsubstituted sample, all peaks belonged to FA, and no other 
compounds were detected. For x>1, the patterns showed extra peaks, they are attributed to CaO. 
The content of this latter phase increased with the increase of x. Since the as-prepared powders did 
not contain any impurity phases for x≤ 2, the presence of CaO in the calcined samples resulted from 
the decomposition of CFA, as it was reported for similar carbonated apatites [41-43]. For x>2, the 
peaks of the unreacted CaCO3 disappeared after the heat treatment, indicating also its 
decomposition. 
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Table IV: Selected interatomic distances (Å) and angles (°) of Ca10-xNax(PO4)6-x(CO3)xF2 samples for x=0 and 1 
 x=0 x=1 

P - O1 1.55(2) 1.55(3) 
P - O2 1.57(2) 1.58(2) 
P - O3 x 2 1.58(1) 1.57(1) 
P - O means 1.57 1.57 
O1 - P -  O2 111(1) 110(2) 
O1 - P - O3 110(1) 113(1) 
O2 - P - O3 109(1) 106(1) 
O3 - P - O’3 108(1) 108(1) 
Ca1/Na1 - O1 x 3 2.38(1) 2.37(1) 
Ca1/Na1 - O2 x 3 2.45(1) 2.47(2) 
Ca1/Na1 - O3 x 3  2.84(1)  2.78(2) 
Ca1/Na1 - O means 2.56 2.54 
Ca2/Na2 - O1 2.68(1) 2.65(2) 
Ca2/Na2 - O2 2.37(1) 2.37(2) 
Ca2/Na2 - O3   x 2 2.29(1) 2.32(1) 
Ca2/Na2 - O’3 x 2 2.50(1) 2.52(1) 
Ca2/Na2 - O means 2.44 2.45 
Ca2/Na2 – F 2.288(5) 2.277(8) 

 

  
Fig. 6: TGA curves of Ca10-xNax(PO4)6-x(CO3)xF2 samples: 
(a) x= 0 ;  (b) x= 1. 

Fig. 7: XRD patterns of Ca10-xNax(PO4)6-x(CO3)xF2  

samples calcined at 1000°C. 
 
Typical FTIR spectra of selected samples for x=1 and 1.5 calcined at 1000°C in air are 

presented in Fig. 8. No drastic change was observed compared to those of the as-prepared powders; 
except the disappearance of the band at 1382 cm-1 relative to NO 

3 group and obviously the CO3-

derived bands at 870 cm-1 and around 1420-1480 cm-1. This result confirmed the decomposition of 
CFA, when samples were heat treated as it was indicated by X-ray diffraction. 

 
  
 
 
 
 
 
 

Fig. 8: FTIR spectra of Ca10-xNax(PO4)6-x(CO3)xF2 

samples calcined at 1000°C. 
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4. CONCLUSION  
Sodium and carbonate co-substituted fluorapatites Ca10-xNax(PO4)6-x(CO3)xF2 with 0≤x≤3, were 
synthesized by the hydrothermal method. The results showed that: 

1. A single apatite B-type phase was obtained for x≤2. Above this value limit, unreacted 
calcite CaCO3 was found in all the synthesized products.  

2. The incorporation of both Na+ and -2
3CO  into the apatite structure involved a decrease of the 

crystallinity of the as-prepared powders due to a decrease of the crystallite size. Indeed, the 
SSA of the powders increased with a rising of the carbonate content. 

3. With increasing carbonate content, the a parameter decreased, while c slightly increased.  
4. The structural refinement using the Rietveld method showed a distribution of Na+ over the 

two Ca-sites of the apatite structure and the location of the carbonate groups on two faces of 
the phosphate tetrahedron.   

5. After calcination of the as-prepared powders at 1000°C in air, a partial decomposition of 
the apatite phase occurred with formation of CaO.   

 
REFERENCES 
[1]  H.W. Denissen, K. Groot, J. Proshet, Dent., 1979, 42, 551. 
[2]  K.D. Groot, Bioceramics of calcium Phosphate, CRC PRESS, 1984. 
[3]  A. Jean, B. Kerebel, L.M. Kerebel, R.Z. LeGeros, H. Hamel, J. Endodon., 1988, 14, 83. 
[4]  U. Heise, J.F. Osborn, F. Duwe, Int. Orthop., 1990, 14, 329. 
[5]  R. LeGeros, R. Balmain, G. Bonel, J. Chem. Res., S 77, 1986, 8. 
[6]  C. Rey, V. Renugopalakrishnan, B. Collins, M. Glimcher, Calcif Tissue Int,. 1991, 49, 251. 
[7]  S.A. Redey, S. Razzouk, C. Rey, D. Bernache-Assollant, G. Leroy, M. Nardin, G. Coumot, J. Biomed. Mater. 

Res., 1999, 45, 140. 
[8]  L.L. Hench, J. Am. Ceram. Soc., 1998, 81, 1705. 
[9]  M. Vignoles, G. Bonnel, D.W. Holcomb, R.A. Young, Calcif Tissue Int., 1988, 43, 33. 
[10] I.R. Gibson, W. Bonifeld, J. Biomed. Mater. Res., 2002, 59, 697. 
[11] J. Barralet, S. Best, W. Bonfield, J. Biomed. Res., 1998, 41, 79. 
[12] H. El Feki, J.M. Savariault, A. Ben Saleh , J. Alloys Compd., 1999, 287, 114. 
[13] H. El Feki, J.M. Savariault, A. Ben Saleh , M. Jemal, Solid State Sci., 2000, 2, 577. 
[14] J.F. McClendon, Wm. C. Foster, N.V. Ludwick,  J. Dent. Res., 1947, 26, 233. 
[15] H. Qu, M. Wei, Acta Biomateriala, 2006, 2, 113. 
[16] S. Busch, U. Schwarz, R. Kniep, Chem. Mater., 2001, 13, 3260. 
[17] L. L. Demos, H. Kazada, F. M. Cicuttini, M. I. Sinclair, C. K. Fairly, Austr. Dent. J.,   2001, 46, 80. 
[18] F. Ben Ayed, J. Bouaziz, J. Eur. Ceram. Soc., 2008, 28, 1995.  
[19] J. Kazimiroff, S.R. Frankel, R.Z. LeGeros, Bioceramics, 1996, 9, 169. 
[20] T. Sakae, K. Hoshino, Y. Fujimori, Y. KoZawa, R.Z. LeGeros, Key Eng Mater., 2003, 240. 
[21] J. C. Trombe, G. Bonel, G. Montel, C. R. Acad. Sci. Fr., 1967, 265C, 1113. 
[22] M. Vignoles, G. Bonel, C. R. Acad. Sci. Fr., 1978, 287C, 321. 
[23] I. R. Gibson, W. Bonfield, J. Mat. Sci., 2002, 13, 685. 
[24] R. M. Wilson, J. C. Elliot, S. E. P. Dowker, R. I. Smith, Biomaterials, 2004, 25, 2205. 
[25] F. Yao, J.P. LeGeros, R. Z. LeGeros, Acta Biomateriala, 2009, 5, 2169. 
[26] H. El Feki, thèse de spécialité, Fac. Sci. Tunis, 1990. 
[27] P. Regnier, A. C. Lasaga, R. A. Berner, O. H. Han, K. W. Zilm, Am. Miner., 1996, 79, 809. 
[28] K. Sudarsanan, R.A. Young, Acta Cryst., 1969, B25, 1534. 
[29] H. M. Rietveld, Acta Cryst., 1967, 22, 151. 
[30] J. Rodrigues-Carvajal, Physica, 1993, B192, 55. 
[31] K. Sudarsanan, R.A. Young, Acta Cryst., 1972, B28, 3668. 
[32] A.A. Baig, J.L. Fox, R.A.Young, Z. Wang, Calcif. Tissue Int., 1999, 64, 437. 
[33] R.Z. LeGeros, Nature, 1965, 206. 
[34] E. A. P. De Maeyer, R. M. H. Verbeeck, D. E. Naessens, Inorg. Chem., 1993, 32, 5709. 
[35] E. Landi, S. Sprio, M. Sandri, G. Celotti, A. Tamoieri, Acta Biomaterialia, 2007, 4, 656. 
[36] H. El Feki, C. Rey, M. Vignoles, Calcif. Tissue Int., 1991, 49, 269. 
[37] J.P. Lafon, E. Champion, D. Bernache-Assollant, J. Eur. Ceram.Soc., 2008, 28, 139. 

http://www.sciencedirect.com/science/article/pii/S1742706109000695#bib16


 

210 Ezzeddine Ben Salem et al., J. Soc. Chim. Tunisie, 2013, 15, 201-210 

[38] M.E. Fleet, X. Liu, Biomaterials, 2007, 28, 916. 
[39] I. Nikcevic, V. Jokanovic, M. Mitric, Z. Nedic, D. Makovec,  D. Uskokovic, J. solid state Chem., 2004, 177, 2565.   
[40] J. C. Merry, I. R. Gibson, S. M. Best, W. Bonfield, J. Mat. Sci. Med., 1998, 9, 779. 
[41] W.L. Suchanek, P. Shuk, K. Byrappa, R.E. Riman, K.S. TenHuisen, V.F. Janas, Biomaterials, 2002, 23, 699. 
[42] S.M. Barinov, J.V. Rau, I.V. Fadeeva, S. NunzianteCesaro, D. Ferro, G.Trionfetti, V.S.Komlev ,V.Y. Bibikov, 

Mater. Res. Bull., 2006, 41, 485. 
[43] A.  Slosarcszyk, Z. Paszkiewicz, C. Paluszkiewicz, J. Mol. Struct., 2005, 744-747, 657. 
 




