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Carbonate-containing apatite (CAP) synthesis under moderate conditions starting from calcium carbonate and orthophosphoric acid

Apatite One-step synthesis Calcium carbonate Orthophosphoric acid

The synthesis of carbonate-containing apatite (CAP) from calcium carbonate and orthophosphoric acid under moderate conditions was investigated. In all cases, complete precipitation of orthophosphate species was observed. The reaction temperature influenced strongly the decomposition of calcium carbonate and therefore the composition of formed products. The reaction temperature of 80 °C was found to be effective for the complete decomposition of calcium carbonate particles after 48 h of reaction. Infra-red spectroscopy (IR), nuclear magnetic resonance (NMR), thermogravimetry/mass spectroscopy (TG-MS) coupling, and X-ray diffraction (XRD) characterizations allowed the identification of the composition of formed products. By increasing the reaction temperature from 20 °C to 80 °C, the content of A-type CAP increased and that of B-type CAP decreased, according to the favorable effect of temperature on the formation of A-type CAP. The total amount of carbonate content incorporated in CAP's structure, which was determined by TG-MS analysis, increased with the reaction temperature and reached up to 4.1% at 80 °C. At this temperature, the solid product was mainly composed of apatitic components and showed the typical flat-needle-like structure of CAP particles obtained in hydrothermal conditions. These results show an interesting one-step synthesis of CAP from calcium carbonate and orthophosphoric acid as low cost but high purity starting materials.

Introduction

The principal mineral composition of bones and teeth consists of apatite-based compounds, and among them calcium hydroxyapatite (Ca-HA, Ca 10 (PO 4 ) 6 (OH) 2 ) is considered as the main component. In addition, bones and teeth also contain substituted apatites with the presence of other elements including Na + , Mg 2+ , Cl -, F -and CO 3

2- [1]. Calcium carbonate-containing apatite (CAP) is considered as the major impurity, which is formed by the replacement of PO 4 3-and/or OH -groups in Ca-HA's structure by CO 3 2-groups [2,3]. Ca-HA has been considered as a prominent biomaterials for bone and dental tissue reconstitution for its excellent bioactivity with hard tissues, but recently, substituted Ca-HA such as CAP has been found to be more effective with a shorter post-operative rehabilitation program [4][5][6]. Thus, CAP base materials attract much attention and the awareness of the contribution of CAP to bone and dental enamel health is increasing [7].

Much work has been devoted to the preparation of CAP, which generally consists of the precipitation of orthophosphate anions by calcium cations in aqueous solution in the presence of CO 3 2-anions [8][9][10], or the heating of a calcium phosphate at high temperature under a flux of CO 2 [START_REF] Elliott | Studies in Inorganic Chemistry 18: Structure and Chemistry of the Apatites and Other Calcium Orthophosphates[END_REF][START_REF] Fleet | [END_REF]. By solution reactions, a mixture of water soluble salts is usually used to enhance the insertion of CO 3 2-anions in the apatitic structure. This leads to supplementary washing steps for the elimination of counter ions in order to purify final solid products. Washing steps may be arduous when nano-particles of calcium phosphates are formed, accompanied by the formation of waste by-products containing all counter ions. The heating route relates to a multi-step synthesis in rigorous conditions of temperature and pressure. By this way, a mixture of calcium phosphate (for example, tricalcium phosphate (Ca 3 (PO 4 ) 2 ), or calcium pyrophosphate (Ca 2 P 2 O 7 )), lime (CaO) and/or calcium carbonate (CaCO 3 ) is heated under CO 2 atmosphere [START_REF] Fleet | [END_REF][13][14].

The present study reports a simple one-step synthesis of CAP from calcium carbonate and orthophosphoric acid under moderate conditions of temperature and pressure. Calcium carbonate was chosen as the source of both calcium cations and carbonate anions, and orthophosphoric acid was chosen as the most effective orthophosphate for the dissolution of calcium carbonate powder particles. Their wide availability and low cost also constitute advantages for an eventual industrialization of the synthesis process.

Materials and methods

Calcite powder (CaCO 3 , 98%) with particles of volume-mean diameter of 23.3 μm from Fisher Scientific and orthophosphoric acid (H 3 PO 4 , 85 wt.% in water) from Merck were used as received, without further modification. The synthesis was carried out in a 250 mL stainless steel reactor (Top Industrial). The reactor was equipped with an electrical heating jacket and a magnetic stirrer. For each reaction, 10 g of CaCO 3 and 45 mL of water were fed into the reactor. After closing, 6.9 g of H 3 PO 4 was quickly injected into the reactor by an injection valve and the reaction started by adjustment of the stirring rate at 800 rpm. During the reaction, the reactor was thermostated at the selected temperatures in the range of 20-80 °C for 48 h. After reaction, solid phase was separated from liquid phase by filtration using 0.45 μm filter paper. Then the solid products were dried at 50 °C for 48 h before further characterizations.

Different analysis and characterization techniques were used for studying both solid and liquid phases. Elemental analysis was carried out using inductively coupled plasma atomic emission spectroscopy (ICP-AES) with a HORIBA Jobin Yvon Ultima 2 apparatus. X-ray diffraction (XRD) of the solids was performed using a Philips PANalytical X'pert Pro MPD diffractometer with a Cu K α (1.543 Å) radiation source. Thermogravimetry (TG) was performed in a TA Instruments SDTQ600 analyzer with a heating rate of 5 °C min -1 under air flux (100 mL min -1 ). Exhaust gases from the TG analyzer outlet were analyzed by a Pfeiffer Vacuum OmniStar GSD 320 mass spectrometer which acquires mass spectra from 0 to 200 amu (atomic mass unit). Diffuse reflection infrared Fourier transform (DRIFT) spectra were recorded on a Shimadzu FTIR 8400S spectrometer on ground solid powders. 31 P and 1 H NMR spectra were registered on a Bruker Avance 400, operating at 10 kHz for both 31 P and 1 H NMR at room temperature (21 °C). The adsorption-desorption isotherm was determined with a MICROMETRICS ASAP 2010 using nitrogen as gas adsorbate with the data collection from relative pressure (P/P°) of 0.03 to 0.99. True density of the solid powders was measured by helium pycnometry using an Accupyc 1330 (Micromeritics). Scanning electron microscopy (SEM) was measured on a Philips XL30 ESEM apparatus (FEI Company). Particle size distribution was measured by laser scattering in a Mastersizer 2000 (Malvern Instruments Ltd., Malvern, UK) in the range from 0.020 to 2000 μm.

CAP obtained at 80 °C with the highest calcium carbonate decomposition was formed into cylindrical disks using a hydraulic press, with no additives. The disks were immersed in simulated body fluid (Tris-SBF-27 mM) made according to the method of Jalota et al. 00-004-0697); (◊) A-type CAP (JCPDS standard no. 00-035-0180); and (○) calcite (JCPDS standard no. 00-047-1743). [15]. Following seven days of incubation at 37 °C, the samples were rinsed with distilled water, dried at 37 °C and observed with SEM analysis technique in order to examine the growth of new calcium phosphate on the surface of CAP disks.

Results and discussion

Orthophosphate precipitation and calcium carbonate dissolution

When H 3 PO 4 was injected into the suspension of CaCO 3 , the reaction started immediately as observed by the evolution of the pressure in the batch reactor. In all cases, the pressure quickly increased for the first 10 min. Then it slowly increased and stabilized up to the end of the reaction. In the temperature range investigated, the partial pressure of water vapor was close to the atmospheric pressure (approximately 1 bar) so the increase of the pressure could be attributed to the formation of the carbonic gas as shown in Eq. (1).

CaCO 3 þ H 3 PO 4 →Calciumphosphates þ H 2 O þ CO 2 ð1Þ 
Carbon dioxide from Eq. ( 1) could be in gas phase or dissolved in liquid phase. The quantity of carbon dioxide in gas phase could be estimated using the ideal gas law and taking into account the volume of the reactor occupied by the solid and liquid phases and the partial pressure of water vapor at the corresponding temperature (Fig. 1).

Both final pressure and quantity of carbon dioxide in gas phase linearly increased with the reaction temperature. At 80 °C, 88.9 mmol of carbon dioxide was released in gas phase which indicates that most initial calcium carbonate introduced in the reactor (100 mmol) was decomposed.

The filtrate recovered from the reaction mixture was acidified with concentrated nitric acid to avoid any further precipitation or transformation of calcium cations with orthophosphate and/or carbonate anions. Then, dissolved calcium and phosphorus contents in the filtrate were analyzed by ICP-AES technique. In all cases, there was less than 1% of the initial calcium and phosphorus introduced in the reactor which existed in soluble forms. This means that the precipitation of orthophosphoric acid into solid calcium phosphates was complete and all calcium cations released from Eq. ( 1) completely re-precipitated too. ICP-AES analysis of the bulk solids after mineralization with concentrated nitric acid showed that the molar ratio of Ca/P was about 1.8. This is slightly higher than the stoichiometric value of Ca-HA and will be discussed in more details in the NMR and IR characterizations section.

The content of residual calcium carbonate in the solid products was quantified by TG analysis (Section 3.4) and the obtained results are reported in Fig. 2. As expected, the decomposition of calcium carbonate increased with the increase of reaction temperature. At 80 °C, the disappearance of calcium carbonate was nearly complete after 48 h of reaction.

The solid products were then characterized by different physicochemical techniques to identify the intermediates present.

XRD characterization

XRD characterization was performed in order to investigate the crystalline phases present in the solid products using JCPDS standards. The results are presented in Fig. 3.

As shown in Fig. 3, unreacted calcium carbonate, having the main diffraction peak at 29.40°, was clearly observed in the solid products synthesized within the reaction temperature range of 20-60 °C. On the other hand, only trace amounts of this starting reactant was observed in the solid product obtained at 80 °C which confirmed the favorable effect of the reaction temperature on the decomposition of initial calcium carbonate particles. The yield of calcium carbonate decomposition strongly influenced the crystalline structure of the solid calcium phosphates formed. When the decomposition of calcium carbonate was nearly complete (80 °C), all diffraction peaks could be attributed to Ca-HA (JCPDS standard no. 01-072-1243) and calcium carbonate-containing apatites of both B-type (JCPDS standards nos. 00-019-0272 and 00-004-0697) and A-type (JCPDS standard no. 00-035-0180), labeled thereafter CAPs. However, it was difficult to distinguish these apatitic compounds because their main diffraction peaks are all in the 2 theta range of 31.5-31.8°. When the dissociation of calcium carbonate was incomplete (20-60 °C), different calcium phosphates co-existed. Octacalcium bis(hydrogenphosphate) tetrakis(phosphate)pentahydrate (OCP, Ca 8 (HPO 4 ) 2 (PO 4 ) 4 •5H 2 O), which has the main diffraction peak at 2 theta of 4.7°, was the main apatitic calcium orthophosphate. Its signal decreased with the increase of the reaction temperature indicating its transformation into more stable apatites. Ca-HA, which has the main diffraction peak at 2 theta of 31.7°, was also formed but with low crystallinity as shown by its weak broad peaks. Other calcium orthophosphates such as CAPs, dicalcium phosphate anhydrous (DCPA, JCPDS standard no. 00-003-0398) could be also present at much lower contents.

In all cases, the final pH of the reaction mixture was around 8, which was favorable for the formation of apatitic compounds.

NMR and IR characterizations

To enhance the results of XRD characterization, NMR and IR analyses of the solid products were investigated. Fig. 4(A) presents the 31 P NMR spectra of the dried solid products. The three solid products obtained at 20, 40 and 60 °C showed four characteristic chemical shifts of OCP [16]. On the other hand, the solid product synthesized at 80 °C showed only one chemical shift at 3.7 ppm, which was characteristic for Ca-HA based products [17].

Fig. 4(B) shows the 1 H NMR spectra of the dried solid products. The chemical shift at about 13 ppm was characteristic for the HPO 4 2-ions located in the apatitic layer of the OCP's structure [START_REF] Elliott | Studies in Inorganic Chemistry 18: Structure and Chemistry of the Apatites and Other Calcium Orthophosphates[END_REF]. This shift appeared only in the solid products synthesized at 20-60 °C with uncompleted dissociation of calcium carbonate, and was not found in the product synthesized at 80 °C with complete conversion of calcium carbonate. The shift at about -0.1 ppm was characteristic for OH - ions present in Ca-HA's structure [17]. This peak was much more intense in the product synthesized at 80 °C than in the other products. All these results confirmed those of XRD analysis, that OCP and Ca-HA were the main components of the solid products synthesized at 20-60 °C and 80 °C, respectively. Finally, the peak with chemical shift at about 5 ppm (Fig. 4(B)) could be attributed to adsorbed water, which was present in all four solid products [START_REF] Wilson | [END_REF]. Fig. 5 shows IR spectra of all four solid products, and most significant peaks in the wavelength range of 4000-500 cm -1 are summarized in Table 1. In the wavelength range of 4000-1700 cm -1 , there was only a weak broad peak at about 3600-3000 cm -1 (not presented), which was assigned to O\H stretching of molecular water.

According to the results of XRD analysis, the remaining calcium carbonate in the solid products was characterized by the peak at 711 cm -1 , which was not present in the solid obtained at 80 °C. This last one also lacked the peak at 1645 cm -1 , assigned to H\O\H bending of molecular water in the structure of OCP, which confirmed the absence of OCP as shown by XRD (Fig. 3). The weak absorption band at 633 cm -1 , assigned to the vibrational mode of OH -groups indicated the presence of stoichiometric Ca-HA. The bi-modal peak at 1450 cm -1 /1415 cm -1 and the peak at 870 cm -1 were characteristic for B-type CAPs (replacement of PO 4 3-groups by CO 3 2-groups). On the other hand, A-type CAPs (replacement of OH - groups by CO 3 2-groups) were characterized by the peaks at 1545 cm -1 and 880 cm -1 . Thus, B-type CAPs could be present in all four solid products while A-type CAPs could only be found in the solids obtained at 60 °C and 80 °C. So, the increase of reaction temperature was favorable for both the decomposition of calcium carbonate and the formation of CAPs, particularly A-type CAPs. The presence of B-type CAP explained why the molar ratio of Ca/P of the bulk solids was slightly higher the stoichiometric value of pure Ca-HA. Finally, the absorption bands in the wavelength ranges of 650-500 cm -1 and 1300-910 cm -1 were assigned to the vibrations of orthophosphate groups. Classical vibration bands of HPO 4 2-groups in OCP structure and PO 4

3-in Ca-HA or CAP structure could clearly be observed.

TG-MS coupling

The thermal behavior of the solid products was investigated using TG analysis. TG and DTG curves obtained in the temperature range of 25-1200 °C are shown in Fig. 6(A) and (B), and the formation of water and carbon dioxide during the thermal analysis, which was qualitatively measured by MS analysis, are presented in Fig. 6(C) and(D).

All changes in mass as a function of heating temperature could be attributed to the decarbonation and dehydration which were well confirmed by MS analysis. The thermal decomposition of OCP, which was the principal intermediate, is generally complex with different dehydrations in the temperature ranges of 30-80 °C; 80-170 °C and 200-300 °C [START_REF] Elliott | Studies in Inorganic Chemistry 18: Structure and Chemistry of the Apatites and Other Calcium Orthophosphates[END_REF]. These weight losses were not observed for the solid synthesized at 80 °C which was in coherence with the result of XRD, NMR and IR characterizations. The first weight loss at 30-80 °C was attributed to the elimination of physically absorbed surface moisture which should not be significant after drying. The weight loss at 170-200 °C, which was only observed for the solid synthesized at 20 °C, could be due to the dehydration of DCPD to form DCPA. This indicated that DCPD could also be an intermediate of the reaction as previously observed in the reaction of limestone with orthophosphoric acid [START_REF] Kim | [END_REF]. DCPA was then condensed into calcium pyrophosphate (Ca 2 P 2 O 7 ) at 400-500 °C. The clearest weight loss at 600-720 °C was due to the decarbonation of residual calcium carbonate. Its content decreased with the increase of reaction temperature, as discussed in Fig. 2. Two next weight losses at 740-850 °C and 850-1200 °C were attributed to the decarbonation and dehydroxylation of CAPs, as accompanied with the release of CO 2 and H 2 O, detected by MS analysis. According to the results of IR analysis, the decarbonation of B-type CAPs, which were present in all four solids, happened at 740-850 °C. On the other hand, the decarbonation of A-type CAPs, which were only formed at 60 °C and 80 °C, occurred at higher temperatures in the range of 850-1200 °C. The decarbonation of the solid synthesized at 80 °C was not finished at 1200 °C which indicated its high thermal stability.

All changes in mass in the temperature range investigated were endothermic as found by differential scanning calorimetry (DSC, not presented).

SEM and particle size distribution

In order to investigate the surface morphology of particles, SEM observation was performed. Fig. 7 presents SEM micrographs of the solid products at low magnification and starting calcium carbonate powder. This initial reactant had a high regularity in particle dimension (Fig. 7(A)) with a smooth and non-porous structure (Fig. 7(B)), which was in coherence with its low specific surface area (b2 m 2 g -1 ). On the other hand, all four solid products had a variation of particle sizes in large ranges from hundreds of nm to hundreds of μm, as usually observed previously [25][26][27]. Fig. 8 presents SEM micrographs of particles larger than 50 μm (L) and smaller than 5 μm (R) at the same magnification of 6400 times (5 μm scale). For all solid products, large particles seem to be a result of agglomeration of corresponding fine particles. This has been observed for the precipitation of calcium orthophosphates in aqueous solution [28][29][30]. Taking into account the rapid increase of pressure in the batch reactor during the first minute of reaction, it is assumed that the first step of the reaction must be the decomposition of calcium carbonate particles in acid medium, accompanied by the release of carbonic gas and the precipitation of calcium cations (Ca 2+ ) by orthophosphate species to form primary fine calcium phosphate particles at nanometric scale. Then, primary fine calcium phosphate particles agglomerated during the reaction time to form larger particles.

Change in morphology of particles as a function of reaction temperature can also be observed in Fig. 8. On the left-hand side, larger aggregates seem to have a porous structure. On the right-hand side, primary particles had a compact appearance and at higher magnification, no macro-pores could be observed (Supplementary data 1). At 20 °C, particles of sheet structure frequently appeared. They seemed to be more numerous at 40 °C and could be attributed to OCP particles [21,31] which were in coherence with XRD results (Fig. 3). Some needle-like particles also appeared at these temperatures. At 60 °C, the frequency of particles of sheet structure decreased and that of needle-like particles considerably increased. Particularly, the change was distinct at 80 °C where most particles were of flat-needle-like morphology (more details in Supplementary data 2). This morphology was characteristic for apatitic compounds formed under hydrothermal conditions, as observed in previous works [32][33][34]. Particle size distribution was also analyzed in order to better understand the formation of particles (Fig. 9).

According to the observation in Fig. 7(A), starting calcium carbonate had a narrow particle size distribution from 7 μm to 50 μm. On the other hand, solid calcium phosphate products showed large ranges of particle sizes from about 0.2 μm to about 270 μm. For the solid products synthesized at 20-60 °C, there was more than 93% of number of particles found in the range of 0.2 μm to 1 μm. On the other hand, the volumes corresponding to this fraction of particle size were found at less than 7%. For the solid synthesized at 80 °C, 97% of the number of particles was found in the range of 1.5 to 10 μm, which corresponded to only 3% of cumulative volume. This means that a deep agglomeration of fine particles took place during the synthesis under the conditions investigated.

Adsorption-desorption isotherm measurements and true density

SEM micrographs at high magnification showed that large solid particles could have macro-pores but this technique did not allow the observation of smaller pore sizes. To better understand the porosity of the obtained materials, adsorption-desorption isotherm measurements were carried out. Fig. 10 shows isotherm plots for the reaction products.

All four solids showed similar adsorption-desorption isotherms of type II solids according to the IUPAC classification of physisorption isotherms [35]. These results indicate that the solid products had only macro-porous structure which confirmed the results of SEM observation.

From the results of isotherm measurements, specific surface areas were obtained using BET method (S BET ). True density was measured also and the results are presented in Table 2.

The two solid products synthesized at 20 °C and 40 °C had the same specific surface area, in agreement with similar chemical composition with about 20-22% of the remaining calcium carbonate. At 60 °C, the decomposition of calcium carbonate was more advanced (Fig. 2) and the resulting solid had a higher specific surface area. At 80 °C, despite a complete decomposition of calcium carbonate, the specific surface area of the reaction product was smallest, which was due to the formation of larger particles by agglomeration (Fig. 9). In parallel with the increase of the reaction temperature, the reaction evolved to apatitic phases which were generally denser than the initial calcium carbonate [36]. This explains the increase of true density as a function of reaction temperature. Clogged porosity may be also formed during the precipitation of apatitic compounds since carbon dioxide was released from the decomposition of calcite. This porosity may be destroyed with the increase of the temperature leading to denser products.

Bioactivity test

SEM observations showed the CAP disks to be composed of flat-needle-like crystals of approximately one micrometer width and several micrometers length (Fig. 11). Following incubation in Tris-SBF-27 mM, the crystals were covered by new calcium phosphate deposits resembling those described in earlier works [15,37]. The underlying CAP crystals can hardly be recognized in Fig. 11(B). The non-compacted crystals are loosened in Fig. 11(D) as a result of water rinsing. Kokubo et Takadama [38] described the formation of such coatings as related to surface bioactivity appropriate for bone bonding activity. Possible improvements of the proposed bioactivity test have been proposed [39].

Discussion

In all our reactions using calcium carbonate and orthophosphoric acid as starting reactants, only traces of soluble calcium cations and orthophosphate species were observed to be present in the liquid phase. This indicates that orthophosphate species precipitated from solution into poorly soluble solid phases. The decomposition of calcium carbonate was also complete at 80 °C after 48 h of reaction. This resulted in the a From TG-MS coupling analysis in the temperature range of 25-1350 °C for a complete decarbonation of the product synthesized at 80 °C (Supplementary data 3).
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 2 Fig. 2. Content of residual calcium carbonate in the solid products after 48 h of reaction.
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 1 Fig.1. Quantity of the carbon dioxide at the end of the reaction estimated from gas phase using the ideal gas law and final pressure as a function of the reaction temperature.

Fig. 3 .

 3 Fig. 3. XRD patterns of the solid products; (•) OCP (JCPDS standard no. 00-026-1056); (*) Ca-HA (JCPDS standard no. 01-072-1243); (▪) B-type CAP (JCPDS standard no. 00-004-0697); (◊) A-type CAP (JCPDS standard no. 00-035-0180); and (○) calcite (JCPDS standard no. 00-047-1743).
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 4 Fig. 4. 31 P NMR (A) and 1 H NMR (B) spectra of the dried solid products.

Fig. 5 .

 5 Fig. 5. IR spectra of the solid products; dotted tick: peak position of C\O stretching of A-type CAPs (880 cm -1 ); and continuous tick: peak position of C\O stretching of B-type CAPs (870 cm -1 ).
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 6 Fig. 6. TG (A) and DTG (B) curves of the solid products dried at 55 °C; evolution of H 2 O (C) and CO 2 (D) in gas phase during TG analysis.

Fig. 7 .

 7 Fig. 7. SEM micrographs of solid calcium phosphate products at low magnification (20-80 °C) and the initial calcium carbonate (A and B).

Fig. 8 .

 8 Fig. 8. SEM micrographs of large particles (left-hand side, L) and smaller particles (right-hand side, R).

Fig. 9 .

 9 Fig. 9. Particle size distribution by number (N) or volume (V) of particles (particle size is in base 10 logarithmic scale).
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 10 Fig. 10. Adsorption-desorption isotherms of the solid products.

Fig. 11 .

 11 Fig. 11. SEM images of CAP synthesized at 80 °C: (A) disk just prepared; (B) disk after soaking in Tris-SBF-27 mM solution at 37 °C for 7 days; (C) dried CAP powder; and (D) CAP powder after soaking in Tris-SBF-27 mM solution at 37 °C for 7 days.

Table 1

 1 IR peak positions and corresponding assignment[START_REF] Wilson | [END_REF][20][21][22]; Y and N: with and without the presence of absorption band, respectively.

	Wavelength,	Solid				Assignment
	cm -1	20 °C	40 °C	60 °C	80	°C
	3600	Y	Y	Y	Y	O\H (water), ν1 mode
	1645	Y	Y	Y	N	H\O\H, ν3 mode
	1545	N	N	Y	Y	C\O, ν3 mode
	1450	N	N	Y	Y	C\O, ν3 mode
	1415	N	N	Y	Y	C\O, ν3 mode
	1296	Y	Y	Y	N	P\(OH) stretching
	1194	Y	Y	Y	N	P\(OH) stretching
	1120	Y	Y	N	N	PO 4 , ν3 mode
	1076	Y	Y	Y	N	PO 4 , ν3 mode
	1055	Y	Y	Y	N	PO 4 , ν3 mode
	1038	Y	Y	Y	N	PO 4 , ν3 mode
	1018	Y	Y	Y	Y	PO 4 , ν3 mode
	960	Y	Y	Y	Y	PO 4 , ν1 mode
	916	Y	Y	Y	N	HPO 4 , ν4 mode
	870	Y	Y	Y	Y	C\O, ν2 mode (B-type CAPs or
						calcite)
	880	N	N	Y	Y	C\O, ν2 mode (A-type CAPs)
	711	Y	Y	Y	N	C\O, ν4 mode
	633	Y	Y	Y	Y	O\H (Ca-HA), libration
						HPO 4 , ν4 mode
	603	Y	Y	Y	Y	PO 4 , ν4 mode
	559	Y	Y	Y	Y	PO 4 , ν4 mode
	530	Y	Y	Y	N	HPO 4 , ν4 mode

Table 2

 2 Specific surface area (S BET ) and true density (D) of the solid products.

	Product	S BET , m 2 g -1	D, g cm -3
	Initial CaCO 3	b2	2.675
	Product at 20 °C	15	2.670
	Product at 40 °C	14	2.677
	Product at 60 °C	25	2.784
	Product at 80 °C	12	2.991

Table 3

 3 Carbonate contents (CO 2 wt.%) determined from TG curves.

	Solid	Decarbonation (CO 2 wt.%)		
		B-type CAP form	A-type CAP form	CaCO 3 form
		(740-850 °C)	(850-1250 °C)	(600-720 °C)
	20 °C	0.27	0	9.20
	40 °C	0.49	0	9.77
	60 °C	1.52	0.01	5.41
	80 °C	0.76	4.05 a	0.18
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final formation of "pure apatitic products" which did not require further washing for the elimination of soluble counter ions. This represents real advantages of the present synthesis process in comparison with other routes for CAP synthesis, discussed in the Introduction section [START_REF] Fleet | [END_REF][13][14], since water-rinsing is usually a limiting step for the purification of powder products.

From TG curves, the carbonate contents in apatitic structure or in CaCO 3 form could be both estimated quantitatively (Table 3). In parallel with the decomposition of the initial calcium carbonate, the carbonate content (CO 2 wt.%) of CAP increased. The formation of A-B-type CAP (replacement of both PO 43-and OH -groups by CO 3 2-groups) was favorable at 80 °C, where the reaction reached the complete decomposition of starting calcium carbonate.

Conclusions

One-step synthesis of carbonate-containing apatite (CAP) has been investigated under moderate conditions, using calcium carbonate and orthophosphoric acid as ubiquitous starting materials. Simple and well known starting materials are advantageous for pharmaceutical productions. The reaction temperature was found to be the key parameter for both the decomposition of initial calcium carbonate particles and the formation of CAP. At 80 °C, which was lower than most hydrothermal conditions, the decomposition of calcium carbonate was complete. At this temperature, the final solid product was composed of only apatitic phases including Ca-HA and A-B type CAP. At lower temperatures, other calcium phosphate phases were formed, in particular OCP. In all cases, only traces of soluble calcium cations and orthophosphate species were found, which shows the complete transformation of the starting materials into the desired product. Carbon dioxide, formed in gas phase, was the only by-product of the synthesis process. CAP obtained at 80 °C was found to be bioactive for the growth of calcium phosphate on its surface after soaking in a simulated body fluid (Tris-SBF-27 mM).
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