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The synthesis of calcium hydroxyapatite (Ca-HA) starting from calcium carbonate and different orthophosphate sources, including orthophosphoric acid, potassium, sodium and ammonium dihydrogen orthophosphates, was investigated under ambient conditions. The reaction started with calcium carbonate dissolution in an acid medium, followed by rapid precipitation of calcium cations with orthophosphate species to form calcium phosphate based particles which were in the size range of 0.4-1 m. These particles then agglomerated into much larger ones, up to 350 m in diameter (aggregates). These aggregates possessed an unstable porous structure which was responsible for the porosity of the final products. The highest specific surface area and pore volume were obtained with potassium dihydrogen orthophosphate. On the other hand, orthophosphoric acid led to the highest dissolution of calcium carbonate and the complete precipitation of orthophosphate species. Under ambient conditions, calcium phosphate based solid products of low crystallinity were formed. Different intermediates were identified and a reaction pathway proposed.

Introduction

Calcium hydroxyapatite (Ca-HA) continues to attract much attention owning to its many potential applications in fields such as medicine, wastewater treatment, and catalysis. For example, synthetic Ca-HA particles are used for coating metallic implants or bone grafts [1,2]. In heterogeneous catalysis, Ca-HA was found to be active in different reactions: oxidative dehydrogenation of light alkanes, water gas shift reaction, total oxidation of CO, photodecomposition of organic pollutants, etc. [3][4][5][6]. Ca-HA also possesses very good retention capacities for heavy metals or organic pollutants in aqueous effluents [7][START_REF] Lemlikchi | Waste and Biomass Valorization[END_REF][START_REF] Nzihou | [END_REF][10][11] which confers a potential role for this calcium phosphate in environmental processes.

A great deal of effort has been devoted to the synthesis of Ca-HA and other apatitic products [12][13][14][15][16]. The genesis of carbonate apatites was first described by Ames [17], then by Krajewski [18] using calcium carbonate as insoluble calcium source. Carbonate apatites were also made using soluble salts as starting materials [19]. For Ca-HA, the standard synthesis calls for the use of soluble calcium salts [20,21]. The practically complete precipitation of calcium phosphate results from mixing the homogeneous solution of reactants. However, the use of soluble calcium salts requires the viscous Ca-HA precipitate to undergo a further purification step, so as to eliminate the associated anions. An alternate route for Ca-HA synthesis is the acid-base neutralization method using orthophosphoric acid and lime solutions as starting materials which contain not counter ions [22][23][24]. Calcium carbonate is also a good candidate for calcium source, thanks to its low cost, wide availability and the absence of interfering anions. Nevertheless, when it was used previously as a starting material, it was usually transformed into calcium oxide by a thermal treatment or into water soluble calcium salt by dissolution in an acid solution, prior to the Ca-HA synthesis [25,26].

In the present work, a comparative study of the synthesis of Ca-HA from calcium carbonate and different orthophosphate sources was investigated. The main purpose of this study was to compare the dissolution of calcium carbonate, the precipitation of orthophosphate and the formed solids when different orthophosphate sources were used. Different characterization techniques were used for the analysis of the resulting solid products. The dissolution of calcium carbonate was highest with orthophosphoric acid but could not yield a complete, quantitative and stoichiometric Ca-HA precipitate after a long reaction time (48 h) at ambient temperature. Nevertheless, this pathway presents interesting industrial outlets.

Materials and methods

A fine powder of calcium carbonate (CaCO 3 , 98%, Fisher Scientific) was used as calcium source. Ammonium dihydrogen orthophosphate (NH 4 H 2 PO 4 , 99%, Fisher Scientific), potassium dihydrogen orthophosphate (KH 2 PO 4 , 99%, Fisher Scientific), sodium dihydrogen orthophosphate (NaH 2 PO 4 , ≈100%, Fisher Scientific) and orthophosphoric acid (H 3 PO 4 , 85 wt.% in water, Merck) were used as orthophosphate sources without further modification.

Ca-HA synthesis was carried out in a 1.2 liter (L) U-form glass reactor (i.d.: 10 cm, length: 15 cm), equipped with a vertical stirrer. In each synthesis, 0.6 mol of orthophosphate salts or orthophosphoric acid and 500 mL of water were fed into the reactor and homogenized under stirring. Then 1.0 mol of calcium carbonate were added to the orthophosphate solution at a rate of 2.5 g min -1 , to avoid the overflowing of the liquid due to strong acid attack on calcium carbonate particles at low pH. These reactant quantities corresponded to the Ca/P molar ratio of 1.67, which is the theoretical Ca/P molar ratio of Ca-HA. The reaction was kept under stirring (400 rpm) for 48 h under ambient conditions (25 • C, atmospheric pressure). The pH of the reaction was monitored continuously throughout the reaction. During the reaction, samples were withdrawn from the reactor and filtered on a 0.45 m filter paper to separate liquid and solid phases. The solid was washed with permuted water and dried overnight in an oven at 105 • C under air atmosphere.

Thermogravimetric analysis (TG) was carried out with a TA Instruments SDTQ600 analyzer. Heat-flow and weight changes associated with transitions and reactions in the products over the temperature range ambient to 1000 • C (heating rate of 5 • C min -1 ) under air atmosphere (100 mL min -1 ) were measured simultaneously. X-ray diffraction (XRD) data were collected using a Phillips Panalytical X'pert Pro MPD diffractometer with a Cu K␣ (1.543 Å) radiation source and a nickel filter to suppress the Cu K␤ ray. Scanning electron microscopy coupled with energy dispersive spectroscopy (SEM-EDX) measurement was performed on a Philips XL30 ESEM apparatus (FEI Company). The particle size distribution of solid powders was measured by laser scattering in a Mastersizer 2000 (Malvern Instruments Ltd., Malvern, UK) in the range from 0.020 to 2000 m. The specific surface area of the solids was measured by nitrogen adsorption following standard vacuum drying at 105 • C, using the BET method (MICROMETRICS Gemini Vacprep 061). 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 0.03-0.99. Elemental analysis of the liquid phase was carried out using inductive coupled plasma atomic emission spectroscopy (ICP-AES) with a HORIBA Jobin Yvon Ultima 2 apparatus. The species distribution of orthophosphoric acid was computed using the solEq software (Academic Software, Yorks, UK) and the IUPAC stability constants database of 2004.

Results and discussion

pH evolution

All four initial orthophosphate solutions had acid pH values. When calcium carbonate was added, it reacted immediately with the acid solutions, liberating carbonic gas. Taking into account the amount and addition rate of calcium carbonate into the acid solutions, the time taken for the complete addition of CaCO 3 was 40 min. Fig. 1 shows the evolution of recorded pH values during this period where most notable changes in pH evolution were observed.

All three orthophosphate salts showed similar pH profiles. They had the initial pH of ca. 3.9 which increased rapidly in the first minutes, accompanied by strong release of carbonic gas. This release was due to the acid attack on the calcium carbonate powder (Eq. ( 1)) where calcium cations were formed and protons were consumed. In the presence of different orthophosphate species, calcium cations were then rapidly precipitated (Eq. ( 2)).

2H + + CaCO 3 → Ca 2+ + H 2 O + CO 2
(1)

Ca 2+ + orthophosphates → calcium orthophosphates (2) 
Fig. 2 recalls the distribution of orthophosphate species as a function of pH in the range 0-14 in aqueous solution.

At the pH of 3.9 corresponding to the initial pH of aqueous solutions of orthophosphate salts, the species distribution was 2.46%, 97.46%, 0.05% and 0% for H 3 PO 4 , H 2 PO 4 -, HPO 4 2-, and PO 4

3-, respectively. With the presence of H 2 PO 4 -as the major orthophosphate anion in the solution, mono-calcium phosphate monohydrate (MCPM, Ca(H 2 PO 4 ) 2 •H 2 O) was expected to precipitate at this early stage [START_REF] Elliott | Studies in Inorganic Chemistry 18: Structure and Chemistry of the Apatites and Other Calcium Orthophosphates[END_REF]. Eqs. ( 1) and ( 2) can be combined as follows:

2H + + 2H 2 PO 4 -+ CaCO 3 → Ca(H 2 PO 4 ) 2 •H 2 O + CO 2 (3) 
After the initial increase, the pH stabilized during the continued addition of calcium carbonate powder into the reactor (zone A, Fig. 1). This pH plateau could be explained by the formation of a second intermediate -dicalcium phosphate dihydrate (DCPD, CaHPO 4 •2H 2 O) or brushite (Eq. ( 4)). The formation of DCPD accompanied the release of protons H + . So the equilibrium between the formation of protons H + in Eq. ( 4) and the consumption of protons H + in Eq. ( 1) led to the pH plateau in zone A (Fig. 1). After this pH plateau, the pH increased gradually to about 6.7 after 40 min of reaction, which can be explained by the continuous acid consumption (Eq. ( 1)) and the evolution of MCPM and DCPD into other calcium phosphates.

Ca(H 2 PO 4 ) 2 •H 2 O + Ca 2+ + 3H 2 O → 2[CaHPO 4 •2H 2 O] + 2H + (4)
In the case of orthophosphoric acid, the initial pH was 0.8. At this pH, the species distribution was the following: 96.81%, 3.19%, 0% and 0% for H 3 PO 4 , H 2 PO 4 -, HPO 4 2-, and PO 4 3-, respectively. The first increase in pH (before zone B, Fig. 1) was due to the consumption of protons H + (Eq. ( 1)) and the time-length of this increase was longer than that of orthophosphate salts. So the quantity of MCPM formed was logically more than that from orthophosphate salts. After this first increase, the pH decreased (zone B, Fig. 1) despite the addition of calcium carbonate powder into the reactor. This drop in pH could also be attributed to the release of protons H + coming from the transformation of MCPM into DCPD (Eq. ( 4)) at a rate higher than that of the consumption of protons H + in Eq. ( 1). This phenomenon was also observed by Kim et al. in the synthesis of Ca-HA from Ca(OH) 2 and orthophosphoric acid [START_REF] Kim | [END_REF]. After the decrease in zone B, the pH increased in zone C (Fig. 1) explained by the fact that in zone C, the transformation of MCPM into DCPD (Eq. ( 4)) reached equilibrium while protons H + were still continuously consumed by Eq. ( 1). After zone C, the pH increased slightly indicating the slow evolution of MCPM and DCPD into other calcium orthophosphates. From 40 min to 48 h of reaction, the pH increased continuously and stabilized to about 8 for orthophosphate salts and 6.8 for orthophosphoric acid.

Elemental analysis of the liquid phase

Much work has been done on the synthesis of Ca-HA but the liquid phase has usually not been analyzed although it is indispensable to evaluate the performance of the synthesis process.

Table 1 reports the contents of soluble phosphorus and calcium in the liquid phase, obtained by ICP-AES analysis. In all cases, the content of soluble calcium was very low after 48 h of reaction. So, most calcium existed in the solid state under either calcium phosphate products or non-dissolved calcium carbonate. The soluble phosphorus initially introduced in the reactor was 600 mmol. After 48 h of reaction, orthophosphoric acid led to a complete precipitation of soluble phosphate species into solid calcium phosphates. On the other hand, all three orthophosphate salts resulted in lower yields of precipitation of orthophosphate species which never exceed 64%. Probably the presence of K + , Na + and NH 4 + cations in the reaction mixtures caused this incomplete precipitation of orthophosphate species. In fact, after 48 h of reaction using orthophosphate salts, the concentration of OH -was of ca. 10 -6 mol L -1 because the final pH was of ca. 8. This concentration of OH -anions was very small in comparison with that of K + , Na + and NH 4 + cations. During the reaction, the initial solid carbonate was essentially transformed into carbonic gas by acid attack (Eq. ( 1)). Thus, the contents of HCO 3 -and CO 3 2-in the final liquid phase must also be low. Logically in the synthesis using orthophosphate salts, some of initial orthophosphate species had to be present in the liquid phase as counter ions of K + , Na + or NH 4 + cations. Under the present synthetic conditions, 36-40% of initial orthophosphate salts could not be converted into solid calcium phosphate products. This demonstrated the interest of the use of orthophosphoric acid instead of orthophosphate salts.

TG analysis

To better understand the evolution of intermediates during the reaction, solid samples withdrawn from the reaction mixture were washed, dried and then analyzed by different techniques. Fig. 3 shows the derivative thermogravimetry (DTG) curves in the temperature range from 25 • C to 1000 • C.

In this section, DTG max indicates the temperature corresponding to the maximum of the DTG signal. In Fig. 3(A), all samples had a small weight loss at the temperature lower than 100 • C, which was attributed to the elimination of physically absorbed surface moisture. The second weight loss occurred at the DTG max of 110 • C, which was due to the dehydration of MCPM (Eq. ( 5)). The next weight loss, much more abrupt, took place at the DTG max of 186 • C and could be attributed to the dehydration of DCPD to form dicalcium phosphate anhydrous -DCPA (Eq. ( 6)). This last product was later condensed at the DTG max of 430 • C into calcium pyrophosphate (Eq. ( 7)) [START_REF] Elliott | Studies in Inorganic Chemistry 18: Structure and Chemistry of the Apatites and Other Calcium Orthophosphates[END_REF]. The last and largest weight loss at the DTG max of 705 • C was due to the decomposition of the remaining calcium carbonate, according to reaction (Eq. ( 8)). The intensity of peaks related to calcium carbonate decomposition decreased progressively with the reaction time, indicating the continuous advancement of the reaction consuming the solid carbonate (Table 2).

Ca(H 2 PO 4 ) 2 •H 2 O → Ca(H 2 PO 4 ) 2 + H 2 O (5) CaHPO 4 •2H 2 O → CaHPO 4 + 2H 2 O (6) 2CaHPO 4 → Ca 2 P 2 O 7 + H 2 O (7) CaCO 3 → CaO + CO 2 (8) 
Fig. 3(B) illustrates the DTG curves when sodium dihydrogen orthophosphate was used. MCPM was present in all samples in very small amounts while DCPD and DCPA decreased with the reaction time and had almost disappeared after 48 h of reaction. On the other hand, calcium carbonate was found at higher levels in comparison to those in Fig. 3(A), as was also observed for Fig. 3(C) and(D) corresponding to the use of potassium and ammonium dihydrogen orthophosphates. As illustrated in Fig. 1, the initial pH of the starting aqueous solution of orthophosphoric acid was lower than those of orthophosphate salts. Thus, orthophosphoric acid had a stronger acid attack on the calcium carbonate powder. In Fig. 3(C) and (D), all intermediates were present at low contents and had almost disappeared after 48 h of reaction.

From the results of TG analysis, the amount of remaining calcium carbonate in the solid samples was calculated (Table 2). As expected, orthophosphoric acid led to a higher dissolution of calcium carbonate than any of the three orthophosphate salts. In all cases, after a rapid acid attack during the first hour of reaction, in which 46-73% of the calcium carbonate was dissolved, the reaction rate decreased notably. Calcium phosphate precipitates, which were formed during the first reaction period, might coat the surface of the calcium carbonate particles to form a biphasic structure, as observed in previous work [29]. Calcium phosphate layers of low solubility limit the contact between the calcium carbonate and soluble orthophosphate reactants, slowing the reaction rates.

All weight losses in Fig. 3 were endothermic so the corresponding DSC curves were not shown in this report.

XRD characterization

XRD patterns of the solid samples withdrawn at different time intervals are presented in Fig. 4. Remaining calcium carbonate showed the clearest crystalline phases in all cases. As expected, different calcium phosphate based products were identified. DCPD and DCPA were mostly present in all samples using orthophosphoric acid or sodium dihydrogen orthophosphate (Fig. 4(A) and (B)). They reached the highest contents at 24 h for orthophosphoric acid and at 7 h for sodium dihydrogen orthophosphate. Then their amount decreased, confirming their transformation into other products. On the other hand, DCPD and DCPA appeared only at the beginning of the reactions with potassium and ammonium dihydrogen orthophosphates, which is coherent with the results of TG analysis. In no cases could MCPM be detected which was in accord with its very low quantity in these solid products.

In addition to the intermediates identified by TG analysis, XRD results allowed the identification of low crystallinity Ca-HA and other apatitic compounds such as octacalcium bis(hydrogenphosphate) tetrakis(phosphate) pentahydrate (OCP, Ca 8 (HPO 4 ) 2 (PO 4 ) 4 •5H 2 O) and B-type calcium carbonate-apatite (CAP). OCP could be formed because calcium carbonate was not totally consumed after 48 h of reaction, leading to a deficiency of available soluble calcium to construct the complete stoichiometric hydroxyapatite structure. The hydrolysis of the DCPD, which was the main intermediate in these syntheses, could also lead to the formation of OCP [30]. For the formation of CAP, the evolved carbonic gas saturated the solution with the increase in pH and participated in forming carbonate-apatite by the substitution of PO 4

3-groups by CO 3 2-groups (B-type substitution) [31][32][33]. This was confirmed by IR analysis of the solid products obtained after 48 h of reaction (Section 3.5).

The low crystallinity of the solid products, as shown by weak broad peaks of apatitic structure, was due to the low reaction temperature of synthesis, ca. 25 • C. Higher temperatures are required for the formation of well-crystallized Ca-HA [14,34,35]. As regards the largest dissolution of calcium carbonate by orthophosphoric acid, the resulting solid product after 48 h of reaction was calcined at 900 • C for 1 h under air atmosphere. Its XRD pattern is presented in Fig. 5.

In Fig. 5, all peaks could be attributed to the diffractions of beta-tricalcium phosphate (␤-TCP) and Ca-HA, which were both well-crystallized. Some active lime (CaO) also appeared in small amounts. In fact, the solid product from the reaction of calcium carbonate and orthophosphoric acid contained exactly the Ca/P molar ratio of 1.67 (Table 1). However, some of initial calcium carbonate was not dissolved as verified above by TG results. This remaining calcium carbonate decomposed under thermal treatment and resulted in the formation of active lime. Most of this active lime reacted with the intermediates such as MCPM, DCPD, DCPA to form TCP which is considered as the precursor of Ca-HA. The effect of temperature on the crystallinity of calcium phosphate based products and the formation of TCP was already observed [36][37][38].

IR study

Fig. 6 presents IR spectra of the solid products obtained after 48 h of reaction. In the wavelength range of 4000-1700 cm -1 , only a weak broad peak at about 3600-3000 cm -1 , which was attributed to water or OH -groups in apatitic channel, was observed (results not shown).

In the wavelength region of 1700-500 cm -1 , residual calcium carbonate was characterized by its main peaks at 711 cm -1 and 872 cm -1 . Two peaks at 1450 cm -1 and 1415 cm -1 were attributed to the presence of B-type carbonate-apatite [39] which confirmed again XRD results. The intensity of these peaks decreased in the following order: KH 2 PO 4 > NH 4 H 2 PO 4 > NaH 2 PO 4 > H 3 PO 4 . This was in accord with the observation of pH evolution. The highest pH after 48 h of reaction was obtained with KH 2 PO 4 which was the most favorable for the formation of carbonate anion in solution and therefore for the formation of B-type carbonate-apatite. Peaks in the wavelength ranges of 650-500 cm -1 and 1200-900 cm -1 could be attributed to different calcium phosphates present in these solid products [39,40].

Specific surface area measurement

From the point of view of the potential applications of Ca-HA based materials for the environmental or catalysis fields, specific surface area is an important parameter to consider. Table 3 summarizes the results obtained.

In all cases, S BET increased with the reaction time, indicating the evolution of the reaction at ambient conditions, which correlated with the change of calcium carbonate content in Table 2. The initial calcium carbonate used in this investigation had a very low S BET (<2 m 2 /g -1 ). Despite the lower elimination level of calcium carbonate, all three orthophosphate salts led to higher S BET in comparison to orthophosphoric acid. The solid product from the synthesis using Fig. 6. IR spectra of the solid products obtained after 48 h of reaction. potassium dihydrogen orthophosphate showed the highest S BET of 105 m 2 /g after 48 h of reaction.

SEM-EDX analysis

The solid products obtained after 48 h of reaction were examined by SEM-EDX and some examples are presented in Fig. 7. On the left-hand side (200 m scale), different groups of particles were present with a high occurrence of small particles. On the right-hand side (2 m scale), the surfaces of big particles are presented with the same enlargement. Particles of the solid products formed from orthophosphoric acid (A2) and sodium dihydrogen orthophosphate (B2) had a compact appearance with some sheet structure that could be due to the presence of DCPD in these solids [41]. On the other hand, particles formed from potassium dihydrogen orthophosphate (C2) and ammonium dihydrogen orthophosphate (D2) appeared much more porous and the primary platelets forming the aggregates could be clearly observed.

EDX analysis was also performed and in all cases, we observed the presence of Ca, P, O and C corresponding to calcium phosphate based products. The presence of carbon was partly due to the carbonic gas in air and CAP, but could also be due to the remaining calcium carbonate. On the other hand, no traces of potassium, sodium or nitrogen were detected. Thus, there was no incorporation of these elements into the first surface layers of calcium phosphates and simple washing prevented the possible inclusion of these elements on the surface of the solid products.

Particle size distribution and adsorption-desorption isotherm measurements

To confirm the results of S BET and SEM analysis, particle size distribution and isothermal adsorption-desorption measurements were investigated. Fig. 8 shows the particle size distribution of the initial calcium carbonate powder which could be considered as a Gaussian-like type for both volume and number distributions.

Fig. 9 shows the comparison of number (left) or volume (right) distributions for the solid products obtained at different reaction times. The number distributions revealed that most particles were present in the range from 0.4 to 1 m with more than 97% of the cumulative total. At each reaction time (3 h or 24 h or 48 h), there was very little difference between the four orthophosphate sources used. On the other hand, the volume distributions showed that more than 98% of accumulative volume belonged to the larger particles category (>1 m).

For the family of particles smaller than 1 m, the median diameter (d 50 ) increased slightly with the reaction time indicating their slow growth in the present reaction conditions. For the larger particles family (>1 m), in most cases, we observed the formation of three groups as follows: 1-10 m, 10-80 m and 80-350 m. The common tendency of these groups was the increase in volume of the 80-350 m group and the decrease in volume of the 1-10 m and 10-80 m groups during the course of the reaction.

Generally, the specific surface area of a material is attributed to both the external surface of particles and the internal surface of pores if the material is porous. From the results of the particle size distribution analysis in Fig. 9, the differences in the specific surface areas (S BET ) in Table 3 must be predominantly due to the porosity of the solids. Thus adsorption-desorption isotherms were carried out for four solids obtained after 48 h of reaction (Fig. 10).

All isotherms could be attributed to Type II solids with a hysteresis loop of Type H3 in the IUPAC classification of physisorption isotherms [42].

Using the BJH method [43] for both adsorption and desorption branches of isotherms, the porous volume (V p ), calculated specific surface area (S c ) and pore mean diameter (D p ) could be derived. They are presented in Table 4.

For each solid product, the calculated specific surface area from the desorption branch (S des c ) was higher than the specific surface area (S BET ). This result was characteristic of an unstable porous structure for aggregates as well as for the sheet structure of solids, which modify their pore volumes under the effect of high relative pressure. The pore mean diameters were all in the mesoporous range.

Reaction pathway

The formation of a large majority (97%) of small calcium phosphate particles (<1 m) from an initial calcium carbonate of much larger particle size confirmed the arguments in favor of dissolution of calcium carbonate to release calcium cations (Eq. ( 1)) and the formation of different calcium phosphate precipitates from these dissolved calcium cations and orthophosphate species (Eq. ( 2)). A reaction pathway could be proposed for the evolution of the reaction as given in Scheme 1.

First, calcium carbonate powder was dissolved in acid solution to form soluble calcium cations. These cations were then precipitated with orthophosphate anions to form MCPM and DCPD as the first intermediates. MCPM evolved to DCPD by the reaction with more calcium cations. DCPD was then transformed into DCPA as another intermediate. These intermediates had the Ca/P molar ratio of 0.5/1 or 1/1. With the on-going reaction, calcium carbonate continued to be dissolved, accompanying the increase in pH by the consumption of protons. Under these conditions, DCPD and DCPA developed an apatitic composition. This transformation was slow and depended on the orthophosphate source. The presence of carbonic gas or (bi)carbonate anions in the reaction mixture led to the formation of CAP in parallel with the formation of Ca-HA as the final product. Throughout the reaction, the agglomeration phenomenon of primary particles led to the formation of agglomerates with sizes up to 350 m. The final solid product after 48 h of reaction contained principally a mixture of Ca-HA, CAP and some left over CaCO 3 . Other intermediates including MCPM, DCPD and DCPA could also be present, depending on the initial orthophosphate source. Finally, the calcination at 900 • C for 1 h of the solid Scheme 1. Reaction pathway in the Ca-HA synthesis. product issue from the dissolution of calcium carbonate in the solution of orthophosphoric acid resulted in the formation of a biphasic mixture of well-crystalline TCP and Ca-HA.

Conclusion

For the first time, a comparative study on the direct synthesis of Ca-HA from calcium carbonate powder and different orthophosphates was undertaken. Orthophosphoric acid was the most interesting orthophosphate source since it was the most efficient for the dissolution of calcium carbonate and was the only reactant leading to complete consumption by precipitation of starting orthophosphate species within 48 h.

Porous solid products were formed with all orthophosphate reactants. The porosity of the products was due to the formation of large aggregates which had an unstable porous structure. The difference in the porosity explained the difference in the specific surface area (S BET ) of the solid products. On the other hand, particle size distributions were relatively similar to each other.

Using TG and XRD characterizations, different intermediates and their evolution during the reaction could be identified. A reaction pathway could be proposed.

Future work will focus on the improvement of the dissolution of calcium carbonate using orthophosphoric acid, for example at higher reaction temperature, together with TEM observations to confirm a simple one-step production route to economical Ca-HA.
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 1 Fig. 1. pH evolution during the first fourteen min of the reaction using orthophosphoric acid (red); sodium dihydrogen orthophosphate (green); potassium dihydrogen orthophosphate (black) and ammonium dihydrogen orthophosphate (pink). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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 2 Fig. 2. Distribution of orthophosphate species in aqueous solution as a function of pH.
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 3 Fig.3. DTG curves (arbitrary units) of the solid powders in the synthesis using orthophosphoric acid (A), sodium dihydrogen orthophosphate (B), potassium dihydrogen orthophosphate (C) and ammonium dihydrogen orthophosphate (D) as orthophosphate sources.
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 4 Fig. 4. XRD patterns of the solid powders in the syntheses using orthophosphoric acid (A), sodium dihydrogen orthophosphate (B), potassium dihydrogen orthophosphate (C) and ammonium dihydrogen orthophosphate (D) as orthophosphate sources. Principal diffractions of calcium carbonate (A); DCPD (o); DCPA ( ); apatite structure ( ).

Fig. 5 .

 5 Fig. 5. XRD patterns of the calcined solid powders after 48 h of synthesis using orthophosphoric acid. Diffraction of TCP (♦); Ca-HA ( ); CaO ( ).

Fig. 7 .

 7 Fig. 7. SEM analysis of the solid products after 48 h of reaction using orthophosphoric acid (A1, A2), sodium dyhydrogen phosphate (B1, B2), potassium dihydrogen phosphate (C1, C2) and ammonium dihydrogen phosphate (D1, D2).

Fig. 8 .

 8 Fig. 8. Particle size analysis of the initial calcium carbonate powder; (1) and (2): particle number and volume distribution, respectively.

Fig. 9 .

 9 Fig. 9. Number (left) and volume (right) distribution as a function of particle size of the solid products at different reaction times and pure CaCO3; particle size is in base 10 logarithmic scale.

Fig. 10 .

 10 Fig. 10. Isotherm plots of the solid products obtained at 48 h of reaction from (A) orthophosphoric acid; (B) sodium dihydrogen orthophosphate; (C) potassium dihydrogen orthophosphate and (D) ammonium dihydrogen orthophosphate.

Table 1

 1 Elementary analysis of soluble phosphorus and calcium in the liquid phase after 48 h of synthesis; XP: conversion of initial soluble phosphorus into solid calcium phosphate products.

	Initial phosphate	P (mmol)	XP (%)	Ca (mmol)
	H3PO4	0.5	99.9	0.8
	KH2PO4	240	60.0	0.2
	NaH2PO4	220	63.3	0.3
	NH4H2PO4	229	61.8	0.6

Table 2

 2 Evolution of calcium carbonate content remaining in the solid product calculated from the results of TG analysis.

	Reaction time (h)	CaCO3 content (%)		
		H3PO4	NaH2PO4	KH2PO4	NH4H2PO4
	1	27	54	50	52
	3	2 5	50	4 5	4 5
	7	25	48	43	43
	24	23	43	43	43
	31	20	41	41	41
	48	18	34	34	35

Table 3

 3 Specific surface area measured by BET method of the solid products after washing and drying.

	Reaction time (h)	Specific surface (SBET) (m 2 /g)		
		H3PO4	NaH2PO4	KH2PO4	NH4H2PO4
	3	12	5	17	13
	24	14	23	68	21
	48	27	44	105	75

Table 4

 4 Results calculated from the isotherms of the solid products at 48 h of reaction: (A) orthophosphoric acid; (B) sodium dihydrogen orthophosphate; (C) potassium dihydrogen orthophosphate and (D) ammonium dihydrogen orthophosphate.

	Product	SBET (m 2 /g)	Results from the adsorption			Results from the desorption
			V ads p	(cm 3 /g)	S ads c	(m 2 /g)	D ads p (nm)	V des p	(cm 3 /g)	S des c	(m 2 /g)	D des p (nm)
	(A)	27	0.25		25		39	0.26		32	32
	(B)	44	0.24		39		25	0.25		83	12
	(C)	105	0.68		98		28	0.65		136	19
	(D)	75	0.52		69		30	0.49		94	20
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