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Introduction

There is much interest in the synthesis of hydroxyapatite (HA) for various purposes [1,[START_REF] Elliot | Structure and chemistry of the apatites and other orthophosphates[END_REF]. Synthetic HA is a calcium phosphate with close resemblance to the mineral phase of bone. Major efforts were devoted to the elaboration of bone substitutes based on artificially prepared calcium phosphates with high purity as required for medical purposes [3,4]. It has long been known that HA has a large capacity for element substitution and this has triggered research on the use of HA for water purification, for waste stabilization, contaminated soil remediation, and heavy metal adsorption in general [5][6][7]. For environmental uses, the phase purity, crystalline structure and elemental impurities are not as much of a concern as are the cost of production and the heavy metal exchange capacity. For widespread use, natural apatites available in large quantities such as phosphate rock and natural fish bones have been investigated and subjected to field trials [START_REF] Conca | Treatment of metal-contaminated leachates utilizing fish bones and fish hard parts[END_REF]. However, naturally occurring substances vary in nature and cannot have well tailored properties. This led us to seek a synthetic pathway for the production of HA which would be efficient, simple and yield a product with high reactivity towards heavy metals. In particular, our goal was to make a new adsorbent based on synthetic HA with large specific surface area for use in gas scrubber equipment. With this objective in mind we developed a low temperature precipitation reaction for HA in aqueous medium. This contrasts with the traditional methods of HA syntheses which always use heat, to warm the reaction solution or eliminate the nitrate by-products during calcinations [3,4]. Compared to the usual synthesis methods, the novelty resides in the use of open vessels under air atmosphere and room temperature, which allows convenient production of large quantities. We present here the characteristics of the resulting HA as a function of reaction conditions.

Materials and methods

Two HA (Ca 10 (PO 4 ) 6 (OH) 2 ) powders were prepared by wet methods using calcium nitrate [3,4] or lime [START_REF] Osaka | [END_REF] as source of calcium. In the first case, a monoammonium phosphate solution (NH 4 )H 2 PO 4 was mixed with a calcium nitrate solution, and the pH was maintained basic by addition of NH 4 OH.

In the second case, phosphoric acid was added to a Ca(OH) 2 solution. The H 3 PO 4 addition rate was controlled using a peristaltic pump. The suspensions were continuously stirred at room temperature. After complete addition, the suspensions were matured for defined time spans (from 12 h to 120 h) at various low temperatures (25, 40 and 75 °C). Finally, the suspensions were washed, filtered and the resulting solids air dried at low temperatures under different conditions. Powders were obtained by ball milling and sieving to collect fractions below and above 80 lm.

More specifically, a laboratory batch was made using 210.63 g of calcium nitrate in 500 mL of water. The pH was adjusted to 10.7 with aqueous ammonia and the solution diluted to 1 L volume. Similarly, 67.66 g of ammonium nitrate at pH 10.3 was dissolved in a total volume of 1.5 L, and added to the calcium solution with stirring. This reaction was also scaled up by a factor of 20 in a 100 L reactor.

Another laboratory batch was made as follows: 77.18 g of calcium hydroxide were suspended in 2.5 L of demineralized water. 40 mL of 85% phosphoric acid were introduced over a 15 mn period while stirring.

Powders were analyzed by X-ray diffraction (XRD) with a Philips Xpert working at 40 kV and using the CuKa radiation (1.5406 A ˚). XRD diagrams were recorded in the interval 20°< 2h < 55°.

The specific surface area was measured by BET method using nitrogen adsorption at 77 K with a Micromeritics Vacrep 061. Powders were previously degassed at 100 °C under reduced pressure (50-100 mbar).

A Malvern Mastersizer 2000 was used to determine particle sizes and a Helium Accupyc 1330 from Micromeritics used for density measurements.

Results and discussion

Hydroxyapatite synthesis

There are two simple routes for the synthesis of HA in aqueous media. The standard method consists in precipitating HA under basic conditions from soluble calcium and phosphate salts. This is conveniently realized with calcium nitrate and ammonium phosphate, and by adjusting the pH with base as summarized in Eq. ( 1). The second method uses an acid-base reaction between phosphoric acid and calcium hydroxide, as shown in Eq. [START_REF] Elliot | Structure and chemistry of the apatites and other orthophosphates[END_REF].

10 Ca NO 3 ð Þ 2 ,4H 2 O þ 6 NH 4 H 2 PO 4 þ 14 NH 4 OH ! Ca 10 PO 4 ð Þ 6 OH ð Þ 2 þ 20 NH 4 NO 3 þ 52 H 2 O ð1Þ 
10 Ca OH ð Þ 2 þ 6 H 3 PO 4 ! Ca 10 PO 4 ð Þ 6 OH ð Þ 2 þ 18 H 2 O ð2Þ 
The problem with Reaction (2) is the difficulty in dissolving the calcium hydroxide and the rate of introduction of phosphoric acid which must remain slow enough to prevent from acidifying the reaction solution, which would result in the formation of calcium hydrogenophosphate. The main advantage is the absence of by-products. On the other hand, the precipitation is well controlled by the rate of addition of base in Reaction ( 1), but large amounts of nitrate salts are formed which must be water-washed to yield an impurity-free product.

Both reaction schemes were studied in parallel to compare the physico-chemical characteristics of the HA produced. Small laboratory samples were made, as well as larger 5 kg lots using a 100 L reactor. In every case, with proper mixing, the reaction proceeded smoothly and the formation of a white gelatinous precipitate was observed. X-ray analysis of the collected, washed and dried precipitates show that hydroxyapatite was formed, with low crystallinity. Following sintering at high temperature, Xray diffraction confirms the presence of HA (JCPDS 9-432) with the presence of trace amounts of CaO (JCPDS 37-1497) (see Fig. 1).

SEM observations reveal the small grain sizes of the precipitates, less than 0.1 micrometer, while the sintered product shows larger sizes, near 0.5 micrometers as illustrated in Fig. 2.

Reaction conditions and specific surface areas

The effect of reaction times was investigated first because of its known influence on HA phase purity [10,11,12]. Results are presented in graphical form in Fig. 3. It appears that the calcium phosphate precipitates obtained have specific surface areas (SSA), which increase during the first two days of maturation and then stabilize between 120 m 2 / g and 160 m 2 /g. The effect of reaction temperature is reported in Table 1 for the 48 h reactions. No significant effect on resulting SSA is observed due to temperature, but the preparation starting from the soluble calcium nitrate reached slightly higher SSA.

The influence of mixing speed was investigated by varying stirring conditions from 100 to 200, 300, 400 and 500 rpm. The results are presented in Fig. 4 and show that under our experimental conditions, 300 rpm stirring yielded the highest SSA with a more pronounced effect for the calcium nitrate reaction.

One laboratory batch made with calcium nitrate was dried at various temperatures and the resulting SSA mea-sured. Results presented in Fig. 5 pertain to a temperature interval where sintering does not yet occur [13]. Clearly, heating decreases the SSA and low temperature drying favors large SSA. Longer drying times (up to 24 h depending on sample size) are needed at low temperatures and large amounts of water, reaching 77% by weight, are observed.

Following synthesis and maturation, the standard procedure is to dry and grind the solids to obtain fine powder. An alternative spray drying process was tried to evaluate its effect on SSA. The results are gathered in Table 2. Basically, similar SSA values were obtained for spray drying and for air drying. Spray drying is interesting because it produces small monomodal spherical particles rapidly [START_REF] Luo | Methods of synthesizing hydroxylapatite powders and bulk materials[END_REF]. All the particle densities measured were similar and near 2.70 ± 0.02 g/cm 3 . The sprayed particles had lower diameters than the ball-milled ones.

Two samples obtained with standard air drying were followed as a function of time, while maintained in sealed screw capped vials at room temperature. The graph of the SSA as a function of time shows a progressive decrease of the SSA, which tends to stabilize near 100 m 2 /g following a 21 months period (see Fig. 6). Identical SSA results were observed with the larger scale batches made.

Hydroxyapatite formation mechanism

Our results can be interpreted as showing that submicron sized particles precipitate out of solution when calcium ions are mixed with orthophosphate ions at basic pH. The colloidal particles are heavily impregnated with water and form a gel type material which dries slowly at room temperature. The composition of the kinetic product of the precipitation is in fact tricalcium phosphate (TCP) [10]. The thermodynamic product, HA, forms slowly thereafter during maturation according to the stoechiometry of Eq.

(3).

3 TCP þ Ca OH ð Þ 2 ! HA ð3Þ 
The agglomeration of TCP precipitates eventually forms the HA particles, thus explaining the required maturation step. This can be accelerated by heating, but is not necessary. The formation of HA corresponds in fact to the incorporation of lime, and this can have an effect on suspension pH. Excess calcium hydroxide contributes to HA formation but may lead to non-stoechiometric HA with some calcium oxide present in the final product. Once the HA particles are formed, they will stick together to form larger crystallites, whether they are in suspension or in the solid state. Thus, too much stirring decreases the SSA, and heating also contributes to particle consolidation and SSA reduction. Low temperature synthesis and maturation is a viable route to high SSA HA which is much simpler than the emulsion based methods described in the literature for obtaining nanosized HA crystallites [START_REF] Wu | [END_REF]16].

Conclusion

Synthetic HA with SSA well above 100 m 2 /g may be obtained by purely aqueous precipitation route starting from widely available reactants. Best conditions include gentle stirring at room temperature, 48 h maturation, followed by 
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 1 Fig. 1 X-ray diffractogram for HA powder calcined at 1,000 °C
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 45 Fig. 4 Influence of stirring velocity on Specific Surface Area

Table 1

 1 Specific Surface Area as function of synthesis temperature

	(m 2 /g) ± 6%			
		25 °C	4 0 °C	7 5	°C
	Ca(NO 3 ) 2	147	166	156
	Ca(OH) 2	124	132	110

Table 2

 2 Specific Surface Area as function of drying step (m 2 /g) temperature drying or rapid spray drying. There is a 20% loss in the SSA of HA powders during a 1 year period, but all evidence shows that the particles maintain sufficient reactivity for use in adsorption reactions, and particularly heavy metal ion exchange and stabilization. Further work on this subject is in progress and shows promising results.

	Drying	Humidity	Specific	Density	Median
		(%) ± 0.2	Surface	(g/cm 3 )	diameter
			Area (m 2 /g)	± 0.01	(lm) ±
			± 6%		0.5
	Ca(NO 3 ) 2 Atomization	4.8	128	2.68	2
	(3 bars)				
	105 60 °C then °C	3.0	122	2.69	15
	105 25 °C then °C	3.0	147	2.69	7
	Ca(OH) 2 Atomization	12.8	130	2.69	4
	(3 bars)				
	Atomization	11.9	118	2.70	4
	(4 bars)				
	105 60 °C then °C	2.5	114	2.70	12
	105 25 °C then °C	3.0	124	2.72	
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