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Different methods to produce calcium phosphate materials have been well established and are currently used by both scientific and industrial community. While other new and more economical production techniques are under development, the actual reactions mechanisms involve in these techniques are not well understood. Understanding what really happen during reaction will pave a way to tune the final product for well-defined morphology and purity. We focused into improving in-depth understanding of the reaction mechanisms and the intermediates products participating in the reaction of coralline materials with orthophosphoric and ammonium phosphate solutions under mechano-chemical reaction technique. The results suggest that within 30 minutes of reaction under ammonium phosphate solution only HAp phase is produced through solid-state iron exchange reaction. On the other hand, under orthophosphoric acid solution, intermediate phases such as octacalcium phosphate (OCP) and monetite form and convert to hydroxyapatite HAp at different times. Other phase that formed as an intermediate was identified as brushite. It was also observed that pH plays a big role in the formation of these phases due to their different pH stability. The results also confirm our previous hypothesis that under orthophosphoric acid phosphate solution the reaction mechanism is dissolution-recrystallization while under ammonium phosphate solution is solid-state topotactic ion exchange reaction mechanism. It is envisaged that there are possibilities of the formation of intermediate products within or before the first 5 minutes of reaction.

INTRODUCTION

Calcium phosphate materials are of interest in biomedical field due to their biocompatibility and bioactivity.

Among these, hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , HAp) is the most used materials and has attracted lots of attentions for further studies on its productions and characterizations [1][2][3]. Much effort has been focused into synthesis from less expensive raw materials using low cost methods. Different materials both synthetic and natural calcium sources have been used to synthesize HAp. Different phosphate sources have been investigated under different reaction conditions in order to improve in-depth understanding of the reaction mechanism, which will help to control and refine the final products. Several biological calcium sources such as eggshells, sea urchins, coral, nacre, mussel and land snails [4][5][6] have been used to synthesize calcium phosphate materials.

We have recently reported the possibility of synthesizing HAp from coralline materials using phosphoric acid or ammonium hydro-phosphate solutions under mechano-chemical method [7]. Two conversion routes were observed, first, solid state topotactic ion exchange reaction mechanism using ammonium phosphate solution which mainly produce HAp and the second, dissolutionrecrystallization using orthophosphoric acid phosphate solution which resulted into DCPA, HAp and whitlockite phases. It was noted that the formation and evolution of calcium phosphate at a fast rate and within 30 minutes after mixing calcium and phosphate sources full development of HAp was observed. It is believed that the reaction happens in series or chain that evolve different intermediate products that could possibly be controlled to refine the final products. There are number of factors influence morphological and crystal growth and chemical changes which include pH, particle size and shape, solution addition rate, stirring speed, reaction temperature etc and we have kept some of these factors constant in our experimental work.

In this research, the effort was focused on the understanding of the reaction mechanism of coralline materials to phosphoric and ammonium phosphates solution in the first half an hour of the reaction. The influence of pH on the microstructural evolution of calcium phosphate materials was also studied.

MATERIALS AND METHODS

Coral skeleton samples were obtained from the Great Barrier Reef shoreline (QLD Australia), and from artificially grown corals from Prof. R. Vago of the Ben-Gurion University of Negev (Israel). Diammonium hydrogen phosphate ((NH 4 ) 2 HPO 4 , 98%), ortho phosphoric acid (H 3 PO 4 ) and sodium hypochlorite (NaClO) were obtained from Sigma Aldrich (Castle Hill, Australia). The methods of coral pre-preparation were covered in our previous publications [7,8].

The methods aimed to convert corals to HAp by using H 3 PO 4 and (NH 4 ) 2 HPO 4 under mechanochemical method describe in [9, 10] and were coded HA-P and HA-A, respectively. Samples from HA-P and HA-A were taken and immediately quenched in dry ice after every 5 minutes after the first drop of phosphate solutions mixed with coraldistilled water mixture at 80 o C for half an hour. These samples were coded HA-P1, HA-P2, HA-P3, HA-P4, HA-P5, HA-P6, HA-A1, HA-A2, HA-A3, HA-A4, HA-A5, HA-A6 respectively. Samples before mixing were taken and coded HA-P0 and HA-A0 respectively.

Phase analysis of the products were carried out by X-ray powder diffraction using D8 DISCOVER (BRUKER AXS), radiation Cu Kalpha1+2 = 0.15418 nm, no monochromator, from 3 to 60° (2 theta), steps of 0.021°, 0.7 seconds/step, divergence slit 0.5°, Sollers slit 2.5°, detector linear: LynxEye (2.955°). The phase quantification and crystal size were evaluated in the 20-60 range (2 theta) using Rietveld analysis performed by Topaz software and crystal size was determined by Scherer with Topas software (BRUKER AXS).

The SEM analysis was performed using a Zeiss Supra 55VP SEM system (Carl Zeiss AG, Oberkochen, Germany) equipped with RAITH Ebeam Lithography System & EBSD for the secondary electron imaging (SEI) the energy was kept at 15 kV, working distance and magnification were varied to obtain best possible pictures. The powder samples were fixed by mutual conductive adhesive tape on aluminium stubs and coated with gold using a sputter coater (Leica EM ACE600 Sputtering and Carbon Thread Coater, Leica, German)

RESULTS AND DISCUSSION

XRD studies were carried out to identify the phases and assess the phase purity and crystallinity of the HAp crystal and other calcium phosphate materials. The results suggest that HAp formation in the first half an hour of the reaction between coralline materials and ortho phosphoric acid (H 3 PO 4 ) preceded with the formation of intermediates such as octacalcium phosphate, and monetite with small amount of brushite that formed at only one time (samples HA-P2). On the other hand the reaction that involves ammonium phosphate solution ((NH 4 ) 2 HPO 4 ) there were no intermediate products but direct conversion of coralline materials to HAp (samples HA-A(1 -6)). In both experiments as shown in Table 1 and2, it was observed that the reactivity of aragonite doesn't seem to depend on pH of reaction media as it displays faster reaction than calcite while calcite seemed to react slower in basic conditions. Figure 1 and 2 show the XRD patterns of the product samples from HA-P and HA-A respectively. The evolution of calcium phosphates materials whereas HA-P shows three mainly different phases (Monetite, Octacalcium phosphate and Hydroxyapatite) and small amount of brushite in the product samples at different time of experiment during the first 30 minutes.

We recently reported in our previous publication [7] that different phase formation under acidic conditions is mainly influenced by different pH stability of these phases. HA-A experiment resulted into a single product mainly HAp. 2.

At the end of 30 minutes reactions results from both experiments suggest that with HA-P two phases are observed in the product samples with 42 % HAp and 43% Monetite while with HA-A only single phase of HAp was observed with around 71 %HAp. HAp and Monetite depend entirely on the pH conditions of the reaction medium as we reported earlier [7]. We also reported that as pH increases monetite becomes unstable and converts to HAp, which becomes more stable. The results in this study confirm the reaction mechanisms suggested in our earlier publications [7,8]. First, under orthophosphoric acid phosphate solution the reaction mechanism is dissolution-recrystallization resulted into mainly OCP, monetite, HAp and small amount of brushite while under ammonium phosphate solution is solid-state topotactic ion exchange reaction mechanism mainly produced HAp. It can also be concluded that production of single and may be more pure HAp ammonium phosphate solution could be the better choice. The production of 21% OCP and 17% HAp after 5 minutes under orthophosphoric acid solutions leaves us with a question whether there are other intermediate products formed before or within the first 5 minutes of reaction. 

Figure 1 :

 1 Figure 1: XRD pattern of the sample products from the reaction of coral with ortho-phosphoric acid (HA-P) for the first 30 minutes showing phase evolution of calcium phosphate materials.

Figure 2 :

 2 Figure 2: XRD pattern of the sample products from the reaction of coral with ammonium phosphate solution (HA-A) for the first 30 minutes showing phase evolution of calcium phosphate materials.

Figure 3 :

 3 Figure 3: SEM pictures showing morphology and microstructural evolution of calcium phosphate under orthophosphoric acid solution, HA-P.

Figure 3 :

 3 Figure 3: SEM pictures showing morphology and microstructural evolution of calcium phosphate under ammonium phosphate solution HA-A.

Figure 3

 3 Figure 3 and 4 show the morphology of product samples from HA-P and HA-A experiment respectively. Under HA-P, the results indicate changes of morphology from the first 5 minutes from irregular morphology of coral particles to well-defined platelets morphology of calcium phosphate materials. Furthermore, the results indicate growth of these platelets up to 20 minutes

Figure 4 :

 4 Figure 4: SEM pictures showing morphology of monetite

Table 1 :

 1 Quantification for orthophosphoric solution (HA-P) experiment showing the amount of precipitated phases and growth of HAp phase

								HAp-	
	Time (min)	Calcite (%)	Aragonite (%)	OCP (%)	Hap (%)	Brushite (%)	Monetite (%)	Crystal size	pH
								(nm)	
	0	39.5±2	60.5±2	0±0	0±0	0±0	0±0	0±0	8.37
	5	30.5±1	31.0±1	21.0±3	17.5±1	0±0	0±0	16±2	3.63
	10	21.0±1	11.0±0	24.0±3	39.5±4	4.5±1	0±0	13±1	3.56
	15	12.5±1	5.5±1	21.0±1	41.5±4	0±0	19.5±2	15±2	3.70
	20	10.0±1	4.5±2	9.5±1	42.0±1	0±0	33.5±2	14±1	3.85
	25	8.0±1	5.0±3	6.0±3	41.5±1	0±0	39.5±1	14±1	3.92
	30	7.0±1	2.5±2	5.5±4	42.0±1	0±0	43.0±1	15±1	3.95

Table 2 :

 2 Quantification for HA-A experiment showing the amount of precipitated phases and growth of HAp phase

	Time (min)	Calcite (%)	Aragonite (%)	Hap (%)	HAp-Crystal size (nm)	pH
	0	36.5±1	63.5±1	0±0	0±0	8.40
	5	30.0±1	46.5±1	23.5±2	12±4	7.23
	10	29.5±2	19.5±1	51.0±3	17±1	7.20
	15	24.5±1	8.0±0	67.5±1	18±1	7.25
	20	25.0±3	4.5±1	70.5±4	20±1	7.17
	25	24.0±3	3.5±1	72.5±4	21±1	7.17
	30	20.0±0	2.0±0	78.0±0	21±1	7.20
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