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Abstract:  The aim of this work is to study the effect of trace ions as Mg2+, Sr2+, (SiO4)4- and Al3+, brought by 

the raw material, on the dissolution of the calcium-phosphate bioceramics.  The precursor powders prepared by 

aqueous precipitation with molar ratio Ca / P = 1.630 ± 0.002, were calcined at 1100°C resulting in the formation 

of a mixture of hydroxyapatite (Ca10(PO4)6(OH)2) and β-tricalcium phosphate (β-Ca3(PO4)2).  Two mixtures 

which differ by the content of trace ions were characterized for phase purity, chemical composition and 

morphology.  The dissolution tests were performed at 37 °C in acidic buffers solution at pH 4.8.  The results 

showed that the dissolution of calcium ions is more important in the presence of ions trace while the phosphor 

ions were not affected.  The dissolution and dissolution-reprecipitation observed of various ions trace can modify 

the surface properties of calcium phosphate bioceramics and therefore the properties of biological products, such 

as resorbtion and reactivity can be affected. 
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 Introduction  

 

Currently, biomaterials based on calcium phosphate are increasingly used as synthetic 

bones substitutes in dentistry and medicine, due to the similarity of these materials to the 

composition of the mineral bones and their good biocompatibility 1-8.  Among of these 

biomaterials, we distinguish : hydroxyapatite (Ca10(PO4)6(OH)2 : HAP, molar ratio Ca/P = 

1.667) with crystalline structure almost identical to the mineral structure of bones, the 

tricalcium phosphate (Ca3(PO4)2: β-TCP, molar ratio Ca/P = 1.50) which has a high 

dissolution rate or still the biphasic mixture HAP / TCP (1.52<Ca/P<1.667) that combines the 

physico-chemical properties of both compounds9-11.  While, it is known that the solubility of 

bones substitutes is important, it allows the bone substitute to be gradually replaced by bones, 

by participating in their biodegradability.  In general, the solubility of biphasic calcium 

phosphates is controlled by the HAP / TCP ratio12-14.  However, no correlation was observed 

between the chemical composition of many commercial biomaterials and their dissolution 15.  

However, the in vitro dissolution characteristics of calcium phosphates are governed by a 

number of factors, which can be considered from two aspects: the in vitro environment and 

the properties of materials.  The environmental factors include the type and the concentration  
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of the buffered or unbuffered solutions; pH; degree of saturation of solution, ions strength of 

solution, etc.  The material properties include chemical composition, crystallinity, crystal 

particle size and purity16. The purpose of this paper is to highlight the influence of trace ions 

as Mg2+, Sr2+, (SiO4)
4- and Al3+ on the dissolution of calcium phosphates bioceramics of 

biological interest.  These ions traces, brought by the raw material, are often detected during 

chemical controls of purity of such materials. 

The present study employs the neutralization method to synthesize two calcium phosphor- 

precursor powder with  Ca/P molar ratio 1.630 ± 0.002.   The precursor powders could be 

transformed to biphasic mixture of hydroxyapatite (Ca10(PO4)6(OH)2 (78%)) and β-tricalcium 

phosphate (β-Ca3(PO4)2 (22%)) by heat-treating at 1100°C.  This ratio is considered as a good 

example of a bioactive and resorbed material.  Two mixtures which differ by the content of 

trace ions were prepared using two commercialized grades of calcium hydroxide, while, the 

quality of phosphoric acid remains unchanged. 

 

Experimental Section  

 

Synthesis of precursor powders by neutralization method 

Reference sample and trace ions incorporated calcium-phosphate powders were 

synthesized by reaction between the calcium hydroxide and orthophosphorique acid.  The 

details of the method are described by F. Abida17.  0.995 mol of Calcium hydroxide 

(Ca(OH)2) are dispersed under agitation in double distilled water (0.6mol/l).  The 

orthophosphorique acid solution (1mol/l) was added into calcium hydroxide suspension using 

an automatic titration (33ml/min) with a vigorous stirring (500Tour/min).  The molar ratio 

calcium/phosphor of the reagents is fixed at 1.630± 0.002.  The reaction mixture is carried out 

at 22±0.1°C and the pH precipitation is from 7.5 ±0.2.  The precipitate powder was aged for 

12 h then filtered and dried at 105°C.  The precursor powder could be transformed to biphasic 

mixture of hydroxyapatite and β-tricalcium phosphate by heat-treating at 1100°C for 3 h.  

Two mixture powders, which differ by the content of ion trace, have been prepared under the 

same conditions using two commercialized grades of calcium hydroxide, while the quality of 

phosphoric acid remains unchanged (Merck 85%).  The sample prepared with raw material 

with pharmaceutical grade (Panreac 98%) will be designated as HAP, while the reference 

sample prepared under the same conditions with raw material with analytical grade (Merck 99 

%) will be designated as HAPr. 

 

Dissolution tests 

The dissolution tests were carried out under acidic medium (similar to the process of 

acidification of the extracellular environment of osteoclasts) at pH close to 4.8±0.2 involved 

by the in vivo degradation of the phosphocalcic implants18-20.  The calcined powder was 

manually ground, and the particles less than 125 µm were separated by sieving. 200 mg of 

each sample was individually soaked in 100 ml of buffer solution of acetic acid-sodium 

acetate (pH=4.8 ± 0.2) at constant temperature of 37.0 ± 0.1°C for fixed periods of time.  The 

solution was kept under mechanical agitation and at sufficient speed to keep all the grains in 

suspension.  At the end of each period, the liquid phase was separated and analyzed.  

 

Powders characterization     

Our calcined powders at 1100°C were examined by various analytical techniques. The 

identification of different crystal phases were determined by X-ray diffraction (Siemens 
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Diffractometer D5000).  Chemical analyses were performed by Inductively Coupled Plasma-

Atomic Emission Spectroscopy (ICP-AES,  Thermo Jarrell Ash, Atom Scan 16) analysis. 

Specific surface area was evaluated by the method Brunauer-Emmett-Teller (BET: 

Micromeritics ASAP 2010) based on the nitrogen adsorption on the surface of the material 

Pycnometer helium.  The micro-structure of each powder was examined by scanning electron 

microscopy. 

 

Results and Discussion  

 

Powders characterization 

Chemical analysis was carried out on reference sample (HAPr) and on the sample with 

ions trace (HAP).  The ions trace concentrations and the calculated Ca/P molar ratio are listed 

in Table 1.  Both samples have a molar ratio of 1.630±0.002 .  The total mass fraction of the 

trace ions was 1808 ppm for the HAP sample. Other trace ions as Fe2+, Zn2+, Al3+... were 

detected, but with concentrations of less than 10 ppm.  The same trace elements were detected 

in the reference sample (HAPr) but with total mass fraction from 320 ppm.   Mg2+ and Sr2+ 

ions are brought by the calcium dihydroxide while the Na+ and (SO4)
- are brought by 

orthophosphorique acid and calcium dihydroxide.  The details of chemical analysis of raw 

materials are reported by F. Abida17. 

 

Table 1.  Elemental traces analysis of the calcined powders. 

Sample Ca ( %) P ( %) Ca/P (Molar ratio) Mg (ppm) Sr (ppm) Si (ppm) Al (ppm) 

HAP 38.27 ± 0.54 18.22 ± 0.22 1.628±0.002 937 122 543 206 

HAPr 38.48 ± 0.54 18.29 ± 0.22 1.630±0.002 106 116 53 45 

       

  The XRD patterns for both samples are presented in figure 1.  The results showed that for 

two samples the calcined powders are consisted of mixture HAP and β-TCP phases.  The 

transformation reaction by heat-treating can be schematically written as: 

 

Ca10-x(HPO4)(PO4)6-x(OH)2-x                       (1-x)Ca10(PO4)6(OH)2 + xCa3(PO4)2(β), 

 in agreement with the chemical analyzes x = 0.22 ± 0.02. 

Fig.  1.  XRD patterns of the sample (a) HAP and (b) HAPr. 

 

      SEM images of the samples are illustrated in Figure 2.  Observations by electron 

microscopy showed that the morphology of the compared samples was similar.  The samples 

are characteristic of agglomerates of spherical particles with specific area of close values 0.3 
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and 0.5 ± 0.2m2/g.  The presence of trace elements had no significant effect on the 

morphology of the coatings. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Scanning electron micrograph of the samples HAP and HAPr. 
            

Dissolution Study  

Release of calcium and phosphor 

      Dissolution-reprecipitation behaviours of Calcium-phosphates are usually evaluated by 

measuring the Ca2+ and (PO4)
3- ion concentration with soaking time16,23.  Figure 4 showed the 

variation of Ca2+ and (PO4)
3- ionic concentrations against immersion time in buffer solution of 

the reference sample and sample with ion traces.  The results showed for both samples the 

dissolution of Ca2+ and (PO4)
3- in the soaking solution.  The rapid dissolution of the HAP and 

HAPr may be due to the acidic pH of the solution and also to the high solubility of tricalcium 

phosphate compared to the solubility of hydroxyapatite. (Solubility at 25 ºC, –log(Ks ),        

(β-Ca3(PO4)2, 28.9), (Ca10(PO4)6(OH)2, 116.8). 

     The dissolution of calcium ions is more important in the presence of ions trace while the 

phosphore ions were not affected by their presence. The dissolution of two sample is 

incongruent, showing a Ca/P molar ratio in solution less than 0.5.  

     The dissolution of calcium phosphate bioceramics can be controlled by processing on the 

crystals surface or by the  transportating ions from the surface into the bulk solution24.  In the 

acidic medium, dissolution is controlled at the surface by the formation of a complex derived 

from the hydrolysis of phosphates (Ca2(HPO4)(OH)2 or Ca(HPO4), 2H2O).  The initial stages 

of dissolution consist of calcium detachment from the surface and incorporation of protons 

instead.  Orthophosphate groups are assumed to keep their positions without any relocation 
25,26.  The schematic depiction of a crystal surface is shown in Figure 3.  Due to the fact, that 

calcium occupies definite lattice positions, whereas protons are bound to oxygen ions of 

orthophosphate groups, removing of each calcium results in decreasing of attraction forces 

between the nearest (to this calcium) orthophosphate group and rest part of the crystals.  

When all neighboring cations of calcium have been removed, orthophosphate groups (as 

H2PO4
-, CaH2PO4 + or H3PO4

-) can also detach from the surface. Then they diffuse along the 

surface away from the dissolution steps before entering the solution as in the case of 

calcium21,22. 

 

 

 

Figure 3. Ceramics surface sites appearing in aqueous acidic solution. 
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      The results of figure 4 also show that the dissolution of calcium and phosphore has been 

limited after one hour of immersion for reference sample. Indeed in buffer solution the 

ceramics has been dissolved, by ionic detachment of calcium and orthophosphate ions from 

the surface to the solution and some amount of ions is returned from the solution and 

adsorbed back onto the surface of ceramics which limits the phenomenon of dissolution.  

    For all immersion periods, the ionic concentration of calcium released in the soaking 

solution from the sample with trace elements is significantly greater than that released by 

reference sample.  For example, the sample with more trace elements released 276 mg/l of 

Ca2+ for 1h of immersion, while the reference sample released 174 mg/l.  

    The results suggest that trace ions can affect solubility of calcium-phosphate bioceramics 

and, as a consequence, ion release.  For acidic dissolution and in presences of ion traces, 

faster (or in a greater ionic proportion) dissolution of calcium when compared to that of 

orthophosphate. In this case, a surface layer of acidic orthophosphates, presence of HPO42- 

ions and/or Ca-depleting of the surface may be suggested.  

 

 

 

 

 

 

 

 

 

Figure 4. Dissolution of  HAP ■ and HAPr ▲ against immersion time: rate of calcium  

and phosphate 

 Release of ions trace 

     Variation of ionic concentrations of trace elements (Mg2+, Sr2+, (SiO4)
4- and Al3+) against 

immersion time of the samples HAP and HAPr are shown in Figure 5.  For both samples the 

released for all trace ions is observed at the beginning of immersion.   

    The ionic concentrations of trace elements released into the soaking solution didn't have the 

same variation against immersion time.  At the beginning of immersion for both samples, 

dissolution of Mg2+ and Al3+ increased rapidly, while after 1hour of immersion the 

concentration of Mg2+ and Al3+ decreased gradually, (SiO4)
4- and Sr2+ were released and 

remained in the medium.  The decrease of concentrations can be explained by a precipitation 

of a new phase containing Mg2+, Al3+ and probably phosphorus ions.  The decrease in Mg 

amount over time can also results in precipitation of whitlockite (Ca18Mg2H2(PO4)14) on the 

solid surface.  This phenomenon was already observed by Legeros and all27.  The dissolution-

reprecipitation phenomenon observed for some traces may modify the surface properties of 

the granules of calcium phosphate. 

    The results also show that contrary to the other ions, the concentration of Sr2+ released by 

the reference sample was greater than that released by sample with ions trace.  This result can 

be explained by substitution of Ca2+ by Mg2+ in the case of the sample which contains a high 

concentration of  Mg2+ (937ppm), while a higher substitution of Ca2+ by Sr2+ in the case of the 

reference sample containing Mg2+ in a low concentration (106ppm).  The competition of 

substitution between Mg2+ and Sr2+ is due to the difference of ionic radius of Mg2+ (72 pm) 

and Sr2+ (113 pm).  
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      During heat treatment of calcium phosphate bioceramics, some trace elements 

incorporated in HAP phase and others in β-TCP phase. Some studies have indicated that Ca 

atoms are substituted by Mg in the β-TCP, and not in the HAP phase 28.  Other ions trace can 

also be incorporated in phase β-TCP, While the strontium ions may be substituted by calcium 

ions in both HAP and β-TCP phases 29. 

  The substitution of trace elements can modify the dissolution properties of tricalcium 

phosphate and calcium hydroxyapatite30.  H. B. Pan reported that the solubility of bioceramics 

phosphocalcic substituted by Sr2+ increases with increasing Sr2+ content31.  Porter and Patel 

observed that the dissolution of bioceramics substituted silicon increases with increasing 

silicon content30. 

Heat treatment and incorporation of trace ions will induce surface irregularities and 

structural defects in the surface and inside the bulk of calcium phosphate crystals.  In 

principle any surface irregularities may act as dissolution nuclei.  These phenomena are 

responsible for the strong dissolution of calcium in the case of the sample containing  traces 

ions.  In vivo studies  of  ions incorporated in the calcium phosphate bioceramics showed that 

ions such as silicon, magnesium, strontium have an influence on the biological properties. 

Indeed, the nucleation and growth of calcium-apatite in biological systems occur in an 

environment rich in ions.  These ions can affect both the kinetics and the thermodynamics of 

crystallization, and then the stability and the resorbability of calcium apatite 32,33.  These  

considerations highlight the general need of more detailed analyses of ion-substituted HAP in 

terms of modifications of the structural, morphological and chemical characteristics of the 

HAP induced by the ion.  It follows that the study of the purity and of the ionic substitution in 

HAP is relevant for several reasons, including a better understanding of control of the 

properties of the precipitated phase and delivery of ions able to modify the nucleation and 

growth of bone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  5. Dissolution of  HAP ■ and HAPr ▲ against immersion time: rate of Mg2+, Al3+, 

(SiO4)
4- and Sr2+. 
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We can conclude that ions traces can modify the structural, morphological and chemical 

properties of calcium phosphate bioceramics and consequently the solubility and biological 

properties as resorbability and reactivity can be change. 

 

Conclusion 

 

Dissolution of bioceramics consisted of a mixture of hydroxyapatite and β-tricalcium 

phosphate, which differs by the amount of trace ions has been studied.  The results showed 

that the dissolution of bioceramics with ions traces was greater than the reference sample. 

Ions trace can modify the surface properties of calcium phosphate bioceramics and therefore 

the properties of biological products, such as resorbability and reactivity can be affected. 

Therefore, it could be noted that a necessary control of granular property and solubility of the 

calcium phosphate biomaterials should be estabilished before using theme in medical 

applications. 
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