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Abstract— Biphasic Calcium Phosphate bioceramics unsubstituted (BCP) and silicon substituted (Si-BCP) are prepared by solid-solid 
reaction. The prepared powders were characterized by Fourier Transform Infrared spectroscopy (FTIR) and X-ray Diffraction (XRD). The 

dissolution of the ceramics was carried out in a buffer solution (pH = 4.8). The results of FTIR and the structural refinement show the 
formation of Hydroxyapatite and Tricalcium phosphate mixtures and an incorporation of the silicon ion in the hydroxyapatite phase. The 
substitution of  PO4

3- by SiO4
4- groups causes a reduction of the hydroxyl groups and increase the lattice distortion indice (Dind = 6.995) 

compared to the unsubstituted hydroxyapatite value (Dind =4.782) and the theoretical value (Dind = 3.079). This structural change increases 

the dissolution of BCP w hich enhances the biological activity of these bioceramics. 
 

Index Terms— Bioceramics, hydroxyapatite, tricalcium phosphate, silicon, dissolution. 
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1    INTRODUCTION 

PATITES based on calcium phosphates, are among the 
materials that have taken place in the research domain 
because of their important biological role. 

Hydroxyapatite (Ca10(PO4)6(OH)2 : HAP, molar ratio Ca/P = 
1,667) has some advantages as a biomaterial due to its  
structure similar to the mineral part of bone and human 
tissues, compared to other ceramics, such as bioglass and A-W 
glass [1],[2]. For this reason it is used in many medical and 
dental applications [3]. However, pure HAP is not resorbable 
in the body and may cause critical problems in orthopedic and 
dental clinics [4]. The resorbability of HAP can be improved 
by the combination of HAP with tricalcium phosphate 
(Ca3(PO4)2: β-TCP, molar ratio Ca/P = 1.50) which has a high 
dissolution rate.  This biphasic mixture HAP / TCP 
(1,52<Ca/P<1,667) are particularly suitable materials for 
synthetic bone substitute applications [5]. Furthermore, 
hydroxyapatite may be also doped with ions to improve their 
resorbability. Indeed, the structure of the Hydroxyapatite may 
be substituted with more ions such as strontium, magnesium, 
silicon... [6],[7],[8]. 

     Silicon has been identified as an important element in the 

bone by Carlisle [9],[10]. The inclusion of silicates in the  

apatite structure causes an acceleration of the dissolution and 
stimulates the action of osteoblasts and therefore plays a role 
in the calcification process [11],[12]. It has been reported that 
in vitro Si enhances and stimulates osteoblast-like cell activity 
[13] and in vivo induces a higher dissolution rate [14]. 
Moreover, several studies suggest better biological activity of 
Si-substituted calcium phosphates with respect to 

unsubstituted calcium phosphates [15],[16],[17]. 

    Various methods of synthesis of hydroxyapatite doped with 
Si have been proposed as the sol-gel method, hydrothermal 
synthesis [18], the aqueous method [19],[20] and solid-state 
reaction [21]. Wet precipitation and hydrothermal preparation 
became more popular methods, but conventional precipitation 
has a poorer ability to control the Ca/P ratio. The  
introduction  of  silicates  in calcium-hydroxyapatite  is  
possible  by  solid-solid  reaction  generally yield 
stoichiometric and well crystallized products. However, the 
solid-solid reaction requires high temperatures between 

1100°C and 1400°C with repeated calcinations cycles. 

     In this work, we prepared unsubstituted biphasic 
bioceramics (BCP) and silicon substituted biphasic 
bioceramics (Si-BCP) by a solid-solid reaction with single step 
at 900°C for 3 hours. We studied the incorporation effect of 
silicon on the structure of hydroxyapatite and on the solubility 

of biphasic bioceramics. 
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2   MATERIALS AND METHODS  

2.1 powders preparation 

    The preparation of Biphasic Calcium Phosphate bioceramics 
was performed from calcium carbonate (CaCO3), tricalcium 
phosphate (β-Ca3(PO4)2) and silica (SiO2). The powders were 
weighed and then mixed with molar ratio Ca/P (BCP) and 
Ca/P+Si (Si-BCP) constant and equal to 1.623. In order to have 
a homogeneous mixture, the initial powders were ground in 
ethanol for several hours. For each product the calcinations 
were carried out at 900 °C for 3 hours. The heating rate is 
selected from 5 ° C / min to ensure even heating of the 

furnace. 

2.2 Characterization of powders 

     The identification of different crystal phases were 
determined by X-ray diffraction (Siemens Diffractometer 
D5000) and Fourier Transform Infrared spectroscopy (KBr 
pellet method, Bio-Rad Win-IR Pro). 

     Structural characterization for the prepared samples was 
carried out with FullProf 2011 program. Calculating the 
distortion of the PO4 tetrahedrons can provide an estimation 
of the structure distortion. The tetrahedral distortion index 
was obtained from the calculated data using the relation:   

(1) 

Where OPOi denotes the six angles between P and the four O 
atoms of the phosphate tetrahedron and OPOm is the average 

angle (around 109.17°). 

2.3 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 
implants [22]. 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. 

      The ion concentrations of Ca2+, PO43- and SiO44- were 
determined by atomic emission spectrophotometer, argon 
plasma and inductive coupling (ICPAES) (ThermoJarrel Ash. 

Atom Scan 16) 

3. RESULTS AND DISCUSSION 

3.1. Powder characterization 

    The XRD patterns recorded for the samples BCP and Si-BCP 
treated at 900°C/3hours are shown in Fig. 1. The result 
indicates: i) the samples are composed of the crystallized HAP 
and β-TCP phases and the phases’ α-TCP and SiO2 are absent. 
This result indicates that the reaction between β-TCP, CaCO3 
and SiO2 is total. It’s due to the ethanol milling step included 
in the method of preparing. Indeed, and In agreement with the 
literature the absence of α-TCP indicates a relatively low 
silicon substitution in the TCP phase. ii) Unsubstituted 
powder from BCP presents an amount of β-TCP less than that 
Si-BCP contains. In agreement with the literature, the amount 
of β-TCP depends on the silicon substitution; the amount of β-

TCP increases with the presence of silicon [23]. 

  

 

 

 

 

 

 

 

Fig. 2 shows the infrared spectra of the samples BCP and Si-
BCP. The bands at 3574 cm-1 and 633 cm-1 corresponds to 
hydroxyl group stretching and vibrational modes, 
respectively. The intense bands at 962 cm-1 corresponds to P-O 
stretching vibration modes, while the doublet at 603-569 cm-1 
corresponds to bending O-P-O mode. In addition, the broad 
band at 3468 cm-1 was attributed to the moisture in the 
samples.  

    The same four fundamental vibration modes are found in 
the SiO44- group, with frequencies rather near to those of the 
PO43- vibrations, so it is quite difficult to discriminate between 
them [26]. In addition, in the silicon containing samples, 
particularly for 10% SiO2, a weak absorption peak is observed 
at about 800 cm−1, which could be assigned to a Si-O-Si 
vibration [24]. In our case, we have a very low content of 

Silicon that explains the absence of the band of SiO4 groups.  

     The significant effect of the silicon addition was the 
decrease in the hydroxyl stretching bands at 3571 cm-1 and 631 
cm-1 and phosphate stretching bands at 965 cm-1. This can be 
related to the substitution of PO43− by SiO44− tetrahedrons, 

within the hydroxyapatite structure. 

      The incorporation of silicon ion in the hydroxyapatite 
phase induces a reduction of the amount of hydroxyl groups 

𝐷𝑖𝑛𝑑 =
  𝑂𝑃𝑂𝑖−𝑂𝑃𝑂𝑚 26

𝑖=1

6
  

 

Fig. 1. XRD patterns of prepared BCP and Si-BCP. 
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to compensate for the extra negative charge of the silicates 
group. The proposed mechanism to explain these structural 

changes is:   

                     (2) 

(□OH indicates a vacancy in the hydroxyl site) 

 

 

 

 

 

 

 

 

3.2 Structural study results 

     The structural characterization of the BCP and Si-BCP was 
performed using the Fullprof program (2011). The lattice 
parameters and distortion of the hydroxyapatite phase are 
given in Table 1. The substitution of PO43- by SiO44- in the 
hydroxyapatite structure induces a decrease of the lattice 
parameter a-axis and the cell volume, and an increase of the 
following lattice parameter c-axis. Variations in the lattice 
parameters (a-c) and the cell volume from different previous 
studies are heterogeneous [28]. The results of this work are in 
accordance with the work of Gibson et al [13]. Substitution of 
the PO43- by the SiO44- group leads to a distortion in the 
network. The calculated index value (Dind = 6.995 Å) is higher 
than the reference hydroxyapatite (BCP) distortion value (Dind 

= 4.782 Å) and the theoretical value (Dind = 3, 080 Å) (Table 1).  

Table 1: Structural refinement results: lattice parameters, 

unit cell volumes and tetrahedral distortion index (Dind) of 

HAP. 

Dind V(Å3) c (Å) b (Å) a (Å) Sample 

3.080 529.16 6.8800 9.4190 9.4190 HAP(the) 

4.782 528.73 6.8805 9.4198 9.4198 HAP (BCP) 

6.995 528.56 6.8820 9.4170 9.4170 HAP(Si-BCP) 

 

3.3 Dissolution tests 

     Fig. 3 show the results of ion concentrations of Ca2+, PO43- 
and SiO44- with the immersion time of two samples Si-BCP and 
BCP. The ion concentrations of Ca2+ released by Si-BCP 
increase with the immersion time, and then decrease after 2 
hours of immersion. However, the ions concentrations of Ca2+ 

released by BCP remain unchanged.  

     The ion concentrations of PO43- released by BCP are higher 
than that released by Si-BCP, and has increased with time of 
immersion. However, the ion concentrations of PO4

3- released 
by Si-BCP remain unchanged. The Si concentration released 

by Si-BCP increases until 2 hours then decreases. 

      This results show that dissolution of Si-BCP is higher 
compared to BCP without silicate, it’s in agreement with 
previous studies. A.E. Porter and al observed that the 
dissolution of the substituted silicon ceramic increases with 
silicon increase. Dissolution was observed to follow the order 
1.5wt% Si-HA > 0.8wt% Si-HA > pure HA, suggesting that 
silicate ions increase the solubility of HA [14]. Yu and al. 
found that the dissolution was observed to follow the order Si-
HA1.6 > Si-HA0.8 > HA, suggesting that the silicate increased 
the solubility [29]. 

     In this study, the results of Si-BCP dissolution show that 
the ion concentrations of Ca and Si released increase until 2 
hours, then decrease. However, the concentrations of PO43- 
released by Si-BCP remain unchanged. The changes of Ca2+ 
and SiO44- concentration indicate that dissolution and 
precipitation of the samples occur simultaneously after 
immersion in buffer solution. We suggest that this decrease in 
concentrations of Ca2+, and SiO44- is the result of a 
phenomenon of precipitation of a complex to the surface of the 
grains. In agreement with Yu and al, the rapid decrease of Ca2+ 
and PO43- concentrations is due to the new apatite layers 
formed on the surface of Si-HAP after a short time in SBF 
solution [29]. Porter proposed the dissolution-reprecipitation 
mechanism of apatite nucleation [30]. In this study the 
concentration of Ca decrease firstly as compared to PO43-, it 
shows that there is an adsorption of Ca ions into the surface at 
first and then there is the adsorption of other ions after 
forming the complex. The limit of dissolution of the samples 
may be related to the formation of this complex at the surface 

of grains. 

    Some authors have described that the fast dissolution of Si-
hydroxyapatite is due to the migration to the positioning of 
whether the grain boundary [27], and a smaller grain size with 
more triple-junctions per unit area, facilitating increased 
dissolution at the surface [14],[30]. The results of our work 
show that the substitution of PO43- by SiO44- groups leads to 
the formation of OH site vacancies and hydroxyapatite lattice 

distortion. This structural distortion could decrease the  

𝑃𝑂4
3− + 𝑂𝐻−        ↔          𝑆𝑖𝑂4

4−  +  □𝑂𝐻  

 

Fig. 2. FTIR spectra of prepared BCP and Si-BCP 
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stability of the hydroxyapatite structure and increase the 
solubility. The composition and the structure of the 
homogeneous biphasic mixtures (Si-BCP), prepared in this 
work by simple solid-solid reaction, appear very promising 

for biological applications. 

4. CONCLUSION 

     Silicon substituted Si-BCP and BCP calcium phosphate 
bioceramics were prepared by simple solid-solid reaction at 
900°C for 3hours. The results show the formation of 
hydroxyapatite and tricalcium phosphate phases thus 
confirming the formation of homogeneous biphasic mixtures. 
The incorporation of Silicon ions in the hydroxyapatite lattice 
distorts its structure and promotes the dissolution. The silicon 
substituted BCP could be more bioactive material compared to 
the BCP. 
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