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Abstract
Silicon substituted hydroxyapatite (Ca10(PO4)5.5(SiO4)0.5(OH)1.5; Si-HAP) and
unsubstituted hydroxyapatite (Ca10(PO4)6(OH)2; HAP) are prepared by solid-solid
reaction at 1100°C from intimate mixtures of tricalcium phosphate (β-Ca3(PO4)2),
calcium carbonate (CaCO3) with or without silicon dioxide (SiO2). The prepared
ceramics were characterized by Fourier Transform Infrared spectroscopy (FTIR) and Xray Diffraction (XRD). There dissolution was carried out in a buffer solution (pH = 4.8)
at 37°C. From the analysis of the XRD patterns, HAP and Si-HAP, have been identified
as single phase. The results of FTIR and the structural refinement show and confirm the
incorporation of the silicate ion in the HAP structure. The substitution of PO43- by
SiO44- groups causes a reduction of the hydroxyl groups and increase the lattice
distortion index (Dind = 4.682 ) compared to the pure HAP value (Dind =4.156) and the
theoretical HAP value (Dind = 3.079). This structural change increases the dissolution of
HAP which would lead to an improvement of its biological activity.

1. Introduction
Calcium hydroxyapatite (Ca10(PO4)6(OH)2 : HAP) is the principal mineral component of bone [1]. For this
reason,it is known for its applications in medicine as synthetic bone substitutes [2]. Low solubility and
bioactivity of HAP have classically limited its use in clinical applications [3,4]. In the bone, the hydroxyapatite
presents different ionic substitutions, such as sodium, magnesium, carbonate or silicate [5, 6]. The special
attribute of HAP structure lies in its ability to accept a large number of anionic and cationic substituents.To
improve thesolubility and the bioactivity of the hydroxyapatite,several researchers have incorporated different
ionic substituents into synthetic HA to produce a mineral composition more akin to that of natural bone
tissue[7,8].
The silicon (Si) has been identified as an important element in the bone [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 [11-13]. It has been reported that in vitro Si enhances and
stimulates osteoblast-like cell activity [14,15] and in vivo induces a higher dissolution rate [14,16]. Moreover,
several studies suggest better biological activity of Si-substituted calcium phosphates with respect to
unsubstituted calcium phosphates [14,17-19].
Several synthesis methods of silicon substituted hydroxyapatite have been proposed, such as the wet
chemical preparation, the hydrothermal process and solid state reaction [20-25]. 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.
However, the solid-state reaction requires high temperatures over 1300°C with repeated grinding and
calcinations cycles to obtained quasi stoichiometric product [25]. This method may, however, remain suitable in
view of a large production of powder (i.e. industrial).
The objective of this studyis the preparation,by a solid-state route,of monophasic powders of silicon
substituted and unsubstitutedhydroxyapatite with single calcination stepat a relatively low temperature. We
studied the incorporation effect of silicon on the structure and on the solubility of hydroxyapatite ceramics.
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2. Material and Methods
2.1. Powders preparation
Si-HAP (Ca10(PO4)5.5(SiO4)0.5(OH)1.5) ceramics was performed by solid-solid reaction from a mixture of βtricalcium phosphate (β-Ca3(PO4)2), silicon dioxide (SiO2) and calcium carbonate (CaCO3).Unsubstituted
hydroxyapatite HAP (Ca10(PO4)6(OH)2) has also been prepared. The chemical reactions involved in the
preparation of the two ceramics Si-HAP and HAP areaccording to Eq. (1) and Eq. (2), respectively:
2.75Ca' (PO+ )- . + .0.5.SiO- . + 1.75CaCO'

45 6

45 6

.Ca78 (PO+ )9.9 (SiO+ )8.9 (OH)7.9

(1)

(2)
3Ca' (PO+ )- . + CaCO'
.Ca78 PO+ < (OH)•! β-Ca3(PO4)2, powder providing the calcium and phosphorous, isprepared by heating the
apatitictricalcium phosphate (Ca9(HPO4)(PO4)5(OH) : TCPa).Ca-deficient apatite powder was
synthesized by rapid reaction between the calcium hydroxide and orthophosphoric acid according to the
method described by Elouahliet al.[26]. Upon heating to 900°C, Ca-deficient apatite will transform to
the reactive tricalcium phosphate (β-TCP) with the loss water according to the following reaction (Eq.
(3)):
(3)
=>? @AB+ AB+ 9 B@ ... → .3=>' (AB+ )- . + . @- B
•! SiO2powder with amorphous structureis purchased from Alfa Aesar, (99.9%,Germany)
•! CaCO3powder with a floury appearance isof qualitySkora(99.9%, precipitated calcium carbonate).
Reactive powders were weighed and homogeneously mixed in form of paste with absolute ethanol using an
agate mortar. The molar ratio Ca/P of HAP and Ca/(P+Si) of Si-HAP were equal to 1.67. The milled paste was
then dried at 80°C for 24h to remove the ethanol. Following that, the dried mixture was crushed and heated to
1100 °C at a rate of 5 °C/min, and subsequently held at that temperature for 6 hours.
2.2. Characterization of powders
The identification of different crystal phases were determined by X-ray diffraction (BRUKER D8
ADVANCED. Copper Kα radiation (λ= 1.5406) with 50kV and 20mA) and Fourier Transform Infrared
spectroscopy (KBr pellet method, SHIMADZU FTIR-8400S). Structural characterization for the prepared
samples was carried out with FullProf program (WinPLOTR 2017). 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 (Eq. (4)):
M

6I6 K6I6

5

L
J
DEFG = JNO
(4)
<
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°).
Crystallinity of the powder was evaluated from XRD pattern using the following equation [27]:

PQ = 1 − (

SOO5/UVV
WUVV

)

(5)

Where XC is the crystallinity degree, I300 is the intensity of (300) reflection and V112/300 is the intensity of the
hollow between (112) and (300) reflection.The density measurements were performed using a helium
pycnometer(Accupyc 1330 Micrometritics).
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 [28]. 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 analysed.
The ion concentrations of Ca2+, PO43-and SiO44- were determined by Inductively Coupled Plasma-Atomic
Emission Spectrometers (ICP-AES) (ThermoJarrel Ash. Atom Scan 16).
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3. Results and discussion
3.1. Powder characterization
3.1.1. Structural study results
In Fig. 1 are shown the X-ray diffraction patterns for the HAP and Si-HAP powders. The result shows that the
ceramics are composed of a single well-crystallized phase of apatite structure, which all peaks belong to the
PDF file No 9-432. There is no sign of presence of impurities such as CaO or (α or β)-Ca3(PO4)2 or the precursor
phasesas SiO2or CaCO3. The reaction between β-TCP, CaCO3 and SiO2powders is total.
It is clear that the introduction of silicon had no significant influence on the overall profile of XRD
patterns.However, it can be seen in the X-ray diagram Si-HAP (Fig.1) a slight lowering of crystallinity, visible
in the slightly less defined peak (112) and a slight decreasing in the crystallinity degree has been found(Si-HAP
(Xc=0.91) and HAP (Xc=0.92)).

Figure 1: XRD patterns of prepared powders HAP and Si-HAP.(● HAP)
The lattice parameters and distortion of the hydroxyapatite phase are given in Table 1. The results show for
unsubstituted hydroxyapatite a decrease of the lattice parameter (a-axis and c-axis) and of the cell volume
compared to the theoretical HAP values. The calculated index value (Dind =4.156 Å D) is higher than the
theoretical value (Dind = 3.080Å).
The substitution of PO43- by SiO44- in the hydroxyapatite structure induces an increase of the lattice parameter
(a-axis and c-axis) and of the cell volume compared to the unsubstituted HAP values. These results are in
accordance with different previous studies [29-31]. The calculated index value (Dind = 4.682 Å) is greater than
the theoretical and the unsubstituted HAP value. Substitution of the PO43- by the SiO44- group leads to a
distortionin the network.
Table 1: Structural refinement results: lattice parameters, unit cell volumes and tetrahedral distortion index (Dind) of HAP.

Sample

a (Å)

b (Å)

c (Å)

V(Å3)

Dind

HAP(the)

9.4190

9.4190

6.8800

529.16

3.080

HAP

9.4072

9.4072

6.8731 526.7494

4.156

Si-HAP

9.4110

9.4110

6.8812 527.7963

4.682
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3.1.2 FTIR analysis

Fig. 2 shows the FTIR spectra of the prepared samples HAP and Si-HAP. The bands at 3572 cm-1 and 633 cm-1
are characteristic of OH groups in the hydroxyapatite. The intense bands at 1045cm-1 and 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 .
Besides the HAPbands, new bands appear at 891 cm-1 and 752 cm-1 assigned to the SiO4 group [32]. No other
compound, especially calcium silicate is evidenced on the X-ray diffraction pattern, and so these bands can be
surely attributed to SiO4groups, in the apatite lattice.
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 to compensate for the extra negative charge of the silicates group. The proposed mechanism to explain
these structural changes is the following:
(6)
AB+'K + B@ K ... ↔ ..YZB++K + ..□BH
(□OH indicates a vacancy in the hydroxyl site)

Figure 2: FT-IR spectra of prepared powders HAP and Si-HAP

3.3. Dissolution tests
Fig. 3 shows the results of Calcium, Phosphor and Silicone ions concentrations with the immersion time of two
samples (Si-HAP and HAP). The concentration of Calciumand Phosphorreleased by Si-HAP, increase with the
immersion time. However, the ion concentrations released by HAP, remain unchanged after 1h of immersion.
Fig.3(c) shows the rapid release of the silicon ions from the beginning of the immersion.
This results show that dissolution of Si-HAP is higher compared to unsubstitutedHAP; it’s in agreement with
previous studies [8,16, 21, 33, 34]. A.E. Porter and al. [16] 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 HAP [16]. Yu and al. [33]
found that the dissolution was observed to follow the order Si-HA1.6 > Si-HA0.8 > HA, suggesting that the
silicate increased the solubility.Some authors have described that the fast dissolution of Si-hydroxyapatite is due
to the migration to the positioning of whether the grain boundary [13], and a smaller grain size with more triplejunctions per unit area, facilitating increased dissolution at the surface [16,34]. In general, the research works
agreed that at 1200°C the grain size of Si-HAP decreases with increasing Si content and the density slightly
increases with increasing heat-treatment temperatures. The results of our work show that at 1100°C, the effect
of Si on the density of Si-HAP samples is less significant. The density of Si-HAP samples is close to that of
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HAP sample successively equal to 2.90g/cm3 and 3.02 g/cm3. We showed that the substitution ofPO43- by SiO44groups leads to the hydroxyapatite lattice distortion. This structural change could decrease the stability of the
hydroxyapatite structure and increase the solubility. The composition and the structure of the monophasic
bioceramics, prepared in this work by simple solid-state reaction, appear very promising for biological
applications.

Figure 3:Variation of concentration with immersion time of: (a) calcium, (b) phosphor and (c) silicon ions.

Conclusion
Silicon substituted hydroxyapatite Si-HAP and pure HAP bioceramics were prepared by simple solid-state
reaction at 1100°C for 6hoursof intimate mixtures of reactive calcium phosphate compounds with or without silicon
dioxide. The results show the formation of monophasic Si-HAP and HAP bioceramics.The incorporation of
silicon ions in the hydroxyapatite lattice distorts its structureand promotes the dissolution. The Si-HAP
bioceramics could be more bioactive material compared to the pure HAP.
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