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Abstract  

Silicon-substituted calcium phosphate (CP) powders were prepared by wet precipitation 
method, at 50°C, using CaCO3, (NH2)2CO-H3PO4), and Si(OCH2CH3)4 as reagents. Fourier 
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and Rietveld refinement were 
used to characterize the samples. The raw precipitated powders were composed of carbonated 
hydroxyapatite and octacalcium phosphate. After heat treatment at 1200°C well crystalline 
phases of β-tricalcium phosphate (β-TCP, Ca3(PO4)2) and α-tricalcium phosphate (α-TCP) were 
detected. 
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Sažetak 

Silicijem supstituirani kalcijevi fosfati pripravljeni su mokrim precipitacijskim postupkom, pri 
50°C, korištenjem reagensa: CaCO3, (NH2)2CO-H3PO4), i Si(OCH2CH3)4. Karakterizacija materijala 
provedena je pomoću infracrvene spektroskopije s Fourierovim transformacijama (FTIR), 
rendgenske difrakcijske analize (XRD) i Rietveldovog utočnjavanja. Sirovi precipitirani prašci 
sadržavali su karbonatni hidroksiapatit i oktakalcijev fosfat. Nakon toplinske obrade pri 1200°C 
detektirane su kristalne faze β-trikalcijevog fosfata (β-TCP, Ca3(PO4)2) i α-trikalcijevog fosfata 
(α-TCP). 

Ključne riječi: hidroksiapatit, oktakalcijev fosfat, trikalcijevi fosfati, silicij 

  



1. INTRODUCTION 

The development of novel materials as bone tissue substitutes is an attractive research 
area where calcium phosphate (CP)-based ceramics play a leading role. Synthetic 
hydroxyapatite (HAp), Ca10(PO4)6(OH)2), is the most widely used CaP for hard tissue 
applications due to its compositional similarity to biological apatite, excellent 
biocompatibility and bioactivity [1]. In addition to HAp, other CaPs, more resorbable 
than HAp, such as octacalcium phosphate (OCP), and tricalcium phosphates (TCP), are 
gaining increasing attention. 
 
There have been many studies demonstrating the importance of trace elements in bone 
formation [2, 3]. Today, one of the most widely used approach to improve the biological 
and physicochemical properties of CaPs is ionic substitution with trace ions. Silicon has 
been noted to be an important trace element in osteogenesis, with a strong stimulatory 
effect on cellular activities such as proliferation, differentiation, and mineralization of 
osteoblast cells as well as facilitating osteogenic differentiation of mesenchymal stem 
cells [4, 5]. 
 

The aim of this study was to synthesize silicon doped calcium phosphates, with varying 
silicon dopant content, by an aqueous precipitation method, and to study the effect of 
the doping on phase composition and crystal structure of synthesized materials. 

 

2. EXPERIMENTAL 

To prepare a silicon-free, stoichiometric hydroxyapatite (denoted as CP_Si_0), as a 
reference material, and silicon-doped calcium phosphates a wet precipitation method 
was used, with CaCO3, urea phosphate (UPH), (NH2)2CO-H3PO4), and Si(OCH2CH3)4 
(TEOS) as calcium, phosphorus and silicon precursors, respectively. The amount of 
reagents was calculated on the assumption that SiO44- would substitute PO4 3- in 
hydroxyapatite, keeping the Ca/(P+Si) ratio of 1.67. CaCO3 was obtained from natural 
source (cuttlefish bone) as previously described [6]. CaCO3 was dissolved in acetic 
aqueous solution (pH = 4.60) and then urea phosphate was added. Stirring was 
continued for 5 days at 50 °C followed by overnight aging at room temperature.  

To prepare Si-doped samples with different doping level three different concentrations 
of TEOS were used (1, 5 and 10 mol%) and the prepared samples are denoted as 
CP_Si_1, CP_Si_5 and CP_Si_10, respectively. All prepared powders were heat-treated at 
1200 °C for 2 h. 

The Fourier transform infrared spectra (FTIR) of as-prepared powders were recorded 
by attenuated total reflectance (ATR) spectrometer for solids with diamond crystal 
(Bruker Vertex 70) at 20 °C, over the spectral range of 4000 – 400 cm-1, with 32 scans 
and 4 cm-1 of resolution. 

Mineralogical composition of the as-prepared powders and the heat-treated powders 
were determined using X-ray diffraction analysis (Shimadzu XRD-6000) with Cu Kα 
radiation operated at 40 kV and 30 mA, in the range of 3° < 2θ > 60°, at a step size of 
0.02° and a count time of 5 s. Identification of phases was achieved by comparing the 
experimental diffraction patterns with reference spectra compiled by the international 
Centre for Diffraction Data (ICDD) . The lattice parameters, the cell volume V and phase 



composition of prepared powders were determined by Rietveld refinement of the XRD 
data using software DIFFRAC.SUITE TOPAS V.5.0. (Bruker). 

 

3. RESULTS AND DISCUSSION 

The FTIR spectra of four raw precipitated materials were found to be very similar 
(Fig.1). There was no noticeable change of the peak intensities and widths with 
increasing silicon content. All FTIR spectra show characteristic pattern of a carbonated 
hydroxyapatite. The bands at 1077, 1020 and 962 cm-1 correspond to P–O stretching 
vibration. The doublet at 600 and 560 cm-1 and the band at 465 cm-1 correspond to O–P–
O bending vibrations. The band at 874 and two bands at 1450 and 1420 cm-1 were 
assigned the vibrations of carbonate groups located in the B site of the apatite (CO32- 

substituting PO43-)[7, 8, 9]. Absorption bands at 522 cm-1 could be associated with 
HPO42- groups that can indicate precipitation of other calcium phosphate phases [10, 
11].  

 

Fig. 1. FTIR spectra of raw precipitated powders. 

 

XRD patterns of as-prepared powders are shown in Fig. 2.  



 
Fig. 2. XRD patterns of as-prepared powders. Phases are marked as follows: hydroxyapatite, HAp 

(°); octacalcium phosphate, OCP (˟); calcium carbonate, CaCO3 (#). 

 

The silicon doping does not appear to affect the diffraction pattern of raw precipitated 
powders. The qualitative analysis of XRD data indicated the presence of two calcium 
phosphate phases: hydroxyapatite and OCP. In the powder CP_Si_10 a small quantity of 
CaCO3 was detected as well. The OCP phase is considered to be the important one as it 
participates in bone formation and also because it is a precursor of the HAp phase [12].  

Results of quantitative phase analysis and the lattice parameters of HAp and OCP phase 
in as prepared powders, determined by Rietveld refinement of the XRD data, are shown 
in Table 1 and 2, respectively.  

 
Tab. 1. Quantitative analysis of calcium phosphate phases in the as-prepared powders performed 

by Rietveld refinement of the XRD data 

 HAp phase    OCP phase  CaCO3 
Sample  Wt. %  
CP_Si_0 63.68 36.32  

CP_Si_1 60.27 39.73  

CP_Si_5 50.63 49.37  

CP_Si_10 53.13 43.91 2.96 



 
Tab. 2. Unit cell parameters of HAp and OCP phase in the as prepared powders 

 HAp phase    
Sample V (Å3) a (Å) b (Å) c (Å) Density (g/cm3) 
CP_Si_0 533.508(4) 9,467446 - 6,872977 3.121 
CP_Si_1 533.782(4) 9,467446 - 6,873088 3.119 
CP_Si_5 536.203(4) 9,496011 - 6,866201 3.105 

CP_Si_10 532.493(2) 9,448159 - 6,887934 3.127 
 OCP  phase    
 V (Å3) a (Å) b (Å) c (Å) Density (g/cm3) 

CP_Si_0 1222.354(2) 19.707654 9.532881 6,859621 2.670 
CP_Si_1 1221.907(3) 19.714513 9.531926 6,856358 2.671 
CP_Si_5 1221.700(6) 19.700521 9.534793 6,855265 2.671 

CP_Si_10 1223.355(9) 19.713604 9.538213 6,856065 2.667 
 

It is noteworthy that the relative weight fractions of crystalline phases given in Table 1 
may be overestimated if amorphous phases are present in samples. The Rietveld method 
assumes that all phases are crystalline. To get more accurate results, a quantitative 
analysis, with an internal standard, needs to be made. 

As seen from Table 2 no systematic variations in lattice parameters and unit cell 
volumes of HAp and OCP phase occurred with increasing silicon content. Similar results 
are reported by Arcos and Leventouri [13, 14].  

It is fair to say that FTIR and XRD do not directly reveal the substitution of P by Si in the 
apatite structure. The FTIR characterizations showed that all raw precipitates were 
carbonated. As the carbonate groups were in the B site of the apatite structure, all the 
initial silicon could not be in the apatite cell after precipitation. On the hypothesis that 
the B site must be fully occupied, i.e. containing six ionic groups, and that all the initial 
phosphate (i.e. 6-x mol) is in this site, the real composition for the B site of the apatite is 
as follows: 
(PO4)6-x(CO3)y(SiO4)z  
In this case the amount of silicate incorporated in the apatite is only 
z= x -y  
where y represents the molar number of carbonate. Thus, a part of the initial silicon, 
equivalent to the y mole of carbonate must be in a crystalline or amorphous silicate, as a 
separate phase. No crystalline silicate phase was detected by XRD. But, due to the 
measurements precision, traces of a silicate phase in amount below or around the 
detection limit could not be excluded.  
 
The small quantity of CaCO3 detected in the powder CP_Si_10 indicates that the silicon 
had not entered completely into the HAp lattice. In this case, the resulting material has a 
Ca/P+Si molar ratio greater than the stoichiometric value of 1.67; that is, it is calcium 
rich, resulting in a secondary (CaCO3) phase being observed in the diffraction pattern. 
XRD patterns of heat treated powders (Fig.3), at 1200oC, indicated that the samples are 
composed of different amounts (Table 3) of well crystalline β-tricalcium phosphate (β-
TCP, Ca3(PO4)2) and α-tricalcium phosphate (α-TCP) .  



 
Fig. 3. XRD patterns of the heat-treated samples. Phases are marked as follows: β-tricalcium 

phosphate, β-TCP (*); α-tricalcium phosphate, α-TCP (*). 

 
Tab. 3. Quantitative analysis of calcium phosphate phases in heat treated powders 

 β-TCP           α-TCP CaO 
Sample  Wt. %  
CP_Si_0 90.14 9,86  

CP_Si_1 91.85 8,15  

CP_Si_5 78.05 21,95  

CP_Si_10 52.93 49,11 2.96 

 
The formation of α-TCP is expected to occur at higher temperatures (about 1300°C). 
Sayer et al. [15] have demonstrated that this phase is stabilized by the Si presence and 
can crystallize from HAp at lower temperatures. Results shown in Table 2 also confirm 
that silicon act as a stabilizer of the high temperature polymorph α-TCP that is 
metastable at room temperature. If it is cooled slowly β-TCP becomes the principal 
phase. As seen from Table 2 by increasing the Si loading the β-α transformation is more 
inhibited. The α-TCP phase is as biocompatible as β-TCP, but more soluble, and 
hydrolyses rapidly to calcium-deficient hydroxyapatite, which makes α-TCP a useful 
component for preparing self-setting osteotransductive bone cements and 
biodegradable bioceramics and composites for bone repairing [16]. 



It should be noted that heat treated CP_Si_0 powder also contain α-TCP phase. It could 
be due to the fact that CP_Si_0 powder is probably not “silicon-free” since CaCO3, 
obtained from natural source (cuttlefish bone) probably contains a low quantity of 
silicon, as well. 
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