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There are evidences considering the effectiveness of Si on enhancing biological properties of calcium 
phosphates; however, there are not many works relating to the Si-alpha-TCP bone cement. The influence of 
silicon doping on the properties of α-TCP cement was analyzed. Si-TCP was obtained by a solid state reaction 
employing CaCO3, CaHPO4 and CaSiO3 and powder was analyzed by XRD, FTIR, XRF and BET specific 
area. Cement samples were analyzed for their surface of fracture morphology, mechanical resistance and SBF 
bioactivity. Cement mechanical resistance was not satisfactory for biomedical application; nonetheless, sample’s 
surface was coated by an apatite layer after immersion in SBF. Notwithstanding, to ensure that silicon is the 
element responsible for increasing the material’s bioactivity it is necessary to evaluate the in vivo performance 
of the bone cement obtained in this work.
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1. Introduction

Ionic substitution into calcium phosphate’s crystalline structure 
has been reported as an important path on the development of 
orthopedic implants and tissue engineering scaffolds once it is 
possible to control material’s thermal stability, in vivo solubility 
and cell adhesion and proliferation1-12. For instance, silicon doped 
α-tricalcium phosphate (Si-α-TCP) is receiving great attention due 
to the increased bioactivity and the lower synthesis temperature 
promoted by the partial substitution of silicon into the tetrahedral 
phosphorus sites of tricalcium phosphate4-12.

Usually, Si-α-TCP is synthesized either by wet precipitation from 
calcium nitrate and ammonium phosphate solutions in the proper ratio 
and in the presence of ammonia and colloidal silica or organic silicon 
compounds, followed by thermal decomposition of the resulting 
powder9,10; by high temperature solid state reaction from mixtures of 
CaCO3, CaHPO4 or (NH4)2PO4, and Ca2SiO4, (or CaSiO3)

7,13 or from 
mixtures of β-Ca3(PO4)2 and CaSiO3

[14]

Wet precipitation method often yields to Ca/(Si + P) ratio different 
from 1.50 unless strict control of pH, temperature, concentration, and 
aging of the precipitate are maintained. On the other hand, solid state 
reaction method allows an accurate control of the Ca/(Si + P) ratio. 
In spite of that, both methods possess a serious handicap; the “pure” 
commercial precursors commonly available (especially CaCO3 and 
CaHPO4) always contain a few tenths per cent of Mg which have been 
recognized as an effective inhibitor of β → α transformation in TCP, 
and acts as a stabilizer of the low temperature phase β-TCP11,15,16. 

Extra “pure” commercial reagents are very expensive and not often 
available.

There are many evidences considering the effectiveness of 
Si‑alpha-TCP and Si-HA on enhancing biological properties of 
these materials4-12, however, there are not many works relating to 
the Si‑alpha-TCP bone cement which should also have enhanced 
biological properties. Thus, the process by which the transformation 
of Si-alpha-TCP into apatite occurs must be investigated. There are 
evidences but not too many certainties that silicon is responsible for 
changes on the setting reaction process and in the final properties 
of the bone cement6,7,11. Thus, the objective of this report is to 
characterize the calcium phosphate cement obtained from silicon 
doped tricalcium phosphate (Si-TCP).

2. Materials and Methods

2.1. TCP powders synthesis and milling

Silicon doped tricalcium phosphate, Si-TCP, was synthesized by 
solid state reaction of an appropriate mixture of CaCO3 (Synth, Brazil; 
0.16 wt. (%) SiO2; 0.57 wt. (%) MgO; 0.17 wt. (%) Al2O3; 0.18 wt. (%) 
SrO), CaHPO4 (Synth, Brazil; 0.27 wt. (%) Mg) and CaSiO3 (Vetec, 
Brazil; 0.17 wt. (%) Al2O3; 0.16 wt. (%) MnO; 0.66 wt. (%) Fe2O3) 
at 1400 °C during 6 hours. Heating rate was 10 °C/min and after the 
dwelling time the sample was left inside the furnace to cool down to 
room temperature. Afterwards, the powder was ball milled for one 
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week. TCP BET specific surface area and particle size distribution 
were determined using Micromeritics, ASAP 2010 and Malvern 
Mastersizer S, respectively.

2.2. Calcium phosphate cement

Cement samples were prepared using an aqueous solution 
containing 2.5 wt. (%) of Na2HPO4 and 1.5 wt. (%) of C6H8O7 (citric 
acid) with a liquid-to-powder ratio equal to 0.60 mL.g–1. After molding 
in Teflon molds (6 × 12 mm and 12 × 6mm) samples were left in 
a 100% relative moisture environment for 24 hours. Then, cement 
cylinders were polished, demolded and immersed in SBF for 24 and 
168 hours at 37 °C. After each immersion period, samples were gently 
rinsed with distillated water, immersed in acetone to stop the setting 
reaction and dried at 100 °C for 6 hours.

To estimate pH evolution during cement setting reaction, Si‑TCP 
pH evolution as a function of time was evaluated by preparing a 
Si‑TCP suspension (100 mg.mL–1) in a buffer solution (pH = 7.4). 
The suspension was maintained at 37 °C and the pH was measured 
in different periods of times during 14 days.

Cements samples were mechanical tested (MTS, Test Star II) and 
the morphology of the surface of fracture was analyzed by scanning 
electron microscopy (JEOL-6400).

2.3. X-ray diffraction

Crystalline phase purity was analyzed by X-ray diffraction 
(Rigaku DMAX-2200, CuKα, Ni filter, 20 a 40° (2θ), 0.02°/s, 40 kV 
e 40 mA). JCPDS files used for phase identification were 09-0348 for 
α-TCP, 09-0169 for β-TCP and 46-0905 for CDHA (calcium deficient 
hydroxyapatite). β-TCP mass fraction present in the cement starting 
material was determined using the internal pattern method17.

2.4. Fourier transformed infrared

TCP powder and cement were diluted in KBr and FTIR analysis 
was carried out on a Perkin Elmer 1600 FT-IR spectrometer with 
a scanning range from 450 to 4000 cm–1 and resolution of 2 cm–1.

2.5. X-ray fluorescence

TCP Ca/P ratio was determined using a MagiX Super Q Version 
3.0 X-ray fluorescence spectrometer (Philips, The Netherlands) 
provided with Rh X-ray tube and power generator of 2.4 kW. 0.3000 g 
of each mixture were weighed, mixed with 5.5 g of spectral grade 
Li2B4O7 and melted in a Pt/Au crucible and formed into disks in 
a special controlled furnace Perl’X3 (Philips, The Netherlands). 
Calibration curves were prepared using certified composition 
standards of natural and synthetic calcium phosphates and calcium 
silicates.

2.6. Bioactivity in SBF

After setting for 168 hours cements samples (12 × 6mm discs) 
were immersed once again in SBF at 37 °C for analyzing the 
occurrence of apatite precipitation on the sample’ surface after one 
week. After the immersion time, samples were gently rinsed with 
distillated water and dried overnight. To verify the presence of apatite 
precipitation the sample surface was gold coated and was analyzed 
by scanning electron microscopy (JEOL -6400).

3. Results and Discussions

Si-TCP was obtained from the solid state reaction employed; 
however, due to high magnesium levels of the precursors, Si-TCP was 
obtained with 19 wt. (%) of β-TCP. This element is a well established 
stabilizer of the β-TCP phase since it raises β-TCP thermal stability 
to almost 1400 °C depending on Mg content15,16. As it is observed 

on the XRD pattern of Figure 1 there is a β-TCP characteristic XRD 
line at approximately 28° 2-theta.

Indeed, the formation of tricalcium phosphate was also verified 
on FTIR analysis since the absorption bands present on sample’s 
spectrum (Figure  2) are characteristic of α-TCP as displayed on 
Table 118,19.

Figure 1. XRD patterns from Si-TCP and cement samples after 0, 24 and 
168 hours of SBF immersion. Legend = α: α-TCP, β: β-TCP, A: apatite, *: 
CaO.

Figure  2. FTIR spectrum of α-TCP powders and cement sample after 
168 hours of setting.“+” represents CO3

2– absorbance bands.
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Table 1. FTIR absorption bands of α-TCP18.

Absorption Bond Wavenumber (cm–1)

υ1 P-O 963
υ2 OPO 462

υ3 P-O

1120
1100
1084
1025
990

υ4 OPO

597
583
572
559

Table 2. Ca/(P + Si) and (Ca + Mg)/(P + Si) ratios for Si-TCP.

Ca 
(wt. (%))

P 
(wt. (%))

Si 
(wt. (%))

Mg 
(wt. (%))

Ca/ 
(P + Si)

(Ca + Mg)/
(P + Si)

38.70 18.68 1.27 0.18 1.49 1.50

Figure 3. Si-TCP pH evolution in a buffer solution (pH = 7.4). CaO in aqueous 
solutions forms Ca(OH)2 leading to an pH increase which could be responsible 
for Si-TCP lower reactivity during cement setting reaction.

Figure 4. SEM micrographs of Si-TCP powder, cement sample after 24 hours 100% of relative moisture (0 hour) and cement samples after 24 hours and 
168 hours of SBF immersion. The white arrows indicate α-TCP grains without reacting.
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Figure 5. Cement samples compressive strength evolution with time. SBF 
immersion was responsible for the mechanical resistance enhancement. After 
ANOVA statistic analysis all samples can be considered to be statistically 
different (p < 0.005).

Figure 6. SEM micrographs of cement surface after 168 hours of setting (a and b) and an additional 168 hours of SBF immersion. The white arrows represent 
holes on the surface which are appeared as a result of the setting reaction continuation. The surface of these holes is also coated with an apatite layer.

the formation of calcium oxide (CaO) after sintering at 1400 °C (the 
* on Figure 1). Nonetheless, the values of Ca/(P + Si) and (Ca + Mg)/
(P + Si) ratios obtained by quantitative XRF (Table 2) was 1.49 and 
1.50, respectively. The presence of some CaO in the final material 
was responsible for pH increase during the setting reaction (Figure 3).

The keys to the synthesis of pure Si-α-TCP are to ensure the 
right stoichiometry (i.e. atomic ratio Ca/(P + Si) = 1.50); to exclude 
the presence of Mg in the reagents employed, and to reach the 
proper temperature for maturing α-phase9,11,15. The first requisite 
is easily accomplished by using the solid state synthetic method, 
which allows the accurate weighting of the required amounts of each 
reactant. The second one may be achieved by employing Mg-free 
reagents. A previous work13 proposed the synthesis of alpha-TCP16 
precursors CaCO3 and CaHPO4 by wet precipitation in the presence 
of ethylenediamine tetraacetic acid (EDTA). In that work, it was 
verified that EDTA forms a stable complex with Mg, preventing its 
co-precipitation with the Ca salt. The effectiveness of the proposed 
procedure was demonstrated by the low Mg-contents of the obtained 
precursors and the phase purity of the Si-α-TCP prepared from them13.

After 168 hours of ball milling, Si-TCP powder achieved a 
main particle size of approximately 15.5 µm, a 10% < d < 90% 
distribution between 0.84-39.66 µm and a specific BET surface area 
of 1.0293  ±  0.0263 m2.g–1. Si-TCP powder morphology and the 
heterogeneous particle size distribution can be observed on Figure 4.

Moreover, it is possible to verify that due to wollastonite (CaSiO3) 
addition and to Mg substitution into some Ca2+ sites a tiny deviation 
on the system stoichiometry (calcium excess) has occurred leading to 
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Si-TCP cement setting reaction occurs as expected for α-TCP 
cement18. First, the superficial dissolution of the TCP grains occurs 
and after reaching the ionic saturation for apatite, tiny apatite crystals 
precipitate on this same surface. The white arrows of Figure  4 
indicate TCP grains surrounded by an apatite layer which was 
fractured during the compressive mechanical testing. As the setting 
reaction evolves more TCP particles are dissolved and more apatite 
crystals are precipitated as can be observed on XRD patterns and 
SEM micrographs of the surface of fracture of cement samples after 
several setting times (Figure 1 and Figure 4, respectively). Moreover, 
comparing SEM micrographs for samples at 24 and 168 hours of 
reaction it was verified that the apatite crystals has grown as a function 
of immersion time.

Although the process involved on the cement setting reaction 
occurred as reported on the literature18, the rate by which Si-TCP 
evolves into apatite is very low compared to the values normally 
encountered20,21. This fact could be attributed to many reasons: 
i) Si‑TCP small surface area20; ii) high β-TCP weight contents18,21 
and; iii) the presence of CaO which raises environment pH making 
difficult TCP dissolution and apatite precipitation. Indeed, in Figure 3 
it is possible to verify that after 48 hours pH value is 8.39 and it 
only reach physiological values after 14 days. For instance, on XRD 
diffractograms (Figure 1) α-TCP → apatite reaction is not complete 
even after 7 days. Furthermore, it is important to highlight that the 
setting reaction resulted on a carbonated apatite phase due to the 
CO3

2- characteristics bands at 850 to 900 and at 1350 to 1600 cm–1 
highlighted with a “+” on Figure 2. Unfortunately, it was not possible 
to verify any Si-O absorbance bands on cement spectrums; thus, to 
verify the precipitation of silicon doped apatite during Si-TCP cement 
setting reaction it is necessary to investigate this fact more deeply.

Apatite crystal size evolution was responsible for compressive 
strength enhancement with time of the cement samples. As displayed 
on Figure 5, at initial times the samples did not present a considerable 
mechanical resistance (3.35 ± 0.59 and 4.54 ± 0.62 MPa, at zero and 
24 hours of SBF immersion, respectively). As the setting reaction 
evolves and the apatite crystals entanglement became more cohesive, 
compressive strength raises, however, as observed on the box plot for 
cement at 168 hours the maximum mechanical resistance achieved 
(8.32 ± 0.67 MPa) is very low when compared to the values reported 
on the literature, 30-60 MPa7,18. This fact can be attributed to the high 
levels of β-TCP (19 wt. (%)) and the low reactivity of the Si-TCP 
powder. In fact, on Figure 1 it is possible to verify that even after 
168 hours of reaction there still some visible XRD peaks of α-TCP. 
The presence of no reacted particles (β and α-TCP) acts as stress 
concentration points and the material fail faster. Moreover, the low 
mechanical resistance can be attributed to the high liquid-to-powder 
ratio employed (0.60 mL.g–1) which increases porosity leading to 
more fragile materials.

Cement bioactivity in SBF can be verified in Figure 6 as a visible 
apatite layer was precipitated on sample’s surface after 168 hours of 
immersion. The superficial “holes” (indicated with white arrows on 
Figure 6) were a result of the evolution of setting reaction. Probably, 
α-TCP particles which did not react after 168 hours were dissolved 
during the bioactivity assay. Moreover, the surface of the superficial 
“holes” is coated with apatite particles. Notwithstanding, to ensure 
that silicon is the element responsible for increasing the materials 
bioactivity7,12,14 it is necessary to evaluate the in vivo performance of 
the bone cement obtained in this work.

4. Conclusion

It was possible to synthesize at 1400 °C silicon doped tricalcium 
phosphate by mixing CaCO3, CaHPO4 and CaSiO3. Nevertheless, 

due to high Mg contamination, α-TCP was formed with 19 wt. (%) 
of β-TCP as impurity.

Cement setting reaction take place by the same steps of 
conventional α-TCP cement; however, the rate of reaction was 
very low and TCP → apatite conversion was not complete even 
after 168 hours as a result of β-TCP and CaO contamination which 
dissolution processes compete with α-TCP dissolution and apatite 
precipitation.

Even though the cement developed in this work did not achieve 
a satisfactory mechanical performance, the bioactivity in SBF may 
be taken into account for encouraging further investigation and 
optimization of its properties. Notwithstanding, to ensure that silicon 
is the element responsible for increasing the materials bioactivity it 
is necessary to evaluate the in vivo performance of the bone cement 
obtained in this work.
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