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Bone tissue restoration remains challenging, especially for 
healing large bone defects.1–4 However, conventionally employed 
calcium phosphates do not provide relevant degradation rate, 
thereby, modern studies aim at producing more soluble 
materials.5–7 In particular, bioceramics based on calcium 
phosphates/silicates were considered as promising compositions 
for bone tissue repair.8 The presented system appears as a part of 
the Na2O–CaO–SiO2–P2O5, pioneered by Hench et al.9,10 
Further studies authenticated the positive effect of the silicate 
substitution on the in vitro bioceramics resorption rate in 
comparison with non-substituted β-tricalcium phosphate 
(β-TCP),11–13 inasmuch as Si-rich layers provide sites for the 
hydroxyapatite (HAp) formation.13 Moreover, silicate-based 
bioceramics were found to enhance osteogenic differentiation in 
comparison with β-TCP and HAp materials, that was proven by 
higher alkaline phosphatase (ALP) activity and bone 
morphogenetic protein (BMP-2) content.14–16 In addition, 
silicate insertion in the HAp lattice results in the increased 
solubility, in particular, silicate-substituted hydroxyapatite  
(Si-HAp) has shown the extensive dissolution in simulated body 
fluid (SBF) after 3 days.17

Earlier, a number of approaches to obtain substituted calcium 
phosphates have been reported. Some of the powder precursors 
were prepared mechanochemically,18,19 however, precipitation 
from the mixed-anionic solutions has proven to be an effective 
way of obtaining mixed phases from the HPO4

2–/CO3
2–, SiO3

2–/
PO4

3– and SO4
2–/PO4

3– solutions.20–22 Moreover, the selected 
path allowed one to achieve a highly uniform component 
distribution over ceramics bulk and small precursor particles 
formation, which was considered as an essential parameter for 

macroporous implants fabrication by stereolithographic 3D 
printing.

Solution-based synthesis remains the most available and 
widely used way to produce ceramics powder precursors.21 
However, sodium by-products adsorbed from the solution on the 
precipitate surface may act as a sintering additive causing the 
Na-containing phases formation at 800 °C.21,23 Thereby, sodium 
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The mixed-anionic solution synthesis was applied to obtain 
X-ray amorphous powder precursor of silicon-substituted 
hydroxyapatite (Si-HAp) for macroporous bioceramics 
fabrication. Proposed technique was proven to provide 
small particle size up to 1 µm, as well as homogeneous 
components distribution in the final Si-HAp ceramics. A 
possible pathway of the Si-HAp formation under gradual 
heating up to 1000 °C was discussed.
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Figure  1  XRD and FTIR spectra for powders after synthesis, washing and 
ceramics after sintering at 1000 °C.
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salts should be removed from the powder precursor before the 
ceramics manufacturing.24,25 

In this work, we propose the novel way to produce powder 
precursor with small particle size and uniform components 
distribution for the fabrication of ceramics based on silicate-
substituted HAp via the mixed-anionic synthesis. Another 
benefit of this technique over the conventional synthesis from 
silicon orthoesters is the silicate anion presence in the amorphous 
powder precursor. Otherwise, silicon is present in the form of 
hydrated silica, that requires long-term heat treatment to ensure 
silicon introduction into the HAp lattice.26

The powder synthesis was carried out using the amounts of 
Na2SiO3, Ca(NO3)2 and Na2HPO4 calculated according to the 
following equation:†

2Ca(NO3)2 + Na2HPO4 + Na2SiO3 + xH2O →  
CaHPO4∙2H2O + CaSiO3∙xH2O + 4NaNO3	 (1)

The powder XRD analysis after washing revealed the absence 
of sodium nitrate in the composition (see Figure 1).

It is worth to note, that washing process has resulted in the 
partial crystallization of powders, inasmuch as the initial 
composition of samples after synthesis has been represented by 
X-ray amorphous phase, probably, amorphous calcium phosphate 
(ACP) and calcium silicate hydrate, which have been recently 
obtained in the same conditions.21,27 Silicate phase formation 
was confirmed by the Si–O stretching band (860–840 cm–1) and 
Si–O–Si band (790 cm–1) at the corresponding IR spectra. 
According to the SEM images, highly porous powders with the 
submicron particle size were obtained after the synthesis/
washing (Figure 2). Further gradual heating yielded the ACP 
crystallization into non-stoichiometric HAp. The significant 
benefit of the mixed-anionic synthesis, implemented in the 
presented study, was obtaining the smaller particles than 
previously reported for other techniques.28 Moreover, the 
uniform components distribution, including silicon and 
phosphorous, was revealed by EDX-mapping analysis, that was 
also declared as a mixed-anionic approach benefit (for details, 
see Online Supplementary Materials).

According to the thermogravimetric data (TG), the final 
mass loss of the powder after heating up to 1000 °C was 18%. 
The first stage exhibited at the TG curve was associated with 
the gradual water elimination up to 200 °C. Two DTA peaks at 
80 and 200 °C could be attributed to the removal of physisorbed 
water and chemically bonded water, respectively.29 Highly 
charged silicate anions were previously reported to retain water 
in the apatite structure at higher temperatures up to 600 °C, but 
this effect was hardly observed in the current study, due to the  
massive water elimination below 200 °C. DTA peaks at 800 and 
850  °C could be related to the process of carbonates 
decomposition, presence of which was proven by the IR spectra.

Further sintering of the compacted powder samples at 1000 °C 
was carried out in order to study the effect of high temperatures on 
the initial composition and to obtain bioceramics based on Si-
substituted HAp.‡ Si-substituted hydroxyapatite formed by the 
reaction (2) at 1000 °C: 

(6 – x)/6Ca10(PO4)6(OH)2 + (5/3)xCaSiO3∙nH2O →  

Ca10(PO4)6 – x(SiO4)x(OH)2 – x + [(1/3)x + n]H2O + (2/3)xSiO2	 (2)

The reaction equation (2) is relevant to stoichiometric HAp. 
Whereas silicate-ions were not expected to be introduced to the 
HAp lattice after the synthesis, non-stoichiometric HAp was 
more likely to precipitate de facto,30 so less SiO2 was observed 
in the final powder composition. Thereby, reaction equation (2) 
can be modified in accordance with the Ca- and OH-deficient 
HAp formation. O–H band at 3660 cm–1 was not observed for 
sintered powders, while this band was presented in the spectrum 
of washed sample. Thereby, it is possible to prove the partial OH 
substitution in the hydroxyapatite structure according to the 
following scheme:

PO4
3–

PO4
 + OH–

OH ↔ SiO4
4–

PO4
 + VOH	 (3)

Moreover, IR spectra of the sintered samples included Si–O 
stretching (860–840 cm–1) and Si–O–Si (790 cm–1) bands 
accompanied by the broad hydroxyapatite bands (1100–1000 cm–1 
and 560 cm–1), which demonstrated the presence of silicate 
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Figure  2  SEM images of powder after (a) synthesis and washing, (b) 
sintering at 1000 °C and (c) thermogravimetry and differential thermal 
analysis curves. 

†	 Powder precursor was synthesized from the water solution of calcium 
nitrate (ACS reagent, Sigma-Aldrich, Mumbai, India) and mixed-
anionic solution, which simultaneously contained sodium metasilicate 
(RusKhim, Moscow, Russia) and sodium phosphate dibasic (BioXtra, 
Sigma-Aldrich, Gillingham, UK). The starting salts were dissolved in 
distilled water at the concentration of 0.5 m, then the calcium salt 
solution was slowly added to the sodium salts solution in the volume 
ratios corresponding to the reaction (1), and the suspension was stirred 
for 1 h. The synthesis was carried out at 37 °C. Then, the precipitate 
was filtered using a vacuum filter and evenly distributed over a large 
surface area and left to dry for 1 week. After drying 20 g of synthesized 
powder were placed in 200 ml of distilled water. The procedure of 
washing and the collection of washing liquid was repeated 4 times. 
Powder washing was aimed at removing the reaction by-products 
(NaNO3) which could act as a sintering additive and induce the 
multiphase composites formation. 

‡	 To produce ceramics in a form of pellets, powder was pressed into the 
form of simple disks by uniaxial one-sided pressing on a manual press 
(Carver Laboratory Press Model C, Fred S. Carver, Inc., Wabash, IN, USA) 
using steel die with a diameter of 12 mm at the pressure of 100 MPa for  
10 s. The powder samples in a form of discs were sintered at 1000 °C to 
control the phase transformations and microstructure formation. Heating in 
the furnace was carried out at heating rate of 5 °C min–1. The holding time 
was 2 h. The density of the samples before and after the heat treatment was 
calculated using the following equation: r = m/(h × πD2/4) g cm–3, where 
r – density of the sample; m – weight of the sample; h – thickness of the 
sample; D – diameter of the sample. The mass and the linear dimensions of 
the samples were measured with accuracy of  ±0.001 g and ±0.01 mm, 
before and after the heat treatment, respectively. Thermal analysis (TA) 
including thermogravimetry (TG) and differential thermal analysis (DTA) 
were performed using an STA 409 PC Luxx thermal analyzer (NETZSCH, 
Selb, Germany) during heating in air (10 °C min–1, 40–1000 °C), the 
specimen mass being at least 10 mg. The phase composition of the powders 
was determined by X-ray powder diffraction (XRD) analysis using Rigaku 
D/Max-2500 diffractometer (Rigaku Corporation, Tokyo, Japan) with a 
rotating anode (CuKa radiation), angle interval 2𝜃 from 5° to 80° (2𝜃 step 
was 0.02°). Microscopic images were obtained by SEM on a LEO SUPRA 
50VP FEG electron microscope (Carl Zeiss, Jena, Germany) at the 
accelerating voltage of 3–20 kV using an SE2-detector. IR spectra were 
collected using Spectrum 3 FTIR spectrometer (Perkin Elmer, Waltham, 
MA, USA) in ATR mode in the wavenumber range of 4000–520 cm−1 with 
Universal ATR accessory (diamond/KRS-5 crystal).
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groups in the final composition. In addition to the FTIR 
spectroscopy data, hydroxyapatite lattice parameters may act as 
an additional validation of the silicate substitution. Using the 
Jana 2006 software, the lattice parameters were calculated on the 
basis of the ICDD card of hydroxyapatite (P63/m) [72-1243]  
(a = 9.432 Å, c = 6.881 Å, V = 530.1 Å3). The slight decrease in 
a (9.426 Å) parameter was observed, while c (6.918 Å) and V 
(532.3 Å3) raised, and the same trend was demonstrated for 
silicate-substituted HAp.17–19 It is worth to note that the silicate 
introduction into the HAp lattice takes place only after sintering, 
according to the reaction (2), whereas the solution-based 
synthesis has not allowed to obtain such phases, though it still 
ensures silicate anion presence in the amorphous powder 
precursor. Moreover, previous studies revealed the occurrence of 
surface ‘silica gel’ units in HAp compositions, which can be 
explicated by the reaction (2).31 After the sintering of pellets, we 
obtained the dense microporous ceramics (1.77 ± 0.04 g cm–3). 
The average grain size was 200–300 nm, as silicate ions were 
reported to decrease grain boundary mobility.32 It is also worth 
to note, that the microstructural properties of hydroxyapatite-
based ceramics are largerly dependent on the sintering 
conditions,24 thereby, further study to determine the optimal 
sintering conditions is required.

Thus, the proposed solution-based synthesis of the Si-HAp 
powder precursor was demonstrated to surpass the conventional 
approaches, reducing the precursor particle size and firing 
temperature necessary to obtain final ceramics. The introduction 
of biologically essential silicate to the HAp lattice was confirmed 
by reduced OH band at the IR spectra. The elements distribution 
uniformity was also verified. Listed factors allow for 
consideration the proposed technique for the macroporous 
bioceramics fabrication in the bone tissue engineering via 
stereolithographic 3D printing.

This work was carried out with financial support from the 
Russian Science Foundation (grant no. 22-19-00219) and using 
the equipment of the MSU Shared Research Equipment Center 
‘Technologies for obtaining new nanostructured materials and 
their complex study’ and purchased by MSU in the frame of the 
Equipment Renovation Program (National Project ‘Science’), 
and in the frame of the MSU Program of Development: Rigaku 
D/Max-2500 diffractometer, LEO SUPRA 50VP FEG scanning 
electron microscope, STA 409 PC Luxx thermal analyzer, Perkin 
Elmer PE-1600 FTIR.
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