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ABSTRACT

In this paper, cases of simultaneous replacement of Ca2+ by Na+ and PO4
3- by SO4

2- are considered. Solid 
solutions were synthesized by the solid-phase reaction (1-х)∙Са3(РО4)2+х∙(СаSO4+Na2SO4), where x=0.05; 
0.15; 0.25. The synthesized samples were studied by X-ray diffraction and SEM with X-ray spectral 
microanalysis (XSMA), also the pH of the aqueous phase in contact with the substituted phosphates 
was measured. The XRD results showed that after substitution, the samples had a Ca3(PO4)2 phase with 
a partial phase of Na2SO4 and after mixing with phosphoric acid, were obtained mixtures of brushite, 
monetite and TCP phases. According to the pH measurements of aqueous solutions of β-TCP substituted 
cements, the values of the medium ranged from 10 to 6.8, which indicates the possible further study of 
these samples for biological testing and the use of these materials for medicine.
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Introduction
Bioresorbable bone implants are innovative medical materials 

that are used to replace or restore damaged or missing bone tissue. 
Such implants are made of a biocompatible material that decomposes 
over time and is replaced by the new bone tissue [1,2]. The advantage 
of bioresorbable bone implants is that they do not require secondary 
operations for removal, as they are naturally resorbed in the body. 
This reduces the risk of complications and shortens the patient’s re-
covery time [3,4]. Besides that, implants should have high strength 
and stability, which allows them to maintain the structure and func-
tion of bone tissue for a long time. They provide optimal conditions 
for natural bone growth and regeneration [5,6]. Bioresorbable bone 
implants, based on phosphates, have emerged as a groundbreaking 
solution in the field of bone tissue restoration. One of the primary ad-

vantages of bioresorbable bone implants is their convenience. Unlike 
traditional implants, which require subsequent surgical removal after 
the bone has healed, bioresorbable implants eliminate the need for 
a second surgery. This not only reduces patient discomfort but also 
lowers the risk of complications associated with implant removal pro-
cedures [7,8]. 

Furthermore, biocements used in bone regeneration are com-
posed of biocompatible materials that are well-tolerated by the body. 
This significantly reduces the likelihood of adverse reactions or com-
plications, making biocements a safer option for patients. The other 
way of use of biocements is that they have compatibility with medical 
imaging techniques. Traditional metallic implants can interfere with 
imaging procedures such as X-rays, CT scans, and MRI scans, making 
it difficult to assess the progress of bone healing. Bioresorbable im-
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plants are typically made from materials that are transparent to med-
ical imaging techniques. This ensures that physicians can accurately 
monitor the healing process and make informed decisions regarding 
patient care without any hindrance [9,10]. As mentioned, bioresorb-
able bone implants are based on phosphates, and phosphates play 
a crucial role in bone tissue as they are essential components of hy-
droxyapatite, the mineral that gives bones their strength and rigidity 
[11,12]. Phosphates, particularly tricalcium phosphate (TCP), have 
been extensively studied and used for last decades in bone tissue en-
gineering and regeneration.

TCP is a biocompatible material that closely resembles the miner-
al composition of natural bone. It is osteoconductive, meaning it pro-
vides a scaffold for new bone formation [13]. When TCP is implanted 
into a bone defect, it acts as a template for the deposition of new bone 
tissue. Over time, the TCP gradually resorbs and is replaced by newly 
formed bone. It supports the attachment, migration, and proliferation 
of osteoblasts, the cells responsible for bone formation. This enables 
the regeneration of damaged or lost bone tissue. TCP has the ability to 
stimulate the natural healing process in the body [14,15]. It releases 
calcium and phosphate ions, which are essential for bone mineraliza-
tion. 

These ions promote the deposition of hydroxyapatite, a key com-
ponent of natural bone. This not only enhances bone regeneration but 
also improves the mechanical properties of the newly formed tissue. 
However, despite all the advantages, tricalcium phosphate (TCP) has 
a relatively high speed of bioresorbability at which the material can 
prematurely break down and absorbed by the body. Its resorption 
rate can be controlled by adjusting the composition and porosity of 
the material [16,17]. Based on the foregoing, the aim of the work is to 
develop approaches to controlling the composition and microstruc-
ture of brushite calcium-phosphate cements through double heterov-
alent substitution.

Materials 
Synthesized Ca2P2O7, β-Ca3(PO4)2, CaCO3 (HIMMED, OSCh 16-2), 

commercial CaSO4, Na2SO4, 3 M H3PO4 (GOST 6552-80 /IZM 1-2/).

Methods
To obtain tricalcium phosphate, calcium pyrophosphate Ca2P2O7 

was preliminarily synthesized by thermolysis of brushite CaH-
PO4∙2H2O, which was obtained by precipitation from an aqueous me-
dium, described, for example, in the work [18]:

( ) ( )3 4 4 2 4 2 4 32 2
 2   ·2   2Ca NO NH HPO H O CaHPO H O NH NO+ + → ↓ +

 ( )4 2 2 2 7 22 ·2    5 ãàçCaHPO H O Ca P O H O→ +

Tricalcium phosphate was synthesized by the solid phase method 
according to the equation [18]:

 
( )3 2 2 7 3 4 22

   CaCO Ca P O Ca PO CO+ = + ↑

This reaction involves the decomposition of calcium carbonate 
and the formation of tricalcium phosphate. Stoichiometric weighed 
portions of the initial powders of calcium pyrophosphate and calcium 
carbonate were ground in a mortar. For more efficient grinding and 
mixing of reagents, grinding was carried out using hexane as a liquid 
medium. After that, the mixture was left in air for 10 minutes to evap-
orate the hexane. Then, the mixture of powders was poured into an 
alundum crucible, heated to 1100 ℃, and annealed at this tempera-
ture for 8 hours in a Nabertherm muffle furnace.

The Ca3(PO4)2 samples with double heterovalent substitution 
were synthesized according to the following reaction scheme:

( ) ( ) ( ) ( ) ( )3 4 4 2 4 3 2 2 4 42 2 2 2
1 ,x x x x

x Ca PO x CaSO Na SO Ca Na PO SO− −
− + + =

To carry out this reaction, the required amounts (x=0,05; 0,15; 
0,25) of tricalcium phosphate, calcium sulfate and sodium sulfate 
were calculated. After weighing the corresponding amounts of the 
initial powders, they were ground in a mortar and annealed at a tem-
perature of 950 ℃ for 8 hours. 

In order to obtain brushite cements, the synthesized powders 
were mixed with 3 M H3PO4:

( ) ( ) ( )( )4 3 4 2 4 4 23 2
, 4, 6 3 , , *2Ca Na PO SO H PO H O Ca Na HPO SO H O+ + =>

Characterization
The X-ray diffraction (XRD) analysis was conducted using a Riga-

ku D/Max-2500(Rigaku, Tokyo, Japan). The microstructure of the 
ceramic materials was studied using a LEO SUPRA 50VP (Carl Zeiss, 
Oberkochen, Germany) scanning electron microscope (SEM) with an 
acceleration voltage of 21 kV in low vacuum (40 Pa N2) regime. The 
images were recorded using low vacuum Everhart-Thornley second-
ary electron detector. The diffractograms were processed using the 
WinXpow software (version 1.2). The phase ratio in the samples was 
calculated using the corundum number method, and the size of the 
coherent scattering region was determined by the Scherrer’s Equa-
tion:

where:
d(CSR) - is the mean size of the ordered (crystalline) domains;
λCu-is the X-ray wavelength;
β- is the line broadening at half the maximum intensity (FWHM), 
after subtracting the instrumental line broadening, in 2θ scale, 
radians.
θ- is the Bragg angle.
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pH Measurements 
The study of ion activity in solutions (pH) was carried out using 

a multichannel ion meter Econix-Expert-001 (Russia) equipped with 
a glass electrode. Calibration of the electrodes was conducted using 
solutions with known concentrations of the ions and standard buffer 
solutions with a given pH.

Results and Discussion
To study Сa3-2xNa2x(PO4)2-2x(SO4)2x solid solutions, samples were 

obtained with molar ratios of the indicated components 0,75:0,25; 
0,85:0,15; 0,95:0,05. The solid solution diffraction pattern is shown in 
(Figure 1). As can be seen from the figure, the 0.95:0.05 sample is sin-
gle-phase, while the 0,75:0,25 and 0,85:0,15 samples are two-phase. 

With partial replacement of the Ca2+ cation by Na+ and the PO4
3- anion 

by SO4
2-, the solid solution phase based on tricalcium phosphate re-

mains the only one observed in the 0,95:0,05 sample. As the amount 
of sulfates in the samples 0,85:0,15 and 0,75:0,25 increases, we can 
observe the Na2SO4 phase, and the ratio between them (substituted 
TCP- Na2SO4) corresponds to 93:7% and 90:10%, respectively. The 
calculated sizes of coherent scattering regions for these samples are 
shown in (Table 1).

Table 1: Dimensions of coherent scattering regions for samples 
0,95:0,05; 0,85:0,15; 0,75:0,25.

Coherent scattering region 0,95:0,05 0,85:0,15 0,75:0,25

d, nm 47,9 43,5 53,2

Figure 1: XRD results of the samples: 
1) 0,95:0,05,
2) 0,85:0,15, 
3) 0,75:0,25.

Brushite cements were obtained by mixing 3 M H3PO4 with a stoi-
chiometric ratio of substituted TCP; the results of the phase analysis 
of the obtained cements are shown in (Figure 2). According to X-ray 
phase analysis, it can be said that in the case of TCP-0,95, the phases 
of brushite, monetite and TCP (mainly) are formed. With a ratio of 
TCP-0,85 and 0,75, both the brushite phase and the monetite phase 
are formed and part of the TCP (45%, 3%) remains in the samples 
TCP-0,85, TCP-0,75. Based on these data, it can be concluded that with 
an increase in the mole fraction of sulfates by more than 0,15, the TCP 
may, in this case, almost fully react with the acid.

Based on the diffraction pattern (Figure 2), the ratio of brushite, 
monetite, and TCP phases were calculated (using corundum num-

bers) and also the coherent scattering regions (CSR) were deter-
mined for the obtained brushite cements, which are shown in (Table 
2). Based on the obtained data, it is possible to propose that when the 
ratio of TCP in the samples decreases, the brushite phase, on the con-
trary, increases, while the monetite phase remains almost unchanged. 
Thus, the content of more CaSO₄ and Na₂SO₄ in the samples encourag-
es TCP to react with acid until the reaction is complete. Calculations of 
the sizes of the coherent scattering regions showed that, regardless of 
the change in the composition of the phases of the final samples, they 
remain approximately the same.
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Figure 2: XRD for the obtained brushite cements from substituted TCP: 
1) 0,75:0,25, 
2) 0,85:0,15, 
3) 0,95:0,05.

Table 2: Coherent scattering estimation sizes and phase ratio for the samples 0,95:0,05; 0,85:0,15; 0,75:0,25.
Mole fractions of samples 0,95:0,05 0,85:0,15 0,75:0,25

phases brushite monetite TCP brushite monetite TCP brushite monetite TCP

d, nm 45 17 57 50 42 55 44 21 58

Phase ratios, % 21 20 59 44 11 45 74 23 3

According to the microstructural analysis of the surface of the 
samples (Figure 3), it can be said that when CaSO4 + Na2SO4 is add-
ed simultaneously, the individual morphology of all samples is lost, 
while in [19], for each substituted Na+, K+ cation and SiO4

4- anion, 
SO4

2- with β and α -TCP microparticles of their characteristic shape 
were obtained. On fig. (Figure 3) shows micrographs of the surface 

of the synthesized cement samples using β –TCP with double cationic 
and anionic substitution, which show the formation after acid mixing, 
flat and acicular micron-sized particles on the surface. It can be seen 
from the images that with an increase in the amount of sulfates in 
the samples, the particles begin to form a shape (plates) and become 
larger.

Figure 3: SEM images of the surface morphology of synthesized cements from substituted TCP: 
1) 0,75:0,25, 
2) 0,85:0,15, 
3) 0,95:0,05.
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For all obtained substituted TCP samples, pH measurements of 
the aqueous phase in contact with the phosphate material (1 g dry 
mix in 40 ml H2O) were carried out. The measurements were carried 
out for 16 days, and showed that the pH values of the liquid (aqueous) 
phase do not go into the acidic or alkaline range (Figure 4), although 

at the initial stage (immediately after adding water), an increase in pH 
to 10 was recorded, followed by a decrease to values of about 7. This 
change may be associated with successive leaching of various com-
pounds from the solid solution based on TCP.

Figure 4: Time dependence of pH of water in contact with substituted TCP.

To confirm this assumption, the atomic ratios in the samples sub-
stituted with TCP before and after prolonged contact with water, were 
studied by the XSMA method (Table 3). As a result of this study, it was 
shown that for a sample of the TCP ratio of 0,95:0,05, there is a slight 
decrease in the Ca/Na ratio, and for other samples, this ratio notice-
ably increases after pH measurements, the P/S ratio practically does 
not change for the sample TCP 0,95:0,05 and slightly increases for the 
rest of the samples, the ratio (Ca + Na) / (P + S) for all samples slightly 
decreases. The observed changes correlate satisfactorily with the pH 
measurement data.

Table 3: Atomic fractions of elements before and after ionometry.

(CaSO₄ + Na₂SO₄) Ca/Na P/S (Ca+Na)/(P+S)

х=0,05 48,4 29,44 1.62

after рН 40,81 29,69 1.55

х=0,15 7,91 5,57 1.6

after рН 21,23 11,23 1.56

х=0,75 17,58 10,82 1.61

after рН 20,74 12,54 1.52

Conclusions
The XRD results showed that with an increase in the content of 

sulfates in samples of substituted TCP, the presence of the Na2SO4 
phase is observed and a decrease in the amount of TCP in cement 

samples, when mixed with acid, mainly leads to the formation of a 
brushite phase. According to the phase ratios, it was found that the 
0,75:0,25 sample contained the brushite phase, and the 0,95:0,05 
sample contained the TCP phase as the main one. The sizes of the co-
herent scattering regions remained approximately the same regard-
less of the change in the final phases of the samples. The hydrolysis 
of the studied samples of substituted TCP was accompanied by the 
release of sulfate and sodium ions into the aqueous solution, which 
increased as their content in the solid solution increased. After hold-
ing in contact with water for two weeks, for solid solutions, the acidity 
of the medium turned out to be close to neutral. Microstructural anal-
ysis showed that after mixing with acid, flat, needle-shaped micron 
particles are formed and with an increase in the amount of sulfates in 
the samples, the particles begin to form a shape (plates) and become 
larger.
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