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Abstract. A theoretical calculation was made of the possibility and conditions for the formation of
mineral phases. It has been established that under these conditions the formation of a mixture of
calcium phosphates is possible, with hydroxyapatite being the most stable phase. Based on the
calculated data, a synthesis was carried out, as a result of which it was established that the resulting
sediments were represented by the phases of hydroxyapatite, octacalcium phosphate and brushite. It
was found that the synthesized mixture of calcium phosphates can be used to create dense ceramics.
Thus, the range of use of synthesized materials is expanding. It has been proven that in an SBF
solution a calcium phosphate layer is formed on the surface of the samples, which indicates the
bioactivity of the samples. The prospect for further development of the topic is the use of ceramics as
materials for replacing bone defects or a biologically active layer on the surface of implants.
Keywords: calcium phosphates, surface, ceramic, bioactivity.

1. Introduction

Calcium phosphates are chemical compounds of interest in many interdisciplinary fields of
science, including geology, chemistry, biology and medicine. According to the literature, the first
attempts to establish their chemical composition were made by Berzelius in the mid-19th century
[1]. About 70 years later, the existence of different crystalline phases of calcium phosphates was
hypothesized [2—4]. In mammals, calcium phosphates are the main inorganic component of both
normal (bones, teeth, antlers) and pathological (dental and kidney stones, atherosclerotic deposits,
etc.) hard tissues. With the exception of certain parts of the inner ear, all hard tissues of the human
body are composed of calcium phosphates in the form of finely crystalline, non-stoichiometric, Na-,
Mg- and carbonate-containing hydroxyapatite (often called biological apatite) [1, 5, 6].

It is known that the structural and morphological characteristics of the material are the most
important indicators affecting the quality of osteoregenerative processes during the restoration of
bone defects. Such indicators usually include: micro- and macroporosity of the material, shape and
size of pores, their volume fraction in relation to bone matter, specific surface area. The ideal
material for implantation should be as close as possible to human bone in terms of the above
characteristics [7].

Thus, the goal of the work is to carry out a theoretical calculation of the possibility and
conditions for the formation of a mixture of calcium phosphates and, based on the calculation
results, to carry out the synthesis of materials based on a mixture of calcium phosphates.

1.1 Calculation of thermodynamic functions to assess the possibility and conditions for the
formation of calcium phosphates

To build the model, a solution was taken with the initial concentrations of sediment-forming
ions Ca?" and PO+*50.0 mM and 37.5 mM, respectively, the concentration of the addition of Mg**
ions was 12.5 mM and pH = 6.0-7.0 [8, 9]. Electrostatic interaction was taken into account using
the ionic strength of the solution. The main provisions of the thermodynamic model are presented in
[10, 11]. A comparison of IS (supersaturation) and Ks/allowed us to establish that in the studied pH
region the formation of the following compounds is thermodynamically probable: CaHPO4-2H>0,
CagH2(PO4)6-5H20, B-Caz(POs)2, a-Caz(PO4)2, Caio(POs)s(OH)2 (HA). According to the calculation
results, hydroxyapatite (HA) has the highest degree of supersaturation.
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In descending order of IS values, the resulting calcium phosphates can be arranged in the
following series: Caio(POas)s(OH)>>CagH2(PO4)s' SH20>B-Caz(PO4)2>0-Caz(PO4)2>CaHPO4-2H- 0.
The dependence of supersaturation indices on pH is presented in Fig. 1.

2. Materials and methods

Based on theoretical calculations, an experiment was carried out.

The synthesis is carried out by precipitation from an aqueous solution at a temperature of
313 K. The precipitate is obtained by pouring solutions of calcium chloride (CaCl>-2H>O) and
disodium sodium phosphate (Na,HPO4-3H>0), with a previously adjusted pH value = 6.5 = 0.05.

The OCP deposition process is carried out in the presence of magnesium ions. After settling the
heterogeneous system for 48 hours.
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Fig. 1. Graphical dependence of IS of poorly soluble compounds on pH.

Obtaining ceramics. We introduce a plasticizer (paraffin, to get rid of cracks) dissolved in CCly
in a ratio of 10% by weight of the powder into the powder, mix the resulting paste and dry it for an
hour. Then we sift the paste (sieve size 400 microns), press (P =200-600 MPa) and anneal at
T =900, 1000, 1100 °C for 3 hours at a heating rate of 5 °C/min (samples are cooled along with the
oven). In order to remove the plasticizer, we hold it at 250 °C for 2 hours.

Determination of the concentration of calcium ions during the study of the solubility of
synthetic calcium phosphates is carried out by direct potentiometry using an ion-selective electrode.

Orthophosphate ions in the presence of excess molybdate in an acidic environment form
phosphomolybdic heteropolyacid (PMH). Using a KFK-2 device, using a red light filter
(A =690 nm) and cuvettes with a layer thickness of 2 cm. The determination is repeated three times
and a calibration graph is constructed using the average optical densities: D = f {C(PO4>)}, the
regression equation is calculated .

The phase composition of the obtained samples was studied using X-ray diffraction. (D8
Advance diffractometer, Bruker Company). In order to obtain additional information about the
composition of the synthesized samples, the method of infrared spectroscopy was used.IR spectra
were obtained on an FSM 2202 spectrophotometer, Infraspec, Russia. The detection limit was 5%.

Measurement of the specific surface of samples using the BET method (SBET-N>) using this
technique was carried out on a Gemini 2380 adsorption device for the adsorption of standard
nitrogen gas at 77.4 K at one point of the nitrogen adsorption isotherm in a helium flow (at a
relative nitrogen vapor pressure P/P0 =0.075) for 3 hours. Specific surface measurement range
from 0.5 to 999 m*/g. The limit of permissible relative error in measuring the specific surface area
in the multiple measurement mode is no more than 5%.

The sediments obtained during the syntheses are examined by optical microscopy using a
binocular microscope of the XSP-104 series. The morphology of the powders was studied using a
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MIRA 3 LMH scanning electron microscope (SEM) and a JEOL JSM-6610LV scanning electron
microscope (SEM) in low-vacuum mode, the accelerating voltage of the electron beam was 20 keV.

To study the stability of calcium phosphate samples synthesized under various conditions, they
are dissolved in a solution of hydrochloric acid, NaCl 0.9%, and acetate buffer.

Study of the bioactivity of materials, i.e. the ability to form a calcium phosphate layer on the
surface in model solutions of biological fluids was carried out according to the method of [9].
Tablets produced by pressing weighing 0.2 g and 13 mm in diameter were placed in an SBF
solution, the mineral composition of which was identical to human blood plasma.

When determining porosity, a sample of mass mO is placed in a graduated cylinder containing a
known volume of ethanol and held for 30 minutes. The sample is then removed, weighed and the
remaining volume of alcohol is measured.

To calculate the geometric and relative density of the samples after pressing and firing, their
mass and linear dimensions were measured.

The method for determining bending strength is carried out on an Instron installation using the

three-point bending method with a rigid loading system at strain rates from 0.02 to 20 mm/min.

3. Results and its discussion

Using X-ray diffraction, it was established that as a result of synthesis, a mixture of calcium
phosphates (octacalcium phosphate, brushite and HA phases) is formed, the main intense lines of
which correspond to angles 20 (Fig. 2): octacalcium phosphate — 11.4, 22.8; HA — 25.9, 29.6, 31.8;
brushite — 20.4, 47.3, 35.2, with crystallite sizes determined by the Selyakov-Scherrer method,
presented in Table 1.

The IR spectrum of the resulting sample contains bands characteristic of phosphate groups
(Fig. 3): asymmetric stretching vibrations at 1024 and 1154 cm™!, characteristic of O—P—O bonds, as
well as peaks at 530, 574 cm’!, corresponding to P vibrations = O in PO4>". This indicates that, under
these conditions, octacalcium phosphate and brushite should be considered metastable phases with
respect to HA. Consequently, the crystallization processes of these calcium phosphates will be
characterized by lower AG values at a lower level of system supersaturation (SI).

Using the BET method, it was found that the specific surface area of the powder material is
23 m*/g, which, in comparison with most ceramic materials based on PC, which have a specific
surface area of no more than 1 m?%/g, indicates a high potential for practical application, since it has
now been established that that increasing the specific surface area of the implantation material has a
positive effect on the kinetics of bone formation and, therefore, improves the bioactivity of the
material.

From the results of optical microscopy (Fig. 4) it is clear that the resulting crystals have a
“rosette” morphology consisting of plate-like crystals characteristic of octacalcium phosphate,
crystals of a monoclinic structure characteristic of brushite and crystals of a hexagonal system
characteristic of HA (unit cell formula Cas(PO4)3;(OH)). PO4)3;(OH)).

At the next stage of the work, a study was carried out on the possibility of using a mixture of
calcium phosphates as a basis for producing dense ceramics. As a result, dense ceramic samples
were obtained using uniaxial pressing and sintering at temperatures of 900, 1000 and 1100 °C for
3 hours (Fig. 5).

When determining the physical and mechanical properties of the samples, it was established
(Table 2) that with increasing temperature the density of the resulting ceramics increases, which is
due to a decrease in the number of large pores, which opens up the possibility of using these
materials as implants that bear significant mechanical loads during implantation (for example,
replacement cortical bone of the jaw).
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Fig. 2. Diffraction pattern of a mixture of calcium Fig. 3. IR spectrum of a mixture of calcium phosphates.
phosphates.
Table 1. Sizes of crystallites of the resulting phases.
Phase Octacalcium phosphate Brushite Hydroxyapatite
Sizes of crystallites, nm 2.96 2.45 2.15

.
WEFAS THECAH

osphates: a) magnified x120, b) a photograph taken on
an electron microscope.

Table 2. Physical and mechanical properties of the obtained samples.

Processing temperature, 'C Density, % Specific surface area, m%/g Porosity , %
900 76 5.5 6.8
1000 81 4.4 4.5
1100 88 3.8 1.9

It has been shown that the sample obtained at a sintering temperature of 1100 °C has the
greatest strength, which is due to the initial dense packing of the sample and the high sintering
temperature (Fig. 6).

At the next stage of the study, the samples were dissolved in a 0.1 M HCI solution, an acetate
buffer solution, and a 0.9% NaCl solution. From the data obtained, it follows that the resorbability
of the resulting ceramics decreases with increasing processing temperature, which is associated with
a decrease in the specific surface area of the samples, while the highest initial dissolution rate is
observed in the acidic medium of a 0.1 N hydrochloric acid solution and decreases as the pH of the
dissolution medium approaches neutral values (Fig. 7).
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Fig. 5. Photograph of ceramic material obtained at a Fig. 6. Dependence of bending strength on the firing
sintering temperature of 900 °C, magnified x10. temperature of samples.

To assess the bioactivity of the synthesized materials, tablets made from them by pressing were
placed in an SBF solution, which is identical in mineral composition to human blood plasma, and
Tris-buffered physiological solution. The tablets were kept in solutions at 37 °C, the rate of
dissolution/formation of a calcium phosphate layer on the surface was assessed by the

increase/decrease in the concentration of calcium ions on days 1, 4, 7, 14, 21 and 28 of the
experiment.
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Fig. 7. Initial dissolution rate of ceramic materials in various Fig. 8. Photo of the surface of samples after 28
media (1 — 0.01 mol hydrochloric acid; 2 — acetate buffer days in SBF: mixture of calcium phosphates.

solution; 3 — 0.9% sodium chloride solution).

Analysis of the kinetic curves shows that adsorption of Ca** ions from the SBF solution occurs
on the surface of the ceramic material throughout the entire time the material is kept in the solution.
The most likely mechanism for the formation of a calcium phosphate layer on the surface of
materials is the mechanism proposed in [221]. Hydroxyl groups on the surface of the tablets, due to
a partial negative charge, attract calcium ions from the solution, which, when adsorbed, give the
surface a partial positive charge. Next, phosphate ions join, resulting in the formation of a film of
poorly soluble calcium phosphates on the surface. Thus, gradual filling of the surface leads to a
decrease in the rate of adsorption of calcium ions on the surface. The SEM results indicate the
formation of calcium phosphate layers on the surface of the tablets (Fig. 8).
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4. Conclusion

The thermodynamic functions of the formation of mineral phases were calculated at
concentrations of sediment-forming ions Ca*>" and PO4* 50.0 mM and 37.5 mM, the addition of
Mg** ions 12.5 mM, and pH = 6.5. It has been established that under these conditions the formation
of a mixture of calcium phosphates is possible, with HA being the most stable. Based on the
calculated data, a synthesis was carried out, as a result of which it was established that the resulting
precipitates were represented by the phases of HA, octacalcium phosphate and brushite. It was
established that in the SBF solution a calcium phosphate layer is formed on the surface of the
samples, which indicates the bioactivity of the samples.
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