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Influence of Composition and Preparation Conditions on the
Structure and Properties of Composite Materials TiO,-SiO,/CaO with
a Spherical Particle Shape Based on Tokem-200 Cationic Exchange
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ABSTRACT: Spherical biomaterials based on Tokem-200 cationic exchange resin were synthesized from solutions by the sol—gel
method. The material framework is represented by TiO,-SiO,, and the inner part is filled with CaO (sample TiO,-SiO,/Ca0). A
stepwise heat treatment (drying at 60 °C) annealing at 150, 250, and 350 °C, each for 30 min, at 600 °C for 6 h, and 800 °C for 1 h
is required to obtain a homogeneous material. In simulated body fluid solution, the sample exhibited bioactive properties, and gelatin
could be used as a binding additive.

B INTRODUCTION implants. It was established in many works that the presence of
silicon in the calcium-phosphate material accelerates the fusion
of the implant and the bone. The crystallite size decreases, and
the grain structure of calcium-phosphate materials changes
with partial replacement of phosphate groups by the silicate
ones. It was found that the osteoinductive properties of
calcium-phosphate materials differ significantly depending on
the size of macropores with the same chemical composi-
tion."”"” The size of macropores should be not less than 300
microns, which promotes feeding and spreading of cells on the
surface of macropores and formation of capillaries in the
impla.nt.lé_21

Calcium phosphates can be of natura or synthetic
origin. It can be obtained using several methods such as
aqueous precipitation,”>***" the sol—gel method,”*°** solid

The idea of using artificial materials to replace human organs
and tissues has long been known. The main requirements for
biomaterials are non-toxicity and high mechanical strength."”
In addition, the implant should retain its functional properties
for a certain period of time without significant changes in its
structure and mechanical properties.

Great interest in this research has led to the formation of
several parallel developing directions: (i) production of
dispersed materials, based on synthetic calcium phosphates
with its subsequent molding, (ii) development of bioactive
glasses, and (jii) development of metal substrates with calcium-
phosphate coating.”™’

Calcium-phosphate-based materials find many applications
in medicine and materials science.”” Calcium-phosphates are
used to replace implants in damaged bone tissues (calcium-
phosphate cements, coatings, inorganic parts, and composite Received:  June 3, 2021
materials).'’""* They are able to form a direct biological bond Accepted:  July 23, 2021
with the living tissue, forming a bone apatite on its surface."” Published: August 4, 2021

In recent years, calcium-phosphate-based composites
modified with silicon and titanium to improve functional
characteristics can be considered as a promising material for
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reaction,” and hydrothermal method.**** The difficulties of
classical liquid-phase methods of calcium phosphate synthesis
with a Ca/P ratio <1.67 are related to simultaneous
monitoring of a large number of factors (temperature, reagent
discharge rate, stirring of the reaction mixture, and time)
affecting the phase composition, particle homogeneity, and
morphology of the synthesis product.” Sol—gel synthesis is a
promising method of producing biomaterials.**™*° The
properties of the oxide bioactive material produced by sol—
gel technology depend on the method of sol preparation and
its composition. Using the sol—gel method to obtain sol for the
TiO,-SiO, system when forming a sphere shell allows
controlling the particle size required to maintain material
porosity and provide access for physiological fluids to the
entire tissue volume.*>*”

In recent years, materials containing spherical particles, in
particular based on various polymers of up to 0.7 mm in
diameter, have been widely used in clinical practice to fill bone
defects. Polymeric scaffolds serve as “scaffolds” for living cells
that form new bone tissues.'”*® These scaffolds are made of
biodegradable materials: over time, when the bone is already
formed, the scaffold material breaks down into simple
substances and is removed from the body. Synthetic polymers
are the preferred materials for regenerative medicine over the
natural ones because they are easier to process and can be
adapted to provide a wider range of mechanical proper-
ties.””~*' For the development of a new calcium-phosphate
biomaterial with specific physicochemical and functional
properties, new opportunities open up when a layered spherical
composite with biologically active ions is formed with
polymeric composites as a preform. However, the processes
of decomposition and excretion of biodegradable materials
have not yet been fully studied.

That is why the development of new compositions and
physicochemical bases of calcium-phosphate materials produc-
tion is required to create new materials for regenerative
medicine.

The aim of this work was to establish the influence of
composition and conditions of production on the structure and
properties of the composite materials TiO,-SiO,/CaO with the
spherical shape of particles on the basis of cationic exchange
resins Tokem-200.

B RESULTS AND DISCUSSION

Sorption Properties of Cationic Exchange Resins. The
choice of cation exchanger for the production of spherical
materials was based on the results of studies of the
physicochemical properties and selectivity of sorbents to the
Ca?" ion.*” To establish the conditions for producing Tokem-
200 with Ca®*, the sorption capacity of Tokem-200 cationic
exchange resin to the Ca®* ion under different conditions was
studied (Table 1).

Tokem-200 cationite is weakly acidic and has a porous gel
structure with an acrylic-divinylbenzene matrix with a carboxyl
functional group (sodium form). Heating at 95 °C and
microwave exposure increase the mobility of functional groups
and thus the sorption of Ca®* ions with Na*. However, the
surface morphology is not affected by heating and microwave
exposure (Figure la,d,gb,eh). According to the results of
elemental composition of the surface (Figure lcf)i), it was
found that no sodium ions were fixed on the surface of the
samples after heating (95 °C) and microwave exposure; this
indicates a more complete sorption of Na* ions onto Ca* ions.

Table 1. Sorption Capacity of Tokem-200 Cationic
Exchange Resin, mmol-eq/g, by the Ca** Ion

sorption capacity +0.06

(mmol-eq/g)
t=25°C 8.704
heating on an electric stove (¢ = 95 °C) 8.711
microwave
at 264 W and 2 min 8.712
at 264 W and 4 min 8.713
at 440 W and 2 min 8.711

Composition and Properties of Aggregatively Stable
Sol. To form a framework of the bioactive material with a
spherical shape of particles, an aggregatively stable sol was
prepared. Maturation of the sols was carried out at room
temperature for 3 days. In the study of the solutions, it was
found that, if the silicon oxide content in the solution is high,
up to 60 mol %, then the polycondensation catalyst
(phosphoric acid) should not be more than S mol %. If the
acid content is increased in the system, then the solutions
become unsuitable for films on the second day. The minimum
silicon oxide content in the system should be 30 mol %.
Therefore, three compositions were chosen to produce the sol
(Table 2).

Figure 2 shows a graph of viscosity versus time for the
studied compositions.

The amount of acid in the system was varied for the studied
compositions (at 30 mol % silicon oxide content). To obtain
uniform coatings, the maximum acid content in the system
should be 25 mol %, and the storage time of the solutions is
reduced to S days.

Orientational interactions prevail for the studied solutions
during the first 3 days, so the viscosity of the solutions
increases sharply on the second day and decreases on the next
day. Subsequently, a new structure is formed in the solutions
due to the processes of orientational polarization during the
electrostatic interaction of dissolved substances with each
other and alcohol molecules.’®**~* In the case of a high
concentration of phosphoric acid, spatial difficulties are of little
importance compared to its catalyzing action, and as a
consequence, there is a sharp increase in viscosity at relatively
early stages of solution maturation and gelation in the solution.

Orthophosphoric acid increases the acidity of the medium
and leads to acceleration of hydrolysis and condensation, so
solution 2 was suitable for use up to 6 days, and in solution 3,
there was no viscosity stabilization on the fifth day of gelation.
Therefore, solution 1 was chosen for further studies. For
solution 1, solution stabilization began on the fourth day at a
viscosity value of 3.12 mm?/s.

Thermogravimetric Analysis and IR Spectroscopy. It
is possible to distinguish a number of processes occurring
during thermal treatment of the obtained materials with a
spherical particle shape (Figure 3). At Ty, = 190 °C (Figure
3a), cationite combustion with formation of water and carbon
dioxide occurs. At temperatures above 400 °C, the cationite
structure is destroyed, which is accompanied by an exothermic
effect at 461 °C.

The decomposition of the cationic-exchanger containing
Ca*" (Figure 3b) recorded an additional peak (T, = 542 °C),
indicating the formation of CaO. The thermogram of the
Tokem-200 cationic-exchanger with Ca** and applied sol
(Figure 3c) did not practically differ from the thermogram of
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Figure 1. Micrographs of samples Tokem-200 with Ca** (a, d, g: magnification of 60; b, e, h: magnification of 3000) and distribution of elements

along the line (¢, f, i).

Table 2. Compositions of Oxide Systems for Obtaining
Solutions

oxide content in the system (mol %)

number of the train TiO, SiO, P,0¢
1 65 30 S
2 5§ 30 15
3 45 30 25
3.5 -
R
[a] -
é 3.3 3 2 1
%‘ 3.1
w
S 294
4
> 2.7 4
25

12 3 45678 9101 1211

time, days
Figure 2. Viscosity as a function of time for formulations: 1. TiO,-65,
Si0,-30, P,04-5; 2. TiO,-5S; Si0,-30; P,05-15; 3. TiO,-45; SiO,-30;
P,04-25 mol %.

Tokem-200 cationic-exchanger decomposition in the absence
of sol (Figure 3b) that may be due to the small amount of
precipitated sol. Decomposition temperature of the Tokem-
200 sample with Ca** and deposited sol was 600 °C.
Identification of the phases present in the polycrystalline
sample was carried out by qualitative X-ray phase analysis. The
samples at 600 °C were amorphous. Therefore, it is necessary
to increase the temperature treatment up to 800 °C. The
Ca(Si,05), Ca0, and tridymite phases were detected.

In a previous work,*® it was found that the structure of the
materials was formed by silicon-oxygen and phosphorus-
oxygen atomic groups. This is confirmed by the presence of
bands at 859—871 cm™ in the IR spectrum, which correspond
to stretching asymmetric vibrations of Si—O=Si, stretching
symmetric vibrations of Si—O—P, and stretching symmetric
vibrations of PO,.*” Tensile symmetrical vibrations of the Si—
O—Si and P—O—P bonds were detected only at temperature
treatments of 600 and 800 °C. Ti—O bond vibrations were
identified only at 600 °C. In addition, tetrahedral SiO, and
PO,, symmetrical vibrations of Si—O—Ti groups, and sym-
metrical vibrations of the Si—O—Si bond bridge in the [SiO,]-
tetrahedral bond were present in the materials. The absorption
bands in the low-frequency region of 400—550 cm™' are
associated with bending vibrations of the O—Si—O end bonds
and with calcium-oxygen bond vibrations in [CaOg]-
octahedron.™

Microstructure and Dispersion. To obtain a homoge-
neous material requires stepwise heat treatment (after drying at
60 °C) at 150, 250, and 350 °C, each lasting 30 min, at 600 °C
for 6 h, and at 800 °C for 1 h. Figure 4 shows the
microphotographs of the sample after heat treatment.

For the sample obtained by step heat treatment, the
framework was uniformly fixed on the cationite, while the
sample obtained without step treatment (drying at 60 °C and
annealing at 800 °C) had cracks and splits on its surface, which
is not favorable for practical applications.

Surface characteristics are important when studying the
properties of biomaterials because they depend on vital
processes such as protein and cell adhesion and the
bioresorbability of materials when implanted into the body.
Bioactive properties depend on the charge and porosity of the
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Figure 3. Data of thermogravimetric analysis of samples: Tokem-200 (a), Tokem-200 with Ca** (b), and Tokem-200 with Ca** and applied sol (c).
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Figure 4. Micrographs of samples (a: step heat treatment; b:
annealing at 800 °C).

material surface. According to a specific surface area (SSP) of
110 m?/ g, a total pore volume of 0.48 cm?/ g, and an average
pore size of 15—26 nm, the resulting material had a high
surface porosity, which is favorable for practical applications.

Acid—Base Properties. In a previous work, the acid—base
properties of the surface of the samples dried at 60 °C and
annealed at 600 and 800 °C were studied to determine the
surface charge of the material.**

Changing the pH of the suspension of samples dried at 60
°C was due to the dissolution of calcium ions as they were still
part of the soluble nitrates. Since the calcium ion exhibited
strong basic properties, the pH of the sample suspension was
weakly acidic (pH = 6). Also, on the surface of the samples,
there are various acid and basic centers, e.g., Ti*", Si*" (Lewis
acid centers), —OH groups (Brensted basic centers), Si—O—
Si, and Ti—O—Ti (Lewis basic centers).

Regardless of the temperature treatment of the samples, the
pH value increased sharply up to 10, indicating that the sample
is a Bronsted base; the mechanism of adsorption is shown in
Figure 5. This surface charge affects the distribution of ions
near it when immersed in SBF. It was found that, during the

+20H

\LQSi _HP

—Si_

+2H,0 — 3\ 0°
~Ti~ ’

5

Figure S. Adsorption mechanism.

21107

first 10 s, the desorption of the hydroxyl-hydrate cover from
the air occurs due to which the pH of the suspension increases
sharply. After 16 min, the pH value stabilizes in the range from
10 to 11; this indicates that the surface of the samples is a base.
Since Si—OH bonds are not identified in the samples calcined
at 800 °C, according to IR spectroscopy data, the surface
represents the Lewis base center. Meanwhile, in the solution,
the samples’ main centers interact with the protons of water
molecules. The remaining less strongly bonded hydroxo-
groups of water passed into the solution, causing the basicity of
the medium to increase dramatically. After the surface
interacted with the aqueous solution, the surface became a
Bronsted base.

Biomimetic Properties. The resulting material is charac-
terized by a regular structure with a spherical particle shape
(Figure 6a,b) TiO,-SiO,; the framework is uniformly fixed on
the cationite (Figure 6¢). Figure 6d shows a cross section of
the obtained material and a map of element distribution
(Figure 6f). The figure shows that the main element of the
inner part of the sphere is calcium, with a small inclusion of
other elements. Furthermore, the main elements of the outer
framework are titanium and silicon, with a small inclusion of
calcium. Thermal treatment of hybrid mesostructures leads to
the formation of mesoporous materials with a specific regular
structure in the nanometer range and highly developed surface,
which is important for fixation of biological cells on the surface
of materials when introduced into the biosphere.

One of the key problems in the creation of biofabrics is the
development of two- and three-dimensional matrices or
frameworks. The range of biodegradable polymeric materials
is quite wide: alginates, collagen, gelatin, and saturated a-
hydroxy acid derivatives—polyoxyalkanoates including poly-
mers of lactic and glycolic acids (polylactides and poly-
glycolides), poly(e-caprolactone), sodium silicate (liquid
glass), polyvinyl alcohol as well as polyesters of bacterial
origin (poly-f-oxybutyrate and its copolymers with oxy-
valerate), hyaluronic acid, aliphatic polyesters, etc. The choice
of the material depends on the functional purpose of the
constructed bio-artificial tissue; as such, properties like
mechanical strength, elasticity, biocompatibility, degradability,
and porosity affect the ability to support cell attachment,
growth, proliferation, and differentiation. In this study,
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X 100 3mm X 100 3 mm

Figure 6. Microphotographs of the sample surface ((a) magnification
of 60, (b) magnification of 3000, and (d) magnification of 100),
distribution of elements along the line (c), and elemental distribution

map (e).

polyvinyl alcohol (PVS), gelatin, and sodium silicate (liquid
glass) were chosen as binding additives to create a three-
dimensional framework.

Biomimetic studies of the samples were carried out in a
model SBF (simulated body fluid) solution.”® When the
material reacts with the aqueous solution, both chemical and
structural changes occur on the surface as a function of time,
leading to changes in the pH of solutions.*”*"** Figure 7
shows the time dependence of the change in pH of
physiological SBF solution with samples immersed in it.

As soon as the samples were immersed in physiological
solution, there was a rapid increase in pH in the first day, and
then the increase was not so significant. The increase in pH

pH
10

93

—

b2 e n

01 2 3 45 6 7 8 9 1011 1213 14
time, days

Figure 7. Dynamics of pH change of physiological solution with the
samples under study: 1, without binder; 2, liquid glass; 3, PVS
freezing; 4, PVS annealing; S, gelatin.

created a favorable atmosphere for crystallization of the
calcium-phosphate layer on the surface of the material.*>*!
The rapid release of alkaline and alkaline-earth ions from the
solution as well as the increase in pH testifies to the high
reactivity of the studied samples. The formation of a calcium-
phosphate layer on the bioactive materials and the migration of
soluble silicon and calcium ions into the surrounding tissues
are key factors for the rapid binding of these materials to the
tissue.

However, the high pH value = 10, when using liquid glass as
a binder, is not favorable for calcium-phosphate mineralization
on the material surface. According to the form of kinetic curves
(C(Ca® and Mg®), mmol/L—7, day), the process of
accumulation of compounds containing calcium and magne-
sium ions on the material surface (Figure 8 and Table 3) can
be divided into three stages. Adsorption of Ca®* and Mg** ions
from SBF solution at the first stage (up to 3 days) is the same.

=
-
f
by
=
e
(o}
]
2
U:
0123456 7891011121314
time, days

Figure 8. Accumulation curves for Ca®* and Mg** ion accumulation
on the surface of the biomaterial in SBF solution: 1, without binder; 2,
liquid glass; 3, PVS freezing; 4, PVS annealing; S, gelatin.

Table 3. Rate of Accumulation of Ca®>* and Mg”* Ions in the
Samples

sample binding additive k (0—3 days) k (4—9 days) k (10—14 days)

1 without binder 1.68 0.61 1.42
2 liquid glass 1.65 0.45 1.13
3 PVS freezing 1.65 0.50 1.31
4 PVS annealing 1.67 0.47 1.25
S gelatin 1.66 0.51 1.29

The difference in the rate of accumulation of calcium and
magnesium ions on the surface was noticeable only after 9 days
(step 3).

Calcium and magnesium ions are more slowly adsorbed to
the surface of sample 2 (binder liquid glass) than sample 1
(without binder). This may be due to increased acidic
properties and the appearance of interfacial boundaries,
resulting in an increased rate of diffusion and adsorption of
counterions from the SBF solution onto the sample. The
highest rate of accumulation of Ca>* and Mg>" ions after 14
days was observed in the sample without a binder. Among the
samples with binder additives, the highest rates of accumu-
lation were demonstrated by sample 3 (freezing binder PVA)
and sample S (binder gelatin).

The formation of the calcium-phosphate layer on the surface
of the materials occurs during 14 days of exposure in SBF
solution. After 14 days of exposure, the surface of the samples
becomes more friable with a large number of formed particles
of round shape with sizes up to 8 um (Figure 8). After 14 days
in SBF solution, the amount of calcium phosphates on the
surface of the samples increases (Figures 9 and 10). Deposition
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Figure 9. Microphotographs of sample surfaces showing the growth dynamics of the calcium-phosphate layer: 1, without binder; 2, liquid glass; 3,

PVS freezing; 4, PVS annealing; S, gelatin.

of various ions from SBF solution on the surface of samples
occurs uniformly (Figure 9). The most uniform depositions of
particles with a large number of open pores are observed in
sample 1 (without additive) and sample S (binding additive
gelatin). This topography determines the best bioactive
properties due to the fact that the pores create conditions
for strong adhesion to the bone tissue.

The highest concentrations of calcium ions are in sample 1
(without binder) and in sample S (binding gelatin) (Figure
11). Both the absolute surface content of phosphorus and
calcium ions and their ratio play an important role (Table 4).

The highest values of the Ca/P ratio are in sample 1
(without binder) and in sample S (binder gelatin). Thus, it is
acceptable to use gelatin as a binder because highly porous
loose particles are formed on the surface of the samples; the
bioproperties of the material and its surface composition are
not changed.

B CONCLUSIONS

In this study, biomaterials with a spherical particle shape based
on Tokem-200 were synthesized by the sol—gel method. The
framework of the material is TiO,-SiO,, and the inner part is
filled with Ca** (sample TiO,-SiO,/Ca0) with mol % TiO,-
65, Si0,-30, and P,O;-S.

It was found that the solutions are suitable for the
preparation of materials up to S days. A step heat treatment
(after drying at 60 °C) at 150, 250, and 350 °C, each for 30
min, at 600 °C for 6 h, and 800 °C for 1 h was required to
obtain the homogeneous material. Tokem-200 specimens with
Ca’" and applied ash have high biological activity as the surface
contains active centers (Si** and Ti*") that promote
mineralization and precipitation of calcium-phosphate crystals
on the surface of materials in biological media. As a binding
additive for binding spherical particles to each other when
introduced into a biological medium, it is acceptable to use
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Figure 10. Linear distribution of elements on the surface of samples, after immersion in SBF solution for 14 days: 1, without binder; 2, liquid glass;

3, PVS freezing; 4, PVS annealing; S, gelatin.
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Figure 11. Elemental composition of the sample surface after
immersion in SBF solution: 1, without binder; 2, liquid glass; 3,
PVS freezing; 4, PVS annealing; S, gelatin.

Table 4. Content of Calcium and Phosphorus Ions on the
Surface of Samples after Immersion in SBF Solution

sample binding additive Ca** p;> Ca/P;
1 without binder 51 6 8.5
2 liquid glass 18 7 2.5
3 PVS freezing S 1 5.0
4 PVS annealing 37 12 3.1
S gelatin NY 6 8.3

gelatin since it does not affect the surface composition of the
samples.

B EXPERIMENTAL SECTION

Chemicals. Tetraethoxysilane (puriss. spec., Germany),
orthophosphoric acid (puriss. spec. Himmed Russia), calcium
nitrate (p.a. Himmed Russia), tetrabutoxytitanium (puriss.
spec. Germany), and butyl alcohol were used as received from
vendors.

Synthesis of Materials. The stability of the sol depends
on the time required to dissolve the sol precursor (butanol-
water-acid before adding the alkoxide). It is also necessary to
observe the order of mixing the components when preparing
the sols. To obtain biomaterials with the spherical particle
shape, the sols were prepared according to the procedure
described in the literature.*”

The outer framework, the obtained materials (TiO,-SiO,),
and the inner part were filled with Ca®>* (sample TiO,-SiO,/
Ca0). The calcium-containing sample of the acryl-divinylben-
zene-based Tokem-200 cationite was chosen due to its high
selectivity for Ca*".

To form the framework of the material, an aggregatively
stable sol was prepared: solvent-butanol and acid polyconden-
sation catalyst-phosphoric acid were mixed. A mixture of
tetrabutoxytitan and tetraethoxysilane was added to the
solution after C,HyOH-H;PO, equilibrium was established.
Maturation of the sols was carried out at room temperature for
3 days.

Composition 1: TiO, (65 mol %) - SiO, (30 mol %) - P,O;
(5 mol %).

Composition 2: TiO, (55 mol %) - SiO, (30 mol %) - P,O;
(15 mol %).

Composition 3: TiO, (45 mol %) - SiO, (30 mol %) - P,O;
(25 mol %).

Tokem-200 specimens with Ca®* were immersed in the
aggregatively stable sol for 12 h followed by extraction and
drying at 60 °C for 60 min. After drying, the samples were
subjected to a stepwise heat treatment at 150, 250, and 350 °C
for 30 min each, at 600 °C for 6 h, and 800 °C for 1 h.

Introduction of binder additives was as follows:

1) Addition of liquid glass: liquid glass in a 1:1 ratio was
added to dried samples of Tokem-200 with Ca®* and applied
sol, and then the samples were subjected to stepwise heat
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treatment (at 150, 250, and 350 °C for 30 min each, at 600 °C
for 6 h, and 800 °C for 1 h).

2) Polyvinyl alcohol (PVA) addition: PVA was added to
dried samples of Tokem-200 with Ca** and applied sol in a 1:1
ratio, then some samples were subjected to stepwise heat
treatment (at 150, 250, and 350 °C for 30 min each, at 600 °C
for 6 h, and 800 °C for 1 h), and some samples were frozen.

3) Gelatin addition: after a stepwise heat treatment (at 150,
250, and 350 °C for 30 min each, at 600 °C for 6 h, and 800
°C for 1 h), gelatin was added to the samples in a 1:1 ratio.

Characterization. To study the film-forming ability of the
solutions, the viscosity was measured with a glass viscometer
(with a capillary diameter of 0.99 mm at a temperature of 25
°C). Thermal stability in an atmosphere of air of solutions
dried at 60 °C was studied with a synchronous thermal
analyzer STA 449 C Jupiter in an oxygen atmosphere by the
shape of the TG and DSC curves in the temperature range of
60—900 °C.

The IR spectra of the dried film-forming solutions were
taken on a Nicolet 6700 FTIR spectrometer in the frequency
range of 4000—400 cm™'. The structure (scanning electron
microscopy, SEM) and chemical composition (energy-
dispersive X-ray analysis, EDX) of the samples were analyzed
on a Hitachi TM-3000 scanning electron microscope with a
Quantax-70 attachment for energy-dispersive microanalysis.
The specific surface area (SSP), volume, and pore size of the
powders were measured by nitrogen adsorption followed by
degassing at a pressure of ~0.1 Pa at 200 °C for 1 h on a
TriStar IT Micromeritics device using the Brunauer—Emmett—
Teller (BET) method. A low-temperature nitrogen vapor
sorption method has a relative error A & 10%. The particle size
(d) of the dispersed samples was estimated by the value of the
specific surface area and measured pycnometric density of the
powders.

The biological properties of the materials were carried out
with simulated body fluid (SBE).*® The samples were
immersed in the SBF solution for 14 days with continuous
temperature control at 37 °C, after which the surface
morphology of the obtained materials was examined on a
Hitachi TM-3000 scanning electron microscope with the
Quantax-70 attachment for energy-dispersive microanalysis.
The rate of calcium phosphate layer formation on the surface
of substrates was assessed by the decrease in total
concentration of calcium and magnesium ions (C(Ca®>" and
Mg**), mmol/L) in the SBF solution, determined by the
trilonometric titration. The coefficient of ion accumulation
Ca®* and Mg’ was calculated by the formula k
M, where C(Ca®* and Mg’*) (mmol/L) is the

T
total change in concentration over the time interval = (days).
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