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Abstract: Ceramic materials in Na20-CaO-P20s system were obtained by firing cement-salt stone
made from pastes based on powder mixtures including calcium citrate tetrahydrate Ca3s(CsHsO7)2 -
4H-0, monocalcium phosphate monohydrate (MCPM) Ca(H2POs)2 - H20 and/or sodium dihydro-
gen phosphate NaH2POu. The phase composition of the obtained samples of cement-salt stone after
adding water, hardening and drying included brushite CaHPOs - 2H20, monetite CaHPO4 and also
unreacted Ca3(CsHs07)2 - 4H20, Ca(H2PO4)2 - H20 and/or NaH2POs. The phase composition of ce-
ramics in Na20-CaO-P20s system obtained by firing cement-salt stone was formed due to thermal
conversion of hydrated salt and heterophase reactions between components presented in samples
during firing. The phase composition of ceramic samples based on powder mixture of Cas(CsHs07)2
- 4H>0 and Ca(H2POas)2 - H20 after firing at 900 °C included (-calcium pyrophosphate (CPP) (3-
Caz2P20y7. The phase composition of ceramic samples based on powder mixture of Cas(CeHsOy)2 -
4H-0, and NaH2POxs after firing at 900 °C included (3-sodium rhenanite 3-CaNaPOs. The phase com-
position of ceramic samples based on powder mixture of Cas(CsHs507)2 - 4H20, Ca(H2POs)2-H20 and
NaH2POx after firing at 900 °C included p-Caz2P207, 3-CaNaPOs, double calcium-sodium pyrophos-
phate Na:CaP207, and Na-substituted tricalcium phosphate CaioNa(POs)7. Obtained ceramic mate-
rials in Na20-CaO-P:20s system including biocompatible and biodegradable phases could be im-
portant for treatments of bone tissue defects by means of approaches of regenerative medicine.

Keywords: monocalcium phosphate monohydrate; sodium dihydrogen phosphate; calcium citrate
tetrahydrate; cement-salt stone; brushite; monetite; ceramics; calcium pyrophosphate; sodium rhe-
nanite, sodium-substituted tricalcium phosphate, sodium-calcium pyrophosphate

1. Introduction

One of the important areas of modern inorganic materials science is the development
of biomaterials based on calcium phosphates that could be used to replace or treat dam-
aged bone tissue [1]. Ideally, the implant should gradually dissolve in the body’s environ-
ment, while performing its supporting functions, and new bone tissue should form in its
place. In this regard, the key characteristic of the biocompatible inorganic material is the
property which enables it to resorb in the body’s environment. The traditionally used hy-
droxyapatite Cai(POs)s(OH)2 (HAP) has the lowest solubility among calcium phosphates
[2]. In the case of a regenerative approach to the treatment of bone tissue, bioresorbable
phases are introduced into the composition of materials for bone implants. Such materials,
compared to HAP, have greater resorption. Among them are Cas(POu)2 (tricalcium
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phosphate, TCP, Ca/P = 1.5) [3,4], CazP207 (calcium pyrophosphate, CPP, Ca/P = 1) [5,6],
CasPsOr9 (tromelite, Ca/P = 0,66) [7], Ca(POs)2 (calcium polyphosphate, Ca/P = 0.5) [8],
Na-substituted tricalcium phosphate CaiwNa(POs)7, K—substituted tricalcium phosphate
Ca1K(PO4)7, sodium rhenanite CaNaPOs, and potassium rhenanite CaKPOs. [9]. A neces-
sary element of any strategy for improving the solubility of a compound with an ionic
nature of the chemical bond is lowering the energy of the crystal lattice. Consistent imple-
mentation of this approach leads to two directions of increasing the resorption of calcium
phosphate materials, as follows: (a) transition to calcium phosphates with a Ca/P ratio
lower than that of HAP; (b) modification of the chemical composition associated with the
replacement of the Ca?* cation in the phosphate structure. Thus, ceramic materials based
on CPP Ca2P207 and rhenanite CaMPOs, where (M = Na or K) are of great interest for
different biomedical applications [10]. Ceramics based on CPP Ca2P207 can be obtained in
various ways during firing: (1) via heterophase reaction in powder mixture or condensed
systems of crystals (such as cements) with Ca/P =1 [11-13], (2) using thermal decomposi-
tion of hydrated calcium phosphates with Ca/P = 1 prepared for example via synthesis
from solutions [14,15] or under conditions of mechanical activation [16]. Depending on
the annealing temperature, various polymorphic modifications of CazP207 can be ob-
tained from hydrated calcium phosphates such as brushite or monetite: amorphous cal-
cium pyrophosphate at 450 °C; y-Ca2P207-at 530 °C, 3-CazP207 at 700-750 °C, and a-
Caz2P20y7 at 1140-1179 °C [17].

Thus, to obtain ceramics containing a phase of CPP, it is necessary to use calcium
phosphate powders with a ratio of Ca/P = 1. Brushite CaHPOs - 2H20 (dicalcium phos-
phate dihydrate—DCPD) and monetite (dicalcium phosphate anhydrate—DCPA) can
serve as a precursor for production of the ceramic materials based on CPP according to
Equation (1).

CazP207 can be obtained by thermal decomposition of brushite CaHPOs - 2H20 pow-
der, which is decomposed by rapid entry into an oven at 600 °C for 15 min [14]:

2CaHPOs - 2H20 — Ca2P207 + 3H20 (1)

Monetite CaHPOs may be present in the brushite powder as an impurity phase, since
it passes into calcium pyrophosphate during heat treatment (Equation (2)) [14]:

2CaHPO: — Caz2P207 + H20 (2)

Samples of brushite or monetite cement stone can also be used as precursors for the
obtaining of ceramics based on calcium pyrophosphate. Brushite or monetite cement stone
can be obtained as a result of chemical bonding reactions [5,11-13]. Brushite cements with
the possibility of varying porosity and strength, high processability, can be produced ac-
cording Equation (3) [18]:

Ca3(POs)2+ Ca(H2PO4)2-H20 + 7H20 — 4CaHPO4 - 2H0 3)

Monetite cements can be produced according Equation (4) [14]:

Ca3(POs)2+ Ca(H2PO4)2-H20 — 4CaHPOs+ H20 (4)

Brushite and monetite cements are used to close small defects in damaged teeth or
bone tissues in the form of pastes or blocks of complex shape obtained from cement stone.
The possibility of obtaining blocks of complex shape using cement technology, and the
possibility of forming additional resorbable phases (CPP) during the firing of cement
blocks allow us to consider brushite cements as the precursors for the production of ce-
ramic materials [5,11,19].

A known method for producing rhenanite CaNaPOs, is the crystallization of glass in
the system SiO2-AlO3-Na:20-K:0-P20s-F [20], or in SiO2-CaO-Na20-P20s-F-K20 [21].
However, this method does not allow us to obtain rhenanite CaNaPOs as the only phase.
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There is a method of processing phosphate ores using sodium carbonate or potas-
sium chloride at temperatures of 300-900 °C, when the formation of sodium rhenanite
CaNaPOu occurs only when the phosphate stone interacts with sodium carbonate [22].
This method is not suitable for the synthesis of sodium rhenanite CaNaPOs for medical
uses.

It is well-known that sodium rhenanite CaNaPOs powder can be synthesized by heat-
ing a mixture of Na2COs and Ca2P207 at 1000 °C for 10 h [23]. The solid-phase synthesis of
sodium rhenanite CaNaPOs carried out in this way, is typical of any solid-phase synthesis,
giving a powder with low sintering activity which will require higher temperatures to
form ceramics based on it [9,10].

The ref. [24] shows a method for obtaining a material based on sodium rhenanite
CaNaPO:s from a charge containing sodium salt (sodium bicarbonate NaHCOs) and cal-
cium phosphate (monetite CaHPOs). This process includes pressing the initial charge of
powder mixture and firing at 1300 °C for 16 h. The main disadvantages of this method are
the high temperature of the reaction and duration of the synthesis.

Rhenanites are very widely used to obtain phosphate fertilizers. Here, the “Rhenania
process’” should be mentioned, which is a well-known procedure used in the fertilizer
industry to obtain soluble phosphate materials [25]. In this process, the natural mineral
fluorapatite Cas(POs)sF is mixed with soda Na:COs and silicon dioxide SiO2 while the mo-
lar ratio of Na2COs/P20:s is fixed at 1.0 (Equation (5)). The SiO:z is added to prevent the
occurrence of free CaO in the sintered product. These powder mixtures are crushed and
then calcined in a rotary kiln at around 1000-1200 °C for several hours. Sodium rhenanite,
a soluble CaNaPOQy, is the major phase in the final product of the Rhenania process.

Cas(PO4)sF + 2Na2COs + Si0O2 = 3CaNaPOs + Ca2SiOs + 2CO21+ NaF 5)

Furthermore, CaNaPOs can also be obtained via firing a mixture of CaO, HsPOs, and
Na2COs at 1100 °C. Other starting components can be used for sodium rhenanite CaNaPOs
preparation (Equation (6)):

2CaCOs + Na:COs + 2(NHa)2HPO: — 2CaNaPO: + 3CO21+ 4NHs 1+ 3H:0 (t ~ 900 °C) (6)

Alternatively, sodium rhenanite CaNaPOs can be obtained by cement technology with
subsequent firing [26]. The work [27] shows a method for obtaining CaNaPOs from
brushite cement, prepared by the reaction of 3-TCP and, MCPM (Equation (3)), and a
highly alkaline bioactive glass (composition (wt.%): SiO2— 50, Na2O - 25, CaO - 20, P20s—
5). After mixing brushite with bioactive glass, firing was carried out at high temperatures.
With an increase in the temperature to 700-800 degrees, CaNaPOs, and 3-Cas(POs)2 phases
were obtained, which indicates that the transition of bioactive glass to a visco-plastic state
has occurred. The formation of the CaNaPOs phase occurs due to thermo-chemical inter-
actions between Na20 and CaO from the glass matrix and $-Caz2P20y.

Up to our knowledge there were attempts to prepare ceramic composites simultane-
ously containing both sodium rhenanite and calcium phosphate phases [23,28-30]. In some
examples it was composition of sodium rhenanite with the calcium phosphate i.e with hy-
droxyapatite [28] or tricalcium phosphate [29]. In another example ceramics was prepared
from powder of brushite, containing sodium nitrate as a reaction by-product [30].

The idea of this study is as follows—it is to obtain ceramics of a given phase compo-
sition by firing a cement-salt stone, which are easy to mold using plastic molding or ex-
trusion 3D printing.

Therefore, the present work was aimed at obtaining bioresorbable ceramic materials
in Na20-CaO-P20s system by firing a cement-salt stone obtained from powder mixtures
including calcium citrate tetrahydrate Cas(CsHsOr)2 - 4H20, MCPM Ca(H2PO4)2 - H20
and/or sodium dihydrogen phosphate NaH:POs. We expected that the influence of the
composition of starting powder mixture and firing temperature and on the phase compo-
sition and microstructure of ceramics would be established.
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2. Materials and Methods
2.1. Initial Reagents and Synthesis

Calcium citrate tetrahydrate Cas(CeHsO7)2-4H20O (CAS No. 5785-44-4, puriss. p.a.
285%), MCPM Ca(H2POs4)2-H20 (CAS No. 10031-30-8, puriss. 99%) and sodium dihydro-
gen phosphate NaH2POus (CAS No. 7558-80-7, puriss. 2 99%) used for synthesis of cement-
salt stone samples were purchased from Sigma Aldrich, (Taufkirchen, Germany).

2.2. Preparation of the Calcium Pyrophosphate and Sodium Rhenanite Ceramics

The following Equations (7)-(9) were used to calculate the composition of the powder
mixtures for preparation of cement-salt stone samples. Labeling of samples are shown in
brackets and in Table 1.

Cas(CsH507)2 -4H20 + 3Ca(H2PO4)2 - H20 — 3CazP207+ 2H3CsHs07 + 4H20 (Ca) 7)

2Cas3(CsH507)2 4H20 + 3Ca(H2PO4)2 H20 + 3NaH2POs — 3CaNaPOs + 3Ca2P207 + ®)
4H3CsH507+ 14H20 (CaNa)

Cas3(CeHs507)2 4H20 + 3NaH2POs — 3CaNaPOs + 2H3CsHs507 + 4H20 (Na) )

Each component was previously treated in a planetary mill in an acetone medium for
15 min. Then initial mixtures, consisting of powders of calcium citrate tetrahydrate
Cas(CsHs0r)2 - 4H20, MCPM Ca(H2PO4)2 - H20 and/or sodium dihydrogen phosphate
NaH:POus (Table 1), were prepared in a molar ratio corresponding to Equations (7)—(9)
passing through a sieve several times. Mixing liquid (distilled water) were added to the
resulting powder mixtures at a water/solid ratio (W/S) = 0.5. The resulting pastes were
mixed in a porcelain bowl for 30 s. The latex mold with sizes of 10 x 10 x 30 mm was filled
with prepared paste and left to harden in air for a day. The cement-salt stone samples after
drying were fired in the temperature range of 500-900 °C with holding at the final tem-
perature for 2 h, heating rate 5 °C/min, cooling with furnace.

Table 1. The expected phase composition of the ceramic materials and corresponding composition
of the powder mixtures.

Svmbol at Molar The Composition of the Powder Mixture, g Expected Phase Composition
y Labeling ratio Ca3(CsH507)2 - 4AH:0 Ca(H:PO4)::- H20 NaH:PO: P . P
Graph of Ceramics
Na/Ca/P (g) (g (g
a 0/1/1 43 57 0 [B-Caz2P20Or
b 0.5/0.5/1 50,6 33,5 15,9 B-CazP207 + 3-CaNaPOs4
c 1/1/1 61,3 0 38,7 p-CaNaPOs4

2.3. Characterization
2.3.1. XRD

X-ray diffraction (XRD) analysis was conducted using a Rigaku D/Max-2500 (Rigaku,
Tokyo, Japan) with a rotating anode (Cu-Ka radiation), with an angle interval (20) of 2-
70°. Phase analysis was performed using the ICDD PDF2 database [31].

2.3.2. SEM

The microstructure of the samples of cement-salt and ceramic materials was studied
using a LEO SUPRA 50VP (Carl Zeiss, Jena, Germany) scanning electron microscope
(SEM) with an acceleration voltage of 3 — 21 kV. The images were recorded using an Ever-
hart-Thornley secondary electron detector (SE2). The surface of the cement-salt stone and
ceramic samples was coated with a layer of chromium (up to 15 nm).
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2.3.3. Thermal analysis

Thermal analysis (TA) of cement-salt samples was carried out using a NETZSCH
STA 409 PC Luxx thermal analyzer (NETZSCH, Selb, Germany), in the temperature range
of 40-1000 °C. The composition of the gas phase formed upon decomposition of samples
was studied using a QMS 403C Aéolos quadrupole mass spectrometer (NETZSCH, Selb,
Germany) coupled to the NETZSCH STA 409 PC Luxx thermal analyzer. Mass spectra
(MS) were recorded for m/Z =18 (H20), as well as for m/Z = 44 (COz).

2.3.4. Determination of strength properties of the ceramic samples

The bending and compressive strengths of ceramic samples in form of balks were
determined using universal testing machines LFV 10-T50 and P-05 (Walter + bai, Lo-
hningen, Switzerland).

2.3.5. Determination of shrinkage and density of the ceramic samples

The shrinkage of ceramic samples was determined by measuring their dimensions
(with an accuracy of +0.05 mm) before and after firing. The geometric density of the ce-
ramic samples was calculated by measuring their dimensions (with an accuracy of +0.05
mm) and mass before and after firing. The relative density of ceramics was calculated as
the ratio of the sample density determined from the experiment to the crystallographic
density of (3-Caz2P207 and (3-CaNaPOs.

3. Results and Discussion

The XRD curves of the cement-salt stone based on calcium citrate tetrahydrate and
MCPM (Ca); calcium citrate, tetrahydrate, MCPM and sodium dihydrogen phosphate
(CaNa); and calcium citrate and sodium dihydrogen phosphate (Na) are shown in Figure
1.

Intensi

)
[S—
o
[\
()
(U8)
S

40 50 60 70
20, deg

Figure 1. XRD spectra of the cement-salt stone: (Ca — black curve); (CaNa - red curve); (Na — blue
curve). Symbols are as follows: 0—CaHPOs - 2H>O (PDF 72-713); *—CaHPOs (PDF 75-1520); +—
Ca(H2PO4)2- H20 (PDF 9-347); & — Cas(CsHs0y7)2 - 4H20 (PDF 28-2003); # —NaH2POs (PDF 70-954).
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The Equations (10)-(13) reflects the reaction of phase composition of cement-salt
stone formation:

Ca3(CsHsOr7)2 - 4H20 + 3Ca(H2POx4)2 - H20 + 5H20 — 6CaHPOs - 2H20 + 2H3CsHsO7  (10)

2Cas3(CsHs0y)2 - 4H20 + 3Ca(H2PO4)2 - H20 + 3NaH2POs + 7H20 —
— 9CaHPO: - 2H20 + 2H3CsH507 + Na2HCsH507 + NaH2CsHs07

(11)

2Cas3(CsHs07)2 - 4H20 + 3Ca(H2PO4)2- H20 + 3NaH2POs —
(12)
— 9CaHPO: + 2H3CsH507 + NaxHCsH507 + NaH2CsH507 + 11H20

Cas(CsHs07)2 - 4H20 + 3NaH2POs — 3CaHPO4 + Na2HCeH507 + NaH2CeHs07+ 4H20  (13)

According to the XRD data, the phase composition of cement-salt stone based on cal-
cium citrate tetrahydrate Cas(CsHs07)2- 4H20 and MCPM Ca(H2POs)2- H20 (Figure 1, Ca)
was represented by brushite CaHPOs - 2H20 and unreacted calcium citrate tetrahydrate
Cas3(CsHs07)2- 4H20 and MCPM Ca(H2PO4)2- H20 phases (Equation (10)) [5].

The main phases in the cement-salt stone based on calcium citrate tetrahydrate
Cas3(CeHs0r)2 - 4H20 and sodium dihydrogen phosphate NaH2POs (Figure 1, Na) were
monetite CaHPOs, unreacted sodium dihydrogen phosphate NaH2POs, and calcium cit-
rate tetrahydrate Cas(CeHs07)2- 4H20 (Equation (13)) [26].

The phase composition of the obtained samples of cement-salt stone based on cal-
cium citrate tetrahydrate Cas(CeHsO7)2 - 4H20, MCPM Ca(H2PO4)2- H20 and sodium di-
hydrogen phosphate NaH2POs (Figure 1, CaNa) was included by brushite CaHPOs - 2H:O,
monetite CaHPO4, unreacted calcium citrate tetrahydrate Cas(CsHsO7)2 - 4H0O, MCPM
Ca(H2PO4)2- H20 and sodium dihydrogen phosphate NaH2POa.

The formation of brushite CaHPOa4- 2H20 and monetite CaHPOs occurred as a result
of acid-base interaction (Equations (10) - (13). Sodium dihydrogen phosphate NaH2POx
(85.2 g/L) has a higher solubility than MCPM Ca(H2POs)2- H20 (18 g/L) and, accordingly,
the concentration of hydrogen ions H* is higher (lower pH) in the CaNa sample and even
more in the Na sample than in the Ca sample. This pH level makes the formation of
monetite CaHPOsmore likely [32].

The presence of unreacted components shows that the reaction has not been fully
completed in the conditions given here. For Na and CaNa samples there are also peaks
that probably correspond to the acidic calcium citrate salts, such as Na2HCsHsO7 and
NaH:2CsHs07. We also assume that NazHCsHs07 and NaH2CsHsO7 phases of acidic sodium
citrate are present in the preceramic sample, since they are by-products of the brushite
formation reaction, which is exactly present in the X-ray pattern presented in Figure 1.

The microstructure studies of the cement-salt stone support the results of the XRD
data. The micrographs of the samples demonstrated in Figure 2 show small crystals of
monetite CaHPOs and brushite CaHPO: - 2H20 with plate-like morphology [33-35], thom-
bic crystals of MCPM Ca(H2POx)2 - H20 [36,37]. The CaHPO+2H:0 and CaHPOxs crystals
are most likely formed on the surface of the less soluble among other starting components
of powder mixture calcium citrate particles. The CaHPOus crystals have a size of less than
2 um probably due to the action of CsHsO7*- anion which slows down the reaction and
inhibits the growth of calcium hydrogen phosphate crystals [38].
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Figure 2. The SEM images of cement-salt stone: Ca (a), CaNa (b); Na (c).

The following TA data of the obtained samples are shown in Figure 3: the tempera-
ture dependence of the mass of samples of cement-salt stone based on calcium citrate tet-
rahydrate and MCPM (Ca, Figure 3a,b); calcium citrate tetrahydrate and sodium dihydro-
gen phosphate (Na, Figure 3a,c); calcium citrate tetrahydrate, MCPM and sodium dihy-
drogen phosphate (CaNa, Figure 3a,d), the temperature dependence of the ion current for
all samples for m/Z = 18 (H:0) (Figure 3e), and m/Z = 44 (CO») (Figure 3f).

3
100 A
100 — L
458°C, 00
| 1 Am 23.6 %
20 90- 12 =
C g
= 80 2 g =
2 - 80 1 S
£ : :
70 E 0l J
Am 17.7 % a
CaNa 40
60
Na 60
ca 150°C
50 T L J T ! 50 T T T T T T T T T T ol
0 200 400 600 800 1000 0 200 400 600 300 1000

0
Temperature, °C Temperature, ‘C

(a) TG (b) Ca



Ceramics 2023, 6

607

5
100 100 — 493°C
Am 3.8 % 4 42
e AM 20.4 %
90 90 + 353°C )
Am 12 % 13 e E
g X | /\ 10 =
80 - = °
S 12 2 & 8 E
N = -
E° Am 10.7 % &) E Am 9.4 % 8
= 70+ 11 % a
£ Am 63 % a 70 1 4-2
— A | Am 7 % 865°C
60 Am 8 % 40 i 208°C Am 2.9 %
50 T T T T T T T T -1 i ) ) . T . T U T U -4
0 200 400 600 200 1000 0 200 400 600 , 800 1000
Temperature, e Temperature, C
(c) Na (d) CaNa
3.5 3.5
Na | Na 9
3.0 3.0 I ,.=34x 10°A
=63x10"A
max — 0:3 % 10 m/Z = 44 (CO,)
2.5 m/Z = 18 (H,0) 2.5
2.0 CaNa " 2.0 o
. I =29x10"A . I =14x10"A
= 151 m/Z =18 (H.0) == 1.5 CcaNa m/Z = 44 (CO,)
Ll 2 Ll
1.0 4 5 1.0 -
L= 43 10°A I =99x10"°A
54 = 0.5
051 m/Z = 18 (H,0) m/Z = 44 (CO,)
0.0 1 0.0 1
T M T T T T T T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature, °C Temperature, “C
(e) MS (m/Z=18) (f) MS (m/Z=44)

Figure 3. Thermal analysis of the cement-salt stone: (a) TG; (b) TG/DTA curves obtained for the Ca
synthesized powders; (c) TG/DTA curves obtained for the Na synthesized powders; (d) TG/DTA
curves obtained for the CaNa synthesized powders; (e, f) ion current curves according to mass spec-
troscopy for m/Z =18 (H20) (e) and for m/Z = 44 (CO») (f), respectively.

According to simultaneous thermal analysis (Figure 3a,b), the total weight loss of the
powder mixture based on calcium citrate and MCPM when heated to 1000 °C was 46%.
The mass loss curve for Ca powder mixture (Figure 3a,b) contains steps characteristic of
brushite, namely, the conversion of brushite to monetite (~200 °C, equation 14), and then
monetite to pyrophosphate (~400 °C, equation 15). There are two endothermic peaks on
the DSC curve in the first temperature range (150°C, and 190°C). Three peaks can be ob-
served on the mass spectrum curve for m/Z = 18 (H20) in the range of 150-300 °C at the
same temperatures (Figure 3e). In this temperature range, thermal decomposition of cal-
cium citrate tetrahydrate Cas(CsHs507)2 - 4H20 and brushite CaHPOs - 2H20 with the for-
mation of anhydrous calcium citrate Cas(CsHs07)2 and monetite CaHPOs is possible. On
the mass spectrum curve for m/Z = 44 in the range of 370-480 °C, reflecting the release of
COz. Thermal decomposition of anhydrous calcium citrate Cas(CsHs0O7)2 with the for-
mation of calcium carbonate CaCO:s occurs with heat release (DSC curve) according to the
equation 16. The carbon resulting from this transformation (reaction) could not naturally
remain in elemental form at such a high temperature (above 340°C), especially in the pres-
ence of atmospheric oxygen. Therefore, it must have turned into CO and/or COs.

We can suggest the following reactions that can take place during heating:
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CaHPOs- 2H20 — CaHPO:+ 2H20 (14)
2CaHPO: — Ca2P207 + H20 (15)
Cas3(CeH507)2 — 3CaCOs + 5H20 + 9C (16)

In the temperature range of 480-705 °C, the following processes is observed: MCPM
Ca(H2PO4)2- H20 present in the samples also undergoes a series of transformations, form-
ing calcium polyphosphate Ca(POs)2 (equations (17)-(19)). Also, p-CPP 3-CazP207 phase
was formed due to the interaction of calcium polyphosphate Ca(POs): with calcium car-
bonate CaCOs (equations (20)):

Ca(H2POxs)2- H20 — Ca(H2POs)2+ H2O 17)
Ca(H2POs)2 — CaHzP207+ Ha0 (18)
CaH:P:07 — Ca(POs)z + H20 (19)
Ca(POs)2+ CaCOs — CazP207 + COs1 (20)

The presence of unreacted starting components in the samples and the by-products
of chemical bonding reaction determine the presence of additional steps of mass loss and
peaks on the curves of the dependence of the ion current on temperature (Figure 3e, f) [5].

According to the TG data, the final mass loss of the Na powder after heating to 1000
°C was 44 % (Figure 3a,c). At the first stage (up to 160 °C), there was a gradual decompo-
sition of structurally unbonded water. At the next stage (up to 200 °C), the transition of
brushite to monetite took place, but according to TA, the content of brushite was not sig-
nificant. The further process is the transformation of monetite to y -pyrophosphate y-CPP
(equation (15)), generally takes place at 400 °C [5,11-13,16]. According to mass spectros-
copy for cement-salt stone based on powder mixture of calcium citrate tetrahydrate
Cas3(CsHs0Or)2 - 4H20 and sodium dihydrogen phosphate NaH2POu (Figure 3b) three peaks
can be observed on the mass spectrum curve for m/Z = 18 (H20) in the range of 50-300 °C.
In this temperature range, thermal decomposition of calcium citrate tetrahydrate
Cas3(CeHs07)2 - 4H20 with the formation of anhydrous calcium citrate Cas(CsHsO7)2is pos-
sible. On the mass spectrum curve for m/Z =44, there is a peak in the range of 435-495 °C,
reflecting the release of CO:. Thermal decomposition of anhydrous calcium citrate
Cas(CsHs07)2 with the formation of calcium carbonate CaCOs occurs with heat release ac-
cording to the equation (16) [26]. On the mass spectrum curve for m/Z = 44 in the range of
650-705 °C, reflecting the release of COz. The formation of the CaNaPOs phase was due to
the interaction of the NaPOs melt with calcium carbonate CaCOs (equation (27)) can be
the reason of this COzrelease. During the heat treatment, the products obtained during
the acid-base reaction thermally decomposed, and products of thermal decomposition in-
teracted with each other to form ceramics. The processes taking place during heating can
be described by the following equations:

Na2HCsH507 — Na2COs + CsH4Os + H20 (21)
NaH2POs — NaPOs + H20 (22)
4CaCOs + 6CaHPOs — Caio(PO4)s(OH)2 + 4CO21 + 2H20 (23)

Ca10(PO4)s(OH)2 + NaPOs — CaNaPOs+ 3Cas(POs4)2 + H2O (24)
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Na2COs + Ca2?207 — 2CaNaPOs + CO21 (25)
CaCQOs + 2NaPOs — Na2CaP:07 + CO21 (26)
NaPQOs + CaCOs — CaNaPOs + CO21 (27)
Na2CaP20y7 + Ca10(PO4)s(OH)2 — CaioNa(POs)7 + CaNaPOs + H20 (28)

According to the TG data, the final mass loss of the CaNa powder after heating to
1000 °C was 40 % (Figure 3a,d). Three peaks can be observed on the mass spectrum curve
for m/Z =18 (Hz20) in the range of 200—400 °C. In this temperature range, thermal decom-
position of calcium citrate tetrahydrate Cas(CsHs0O7)2 - 4H20 with the formation of anhy-
drous calcium citrate Ca3s(CeHs0r)21is possible. The mass loss curve for the sample based
on calcium citrate tetrahydrate, monocalcium phosphate monohydrate, and sodium dihy-
drogen phosphate contains steps characteristic of brushite, namely the conversion of
brushite to monetite (~200°C), and then the conversion of monetite to y-CPP (~400 °C).
The presence of unreacted starting components in the samples (a component taken in ex-
cess) and the accompanying reaction products determine the presence of additional steps
of mass loss and peaks on the curves of the dependence of the ion current on temperature
(Figure 3b). On the mass spectrum curve for m/Z = 44, there is a peak in the range of 200-
495 °C, reflecting the release of COz. Thermal decomposition of anhydrous calcium citrate
Cas(CsHs07)2 with the formation of calcium carbonate CaCOs occurs with heat release ac-
cording to the equation (16) [39].

The carbon formed as a result of this transformation (equation (16)) could not remain
in elemental form at such a high temperature (above 340 °C), especially in the presence of
atmospheric oxygen. Therefore, it must have turned into CO and/or COs. In the tempera-
ture range of 495-680 °C, the following process is observed: MCPM Ca(H2POs)2- H20 pre-
sent in the samples also undergoes a series of transformations, forming calcium polyphos-
phate Ca(POs)2 (equations (17)-(19)). Also, p-CPP -CazP207 phase was formed due to the
interaction of calcium polyphosphate Ca(POs)2 with calcium carbonate CaCOs (equations
(20)).

After annealing of cement-salt stone Ca at 500 °C phase composition of the ceramic
materials was represented by y-CazP207 and y-Ca(POs)2. In the temperature range of 700-
900 °C y-Ca(POs)2 and y-Ca2P207 phases passed into a higher-temperature modifica-
tions (3-Ca(POs)2 and p-Ca2P207). And after firing at 900 °C phase composition included
-Ca2P207 (Figure 4). And after annealing at 1000 °C the phase composition of ceramics
was presented only with 3-Caz2P20r [5].

During the heat treatment of cement-salt stone Na at temperatures of 500 and 700 °C
in addition to the target phase 3-CaNaPOs, hydroxyapatite Ca1(PO4)s(OH)2 was formed.
At 700 °C, in addition to 3-CaNaPOs and Caio(PO4)s(OH)2, phases of double calcium-so-
dium pyrophosphate CaNa:P207 and 3-Cas(POs)2 phases were formed [26]. At 900 °C,
only the target phase 3-CaNaPOs was found (Figure 4).

Heat treatment of cement-salt stone CaNa at a temperature of 500 °C (Figure 5) led
to the formation of a phase composition, which included the 3-CaNaPOs, Caio(PO4)s(OH):,
and y-Caz2P207 phases (equations (15) and (24)). The Cai0(PO4)s(OH)2 phase was formed
due to the interaction of monetite CaHPOs with calcium carbonate CaCOs (equation (23))
which was the product of the calcium citrate Cas(CsHsOr)2 decomposition (equation (16)).
After heat treatment at temperatures of 700 °C and 900 °C, in addition to (3-CaNaPOs,
phases of 3-Caz2P207, double calcium-sodium pyrophosphate Na:CaP>07 and Na-substi-
tuted tricalcium phosphate CawNa(POs)7 phases were noticed. The formation of the
Naz2CaP207phase was due to the possible interaction of the NaPOs melt with calcium oxide
CaCO:s (equation (26)). The CaiwoNa(POs)7 phase was formed as a result of the interaction
of Na2CaP207 with Ca1(PO4)s(OH)2 (equation (28)).
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Figure 4. The XRD of ceramic samples based on cement-salt stone: Na (black-curve), CaNa (red-
curve) and Ca (blue-curve) in the temperature of 900 °C. x—p-CaNaPOs (PDF 29-1193); p—
Na2CaP207 (PDF 48-557); 0— B-CazP207 (PDF 9-346); * —Ca1Na(POs)7 (PDF 45-339).
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Figure 5. The XRD of ceramic samples based on cement-salt stone CaNa in the temperature range
of 500-900 °C. h—Cai0o(POs)s(OH)2 (PDF 74-565), x— B-CaNaPOs (PDF 29-1193); # —Y-CazP207 (PDF
17-499); p—NazCaP207 (PDF 48-557); 0— B-Ca2P207 (PDF 9-346); *—CaiNa(POs)7 (PDF 45-339).

The linear shrinkage of ceramic materials is shown in Figure 6. The linear shrinkage
of the Ca samples was 2.5 % and 3.5 % at 500 °C and 900 °C, respectively. The density of
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ceramics has decreased compared to the density of cement-salt stone. The decrease in the
density of the samples was due to a decrease in the mass of the sample, because of the
decomposition of the components of the cement-salt stone during heating (Figure 7). The
density of Ca samples (Figure 7) increased from 0.52 g/cm? to 0.59 g/cm? with an increase
in firing temperature from 500 °C to 900 °C or from 41.8 % to 60 % relatively to the density
of 3-Ca2P207 equal to 3.09 g/cm? (Figure 8) [5].

The linear shrinkage of the Na samples was 2.7 % and 18.5 % at 500 °C and 900 °C,
respectively (Figure 6). With an increase in firing temperature from 500 °C to 900 °C, the
density of Na samples increased from 0.56 g/cm? to 0.94 g/cm? or from 18 % to 30.2% rel-
atively to the density of 3-CaNaPOs equal to 3.11 g/cm? [26].

The linear shrinkage of the CaNa samples was 4.4 % and 20.1 % at 500 °C and 900 °C,
respectively (Figure 6). The density of CaNa samples increased from 0.9 g/cm? to 1.43
g/cm? or from 30.9 % to 49.1 % relatively to the theoretical density of the ceramic sample
calculated additively from the proportion of the following phases (3-CazP207 (0=3.09
g/cm?), p-CaNaPOs (0=3.11 g/cm?®), Na:CaP207 (0=2.24 g/cm?®) and CaiNa(POs)7 (0=3.02
g/cm3).
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Figure 6. Linear shrinkage of ceramic samples obtained by annealing of cement-salt stone in the
temperature range of 500-900 °C.
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Figure 7. Density of ceramic materials, obtained by annealing of cement-salt stone in the tempera-
ture range of 500-900 °C.
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Figure 8. Relative density of ceramic samples, obtained via annealing of cement-salt stone in the
temperature range of 500-900 °C.

Figure 9 shows the temperature dependence of compressive and bending strengths
of CaNa ceramic materials.
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Figure 9. The compressive and bending strengths of the CaNa ceramic samples after
annealing at temperature range of 500-900 °C.

The compressive strength of Ca ceramic samples increased from 3.9 to 17.3 MPa and
bending strength from 2.5 to 5.0 MPa increasing temperature from 600 °C to 1000 °C [5].
The compressive strength of Na ceramic samples increased from 3.5 to 10.3 MPa and bend-
ing strength from 2.5 to 3.6 MPa with increasing temperature from 500 °C to 900 °C [26].
The compressive strength of CaNa ceramic samples increase from 3.7 to 11.9 MPa and
bending strength from 0.6 to 3.8 MPa with increasing temperature from 500 °C to 900 °C.
This compressive and bending strength increasement is associated with the process of
liquid-phase sintering, leading to the formation of more durable contacts between grains.
The highest strength was in the Ca sample, the lowest is in the Na sample. Low strength
is associated with a phase transition from (-CaNaPOs to a-CaNaPOs. However, the
strength of all samples is sufficient for surgical applications and for the treatment of bone
tissue defects [40].

The SEM images of the Ca, CaNa, Na ceramic samples after firing at temperatures of
500 °C, 700 °C and 900 °C are shown in Figure 10.

() 500 °C ' (b) 700 °C
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(c) 900 °C
Figure 10. The SEM images of ceramic CaNa samples based on cement-salt stone prepared from

powder mixture of calcium citrate tetrahydrate, MCPM, and sodium dihydrogen phosphate, after
firing at temperatures of 500 °C (a), 700 °C (b), and 900 °C (c).

With an increase in the firing temperature, the grain size increases and the micro-
structure of ceramics changed. Spherical grains of 0.5-2 um in size were found in a sample
of CaNa ceramic material fired at a temperature of 500 °C. The spherical grains sintered,
forming a porous microstructure. The microstructure of the ceramic material CaNa fired
at 700 °C was represented by spherical grains with a size in the range 1-2 um. The CaNa
sample fired at 900 °C was distinguished by bigger crystals with a size in the range of 1-5
pm.

The microstructure of the obtained Ca, CaNa and Na ceramic samples after firing at
900 °C are shown in Figure 11.

(.;1) Ca (b) CaNa
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(c) Na

Figure 11. The SEM images of ceramic samples based on cement-salt stone: Ca (a), CaNa (b), and
Na (c), after firing at a temperature of 900 °C.

With an increase in the heat treatment temperature, the sintering of the samples pro-

ceeds more efficiently. The elimination of pores and the growth of grains take place. The
grains size of Ca sample of ceramic was 1-2 pum when fired at 900 °C (Ca), while the grain
sizes for the other samples was 1-3 pm (Na) and 1-5 pm (CaNa) when fired at 900 °C.

4. Conclusions

1.

In the present work, an approach to obtaining bioresorbable ceramic materials in
Na20-CaO-P:20s system with a given phase composition, including (3-CPP 3-CazP20y,
sodium rhenanite CaNaPOs, double calcium-sodium pyrophosphate Na:CaP>0O7, and
Na-substituted tricalcium phosphate CawNa(POs)7 was obtained by firing cement-
salt stone from a powder mixture including calcium citrate tetrahydrate Cas(CeHs07)2
- 4H>0, MCPM Ca(H2PO4)2 - H20 and sodium dihydrogen phosphate NaH2POs. This
approach involved the preparation of a powder mixtures with a given molar ratios
of Na:Ca:P = 0:1:1(Ca), Na:Ca:P = 0,5:0,5:1(CaNa), Na:Ca:P = 1:1:1(Na), which were
capable of entering into a chemical reaction; molding samples of cement-salt stone;
and firing samples of cement-salt stone to obtain ceramics.

The phase composition of Ca and Na cement-salt stone samples was represented by
brushite (CaHPOs: - 2H20), monetite (CaHPOs4) and unreacted Cas(CsHs0r7)2 - 4H20,
Ca(H2POs)2 - H20 and NaH2POs respectively. CaNa cement-salt stone samples were
prepared from a powder mixture with a molar ratio of Na:Ca:P = 0,5:0,5:1, including
calcium citrate tetrahydrate Cas(CeHs0O7)2 - 4H.0, MCPM Ca(H2POs)2 - H20 and so-
dium dihydrogen phosphate NaH2POa. The phase composition of cement-salt stone
samples based on Cas(CeHsO7)2 - 4H20, Ca(H2PO4)2 - H20 and NaH2POs was repre-
sented mainly by brushite CaHPOs - 2H20, monetite CaHPOs, as well as unreacted
Ca(H2POs4)2- H20, NaH2PO4 and Cas(CeHs07)2 - 4H20.

After annealing of cement-salt stone Ca at 500 °C phase composition of the ceramic
materials was represented by y-Ca2P207 and y-Ca(POs)2. In the temperature range of
700-900 °C y-Ca(POs)2 and y-Ca:P207 phases passed into a higher-temperature
modifications ($-Ca(POs)2 and p-Caz2P207). And after annealing at 1000 °C the phase
composition of ceramics was presented only with 3-Ca2P20y.

During the heat treatment of cement-salt stone Na at temperatures of 500 and 700 °C
in addition to the target phase p-CaNaPOs hydroxyapatite Caio(PO4)s(OH)2 was
formed. At 700 °C, in addition to -CaNaPOs and Cai0(PO4)s(OH)2, phases of double
calcium-sodium pyrophosphate CaNa2P207 and 3-Cas(POa)2 phases were formed. At
900 °C, only the target phase 3-CaNaPOs was found.

Heat treatment of cement-salt stone CaNa at a temperature of 500°C led to the for-
mation of a phase composition, which included the 3-CaNaPOs, Ca1(POs)s(OH)2, and
v-CazP207 phases. At temperatures of 700 °C and 900 °C, in addition to -CaNaPOs,
phases of B-Caz2P207, double calcium-sodium pyrophosphate Na:CaP:07 and Na-
substituted tricalcium phosphate CaiNa(PO4)7 phases were formed in minor quanti-
ties.

The density of Ca samples increased from 0.52 g/cm? to 0.59 g/cm? with an increase
in firing temperature from 500 °C to 900 °C or from 41.8 % to 60 % relatively to the
density of 3-CazP207 equal to 3.09 g/cm?. The shrinkage of the Ca samples was 2.5 %
and 3.5 % at 500 °C and 900 °C, respectively.

With an increase in firing temperature from 500 °C to 900 °C, the density of Na sam-
ples increased from 0.56 g/cm? to 0.94 g/cm? or from 18 % to 30.2% relatively to the
density of p-CaNaPOsequal to 3.11 g/cm?. The shrinkage of the Na samples was 2.7
% and 18.5 % at 500 °C and 900 °C, respectively.
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The density of CaNa samples increased from 0.9 g/cm? to 1.43 g/cm? or from 28.9 %
to 45.9 % relatively to the density of 3-CaNaPOs equal to 3.11 g/cm?. The shrinkage
of the CaNa samples was 4.4 % and 20.1 % at 500 °C and 900 °C, respectively.

5. Thus, ceramic materials in Na20-CaO-P20s system developed here, consisting of bi-
ocompatible and bioresorbable 3-CPP (-Ca2P207, 3-sodium rhenanite 3-CaNaPOs,
double calcium-sodium pyrophosphate Na:2CaP207, and Na-substituted tricalcium
phosphate CaioNa(POs)7 phases can be used in regenerative methods for the treat-
ment of bone tissue defects.
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