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Abstract: Fine powders of brushite CaHPO4·2H2O, ardealite Ca(HPO4)x(SO4)1−x·2H2O (Ca(HPO4)0.5

(SO4)0.5·2H2O), and calcium sulfate dihydrate CaSO4·2H2O—all containing sodium chloride NaCl
as a reaction by-product—were synthesized from 0.5M aqueous solution of calcium chloride CaCl2,
sodium hydrophosphate Na2HPO4 and/or sodium sulfate Na2SO4. Powder of ardealite Ca(HPO4)x

(SO4)1−x·2H2O (Ca(HPO4)0.5(SO4)0.5·2H2O) was synthesized by precipitation from aqueous solu-
tion of calcium chloride CaCl2 and mixed-anionic solution simultaneously containing the hydro-
gen phosphate anion HPO4

2− (Na2HPO4) and sulfate anion SO4
2− (Na2SO4). Sodium chloride

NaCl, presenting in compacts based on synthesized powders of brushite CaHPO4·2H2O, ardealite
Ca(HPO4)x(SO4)1−x·2H2O (Ca(HPO4)0.5(SO4)0.5·2H2O) and calcium sulfate dihydrate CaSO4·2H2O,
was responsible for both low-temperature melt formation and the creation of phase composition of ce-
ramics. Heterophase interaction of components led to the resulting phase composition of the ceramic
samples during heating, including the formation of chlorapatite Ca5(PO4)3Cl in powders of brushite
and ardealite. The phase composition of the ceramics based on the powder of brushite CaHPO4·2H2O
containing NaCl as a by-product after firing at 800–1000 ◦C included β-Ca2P2O7, and Ca5(PO4)3Cl.
The phase composition of ceramics based on the powder of ardealite Ca(HPO4)x(SO4)1−x·2H2O
(Ca(HPO4)0.5(SO4)0.5·2H2O) containing NaCl as a by-product after firing at 800 and 900 ◦C included
β-Ca2P2O7, CaSO4, and Ca5(PO4)3Cl; after firing at 1000 ◦C, it includedCaSO4, Ca5(PO4)3Cl and
Ca3(PO4)2/Ca10Na(PO4)7, and after firing at 1100 ◦C, it included CaSO4 and Ca5(PO4)3Cl. The phase
composition of ceramics based on powder of calcium sulfate dihydrate CaSO4·2H2O containing NaCl
as a by-product after firing at 800–1100 ◦C included CaSO4 as the predominant phase. The phase
composition of all ceramic samples under investigation consisted of biocompatible crystalline phases
with different abilities to biodegrade. For this reason, the created ceramics can be recommended for
testing as materials for treatment of bone defects using regenerative medicine methods.

Keywords: brushite; calcium sulfate dihydrate; mixed-anionic solution; ardealite; sodium chloride;
calcium pyrophosphate; chlorapatite; calcium sulfate anhydrite

1. Introduction

Biocompatible resorbable ceramic materials are currently of considerable interest,
especially for the treatment of bone defects using regenerative medicine methods [1,2]. For
the implementation of regenerative medicine methods, ideal bone implants placed in bone
defects should gradually dissolve in the body environment, providing necessary ions for
bone tissue reconstruction and performing its supporting functions, while new bone tissue
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should form in its place. The leading place among the variety of biocompatible inorganic
materials belongs to those based on calcium phosphates [3]. Additionally, inorganic materi-
als based on calcium carbonates [4–6] and calcium silicates [7–10], calcium sulfates [11–14],
or containing calcium sulfates in combinations with calcium phosphates [15–19] have been
the focus of investigations.

Since ideal ceramic material for the treatment of bone defects has not yet been created,
research on the creation of new biomaterials is ongoing. Biocompatible anions and cations
presenting in living organisms, such as HPO4

2−, CO3
2−, SiO4

4−, SO4
2−, Cl−, Ca2+, Mg2+,

Sr2+, Na+, K+, etc., have inspired the creation of biocompatible materials with tunable
properties such as osteoinduction and bioresorbability [20]. Ceramics containing phases of
β-calcium pyrophosphate [21,22] and calcium sulfate anhydrite [23–27] could potentially
demonstrate both biocompatibility and resorption ability. The phase of calcium sulfate
anhydrite CaSO4 is usually introduced in ceramic materials in order to control the limit
and rate of resorption of materials intended for the treatment (temporary compensation) of
bone tissue defects in the process of their restoration [28].

To prepare β-calcium pyrophosphate ceramics, the following powder precursors can
be used: brushite CaHPO4�2H2O [29–31], monetite CaHPO4 [32,33], hydrated calcium py-
rophosphate Ca2P2O7�xH2O [34], calcium pyrophosphate Ca2P2O7, and different powder
mixtures [35] or calcium phosphate cement stones [36–38] with molar ratio Ca/P = 1.

To prepare calcium sulfate anhydrite ceramics, the following powder precursors can
be used: calcium sulfate dihydrate [23], calcium sulfate hemihydrate [11,12], and calcium
sulfate anhydrite [27]. Calcium sulfate hemihydrate is known to be a starting powder for
chemically bonded calcium sulfate dihydrate cement stone. Ceramics based on calcium
sulfate anhydrite can be obtained via the firing of calcium sulfate dihydrate cement or
cement-salt stone, also in the form of 3D-printed pre-ceramic items [39].

To create ceramics with a uniform microstructure and phase arrangement, it is neces-
sary to use fine powders with high sinterability and homogeneity of components. Such
fine powders can be prepared via precipitation from solutions and suspensions, including
highly loaded ones for the preparation of powder blanks [36–38]. Water solutions of dif-
ferent soluble calcium salts (nitrate, chloride, acetate, lactate, etc.) or water suspensions
of fine particles of calcium compounds (hydroxide, citrate, carbonate) with low solubility
can be used in both the synthesis of calcium phosphates [32] and the synthesis of calcium
sulfates [40]. Water solutions of pyrophosphoric or orthophosphoric acids, or the soluble
salts of ammonium, sodium, or potassium of these acids, can be used for the synthesis
of calcium phosphates. Water solutions of sulfur acid or soluble ammonium, sodium or
potassium sulfates can be used for calcium sulfate syntheses.

From the point of view of high-quality ceramics preparation, in an ideal case, starting
powder with an appropriate homogeneity that is characteristic of quasi-amorphous [41,42]
or monophase powder should be used. Powder of octacalcium phosphate (Ca/P = 1.33)
is probably a unique example of synthetic monophase powder for the creation of bio-
compatible composite ceramics [43]. This powder can be used for the preparation of
composite bi-phase ceramics containing tricalcium phosphate Ca3(PO4)2 (Ca/P = 1.5)
and β-calcium pyrophosphate β-Ca2P2O7 (Ca/P = 1) [44]. Syntheses from mixed-anionic
HPO4/CO3 [45–48], P2O7/CO3 [49], HPO4/P2O7 [50], HPO4/SiO3 [51], CO3/SO4 [52],
HPO4/SO4 [53] or mix-cationic K/Na [54] aqueous solutions make it possible to prepare
amorphous powders or powders containing crystalline target and by-product phases with
high homogeneity for bioceramics production. Homogeneous powder mixtures can be
prepared through the preservation of reaction by-products as components of the powder
mixture during synthesis via the precipitation and separation of the precipitate from the
mother liquor without washing the precipitate [51,54,55]. Sodium [51,56–58] or potas-
sium [59–62] salts have been reported as the preserved by-products in such powders
for the production of bioceramics, as components taking part in the formation of phase
composition at further firing stages.
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Ardealite Ca(HPO4)0.5(SO4)0.5·2H2O powder can be considered a monophase highly
homogeneous precursor of a ceramic composite material containing phases of calcium
pyrophosphate Ca2P2O7 and calcium sulfate anhydrite CaSO4. To synthesize powder
of ardealite Ca(HPO4)0.5(SO4)0.5·2H2O via precipitation, different combinations of start-
ing salts or other compounds can be used. These combinations should include soluble
calcium compounds (above all, salts), as well as soluble sulfates and phosphates. For
example, in order to characterize the mineral, ardealite has been synthesized from 0.5 M
aqueous solution CaCl2 and Na2HPO4/(NH4)2SO4 [63,64]. Ardealite has also been syn-
thesized using Ca(OH)2, Na2HPO4·12H2O, and Na2SO4 as starting materials [65]. The
link between brushite CaHPO4·2H2O and gypsum Ca(SO4)2·2H2O and the possibility
of formation of solid solutions based on ardealite have been studied during synthesis
from aqueous solution of Na2SO4 and H3PO4 of different concentrations and at different
SO4

2−/HPO4
2− ratios [66]. These solutions were mixed with each other in the molar ratio

of Ca/(P + S) = l. Ardealite can be synthesized as a mineral of cement stone prepared from
a powder mixture of β-tricalcium phosphate Ca3(PO4)2 and calcium sulfate hemihydrate
CaHPO4·0.5H2O [67]. Additional information about crystal structure of ardealite can be
found in articles devoted to construction materials and minerals present in nature [68,69].

In a series of earlier studies [45,49–51] we showed that synthesis from mixed-anionic
solutions makes it possible to prepare an amorphous powder with proper homogeneity of
distribution of precursors of high-temperature phases in ceramic material. In this research,
we further develop the considered approach in respect to the synthesis of powder from
mixed-anionic solution containing HPO4

2− and SO4
2− anions.

As shown in our previous studies [51,54–62], preservation of by-products in the
synthesized powder can also be treated as an approach through which to achieve good
homogeneity of starting components in powder mixture. In a continuation of this research,
this paper presents the considered approach in respect to preservation of NaCl as reaction
by-product in the synthesized powders.

It should be noted that due to crystal structure identity synthesis from mixed-anionic
solution containing HPO4

2− and SO4
2− anions makes it possible to prepare monophase

mineral ardealite. The advantages of ardealite, as a monophase powder with a highly
uniform distribution of precursors of phases of biocompatible and bioresorbable ceram-
ics such as β-calcium pyrophosphate β-Ca2P2O7 and calcium sulfate anhydrite CaSO4,
have still not been leveraged or reported on in studies published to date. The aim of this
investigation consisted of the synthesis of ardealite powder for production of ceramics
including biocompatible and bioresorbable phases of β-calcium pyrophosphate β-Ca2P2O7
and calcium sulfate anhydrite CaSO4. Solutions of calcium chloride CaCl2, sodium hydro-
gen phosphate Na2HPO4, and sodium sulfate Na2SO4 were used in present investigation.
The above-mentioned approach of preserving reaction by-products (NaCl in this work) in
synthesized powder as a method to prepare the starting homogeneous powder mixture for
ceramics production was also used. All ions intended to take part in the powder synthesis
and ceramics preparation were biocompatible. In addition, this fact gave us the hope of
preparing new biocompatible ceramic materials for treatment of bone defects.

2. Materials and Methods
2.1. Powders and Ceramic Samples Preparation

Water solutions of calcium chloride CaCl2 (CaCl2.6H2O, CAS No.: 7774-34-7, Sigma-
Aldrich, St. Louis, MO, USA, puriss. p.a. ≥ 98%), sodium sulfate Na2SO4 (CAS No.: 7757-82-6,
Sigma-Aldrich, St. Louis, MO, USA, puriss. p.a. ≥ 99%), and sodium hydrophosphate
Na2HPO4 (CAS No.: 7558-79-4, Sigma-Aldrich, St. Louis, MO, USA, puriss. p.a. ≥ 99%)
were used for the syntheses of powders. Labeling of syntheses, concentrations of solutions,
volumes of solutions, and molar ratios of components used in each synthesis are presented
in Table 1.
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Table 1. Synthesis conditions and labeling of the samples.

Labeling of the
Samples (Solutions,
Powders, Ceramics)

Concentrations and Volumes of Aqueous Solutions
Molar Ratio of Salts in

the Synthesis
Ca-Containing Solution Na-Containing Solution

CaCl2 Volume Na2HPO4 Na2SO4 Volume

PO4 0.5 M 300 mL 0.5 M 0 300 mL [CaCl2]/[Na2HPO4] = 1:1

PO4_SO4 0.5 M 300 mL 0.25 M 0.25 M 300 mL [CaCl2]/[Na2HPO4]/[Na2SO4]
= 1:0.5:0.5

SO4 0.5 M 300 mL 0 0.5 M 300 mL [CaCl2]/[Na2SO4] = 1:1

The synthesis of the powders was carried out at room temperature. Solutions of
the sodium salts (Na2HPO4, Na2HPO4/Na2SO4, Na2SO4) were poured into solutions of
calcium chloride CaCl2. The resulting suspensions of precipitate in the mother liquors
after the addition of Na+ solutions were kept in the magnetic stirrer for a period of 30 min.
The precipitates were filtered out on the Buchner funnel under reduced pressure. After
filtration synthesized products were dried by evenly distributing in a thin layer over the
surface of plastic trays for seven days in the air at room temperature. The mother liquors
were also collected and dried for isolation and investigation of the reaction by-products.

Then, after drying, synthesized powders PO4, PO4_SO4, SO4 were disaggregated in a
planetary mill (Fritch Pulverisette, Idar-Oberstein, Germany) in acetone medium for 15 min
at a rotation speed of 600 rpm. Containers and grinding media made from zirconia were
used. Then, 10 g of powder and 50 g of grinding media were taken for each sample. After
acetone evaporated dry powders were passed through the sieve with 200 µm mesh.

Pre-ceramic powder compacts in the form of discs with a diameter of 12 mm and a
height of 2–3 mm were made from a prepared powders using a steel mold and a manual
press (Carver Laboratory Press model C, Fred S. Carver, Inc., Wabash, IN, USA) at 100 MPa.
Then, pre-ceramic powder compacts were fired in the air in a furnace at 800 ◦C, 900 ◦C,
1000 ◦C, and 1100 ◦C, with exposure at the specified temperatures for 2 h (the heating rate
of the furnace was 5 ◦C/min).

2.2. Characterization of Samples

The bulk density of the powders after synthesis and after disaggregation was deter-
mined as mass of 1 cm3 of powder volume. Density of green powder compacts and sintered
ceramic samples was calculated from the measured mass and volume based on geometry di-
mensions of the specimens. The phase composition of the powders after synthesis, powders
after disaggregation and ceramic samples after heat treatment at 800 ◦C, 900 ◦C, 1000 ◦C,
and 1100 ◦C was determined by X-ray powder diffraction (XRD) analysis using a Rigaku
D/MAX 2500 diffractometer (Rigaku Corporation, Tokyo, Japan), CuKα radiation, with
an angle interval 2Θfrom 2◦ to 70◦ (step 2Θ−0.02◦). Phase analysis was performed using
the ICDD PDF2 database [70] and Match! software (https://www.crystalimpact.com/,
accessed on 11 February 2023). The content of phases in products isolated from the mother
liquor was determined using Match! software. Infrared spectra were collected using
Spectrum Three FTIR spectrometer (Perkin Elmer, Waltham, MA, USA) in attenuated total
reflectance mode in the wavenumber range of 520–4000 cm−1 with Universal ATR acces-
sory (diamond/KRS-5 crystal). The bands in spectra were attributed on the basis of the
literature [71]. Thermal analysis (TA) was performed to determine the total mass loss of
the synthesized powders at heating up to 1000 ◦C in the air using Netzsch STA 409 PC
Luxx thermal analyzer (NETZSCH, Selb, Germany). The sample weight was at least 10 mg.
The gas phase composition was monitored by the quadrupole mass spectrometer QMS 403
Quadro (NETZSCH, Selb, Germany) combined with a thermal analyzer Netzsch STA 409
PC Luxx. The mass spectra (MS) were registered for the following m/Z values: 18 (H2O);
64 (SO2); the heating rate was 10 ◦C/min. The thermogravimetric weight loss curve
(TG, mg) and the weight loss derivative curve (DTG, arb. units) were recorded as a function
of time and temperature. The specimens’ microstructure was studied using a SUPRA

https://www.crystalimpact.com/
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50 VP scanning electron microscope (Carl Zeiss, Oberkochen, Germany); the imaging was
performed in a low vacuum mode at an accelerating voltage of 3–21 kV (SE2 detector). The
surface of the powders and ceramics was coated with a layer of chromium (up to 10 nm).

3. Results and Discussion

According to XRD data (Figure 1a), the phase composition of powder PO4 synthe-
sized from calcium chloride CaCl2 and sodium hydrophosphate Na2HPO4 consisted of
brushite CaHPO4·2H2O (card PDF 21-816) as the dominating phase, and monetite CaHPO4
(card PDF 9-80) and sodium chloride NaCl (card PDF 5-628). The phase composition of
powder SO4 synthesized from calcium chloride CaCl2 and sodium sulfate Na2SO4 con-
sisted of calcium sulfate dihydrate CaSO4·2H2O and sodium chloride NaCl. The phase
composition of powder PO4_SO4 synthesized from CaCl2 and mixed-anionic solution
of sodium hydrophosphate Na2HPO4 and sodium sulfate Na2SO4 consisted of hydrated
mixed calcium phosphate sulfate Ca(HPO4)x(SO4)1−x·2H2O (according WinXPOW, card
PDF 46-657) or ardealite Ca(HPO4)0.5(SO4)0.5·2H2O (according to Match, card 96-900-0654)
and sodium chloride NaCl. The XRD graphs of brushite CaHPO4·2H2O and calcium
sulfate dihydrate CaSO4·2H2O look very much similar, and this can be treated as a sign
of a well-known similarity of their crystal structures. 2Θ for 100% peaks of these miner-
als are also very close (Figure 1b): 11.73 for CaHPO4·2H2O, 11.84 for CaSO4·2H2O and
11.59 for Ca(HPO4)x(SO4)1−x·2H2O (Ca(HPO4)0.5(SO4)0.5·2H2O). Therefore, the synthesis
of ardealite can take place when mixed-anionic solution containing SO4

2− and HPO4
2−

is used.
The chemical reactions ((1)–(3)) taking place during synthesis are presented below.

Na2HPO4 + CaCl2 + 2H2O = CaHPO4·2H2O + 2NaCl (1)

0.5Na2HPO4 + 0.5Na2SO4 + CaCl2 + 2H2O = Ca(HPO4)0.5(SO4)0.5·2H2O + 2NaCl (2)

Na2SO4 + CaCl2+2H2O = CaSO4·2H2O + 2NaCl (3)

XRD data of products isolated from mother liquors are presented in Figure 2.
According to the XRD data, the products isolated from the mother liquors (Figure 2)

of synthesis by means of Reaction (1) between aqueous solutions of CaCl2 and Na2HPO4
consisted of sodium chloride NaCl; those isolated from the mother liquor of synthesis by
means of Reaction (2) between aqueous solutions of CaCl2 and Na2HPO4/Na2SO4 con-
sisted of sodium chloride NaCl (89.9 wt.%) and CaSO4·2H2O (11.1 wt.%); and those isolated
from the mother liquor of synthesis by means of Reaction (3) between aqueous solutions
of CaCl2 and Na2SO4 consisted of sodium chloride NaCl (54.8 wt.%) and CaSO4·2H2O
(45.2 wt.%). The composition of products isolated from the mother liquors were estimated
using Match! software (Table 2).

The presence of CaSO4·2H2O in products isolated from the mother liquors PO4_SO4
and SO4 can be explained by the quite good solubility of this mineral in water [72]. The
soluble products present in the mother liquor can be retained on the surface of the particles
of insoluble products formed during synthesis, or can be occluded in the space between
synthesized particles at the stage of filtration. The presence of CaSO4·2H2O in products
isolated from PO4_SO4 mother liquor indicates the slight deviation from the set molar ratio
value of [PO4]/[SO4] = 1 determined according to Reaction (2). The possibility of achieving
solid solutions based on ardealite has been discussed previously as being possible in both
the sulfate-rich and phosphate-rich regions of the composition [66].

The XRD data of synthesized powders after disaggregation in acetone are presented
in Figure 3.
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the mother liquor of synthesis by means of Reaction (3) between aqueous solutions of 
CaCl2 and Na2SO4 consisted of sodium chloride NaCl (54.8 wt.%) and CaSO4·2H2O (45.2 
wt.%). The composition of products isolated from the mother liquors were estimated us-
ing Match! software (Table 2). 

Table 2. The composition of the products isolated from the mother liquors after separation of the 
precipitate, wt. % **. 

Sample NaCl CaSO4·2H2O 
PO4 100.0 - 

PO4_SO4 89.9 11.1 
SO4 54.8 45.2 

** Match! software (https://www.crystalimpact.com/, accessed on 11 February 2023) was used. 

The presence of CaSO4·2H2O in products isolated from the mother liquors PO4_SO4 
and SO4 can be explained by the quite good solubility of this mineral in water [72]. The 
soluble products present in the mother liquor can be retained on the surface of the parti-
cles of insoluble products formed during synthesis, or can be occluded in the space be-
tween synthesized particles at the stage of filtration. The presence of CaSO4·2H2O in prod-
ucts isolated from PO4_SO4 mother liquor indicates the slight deviation from the set mo-
lar ratio value of [PO4]/[SO4] = 1 determined according to Reaction (2). The possibility of 
achieving solid solutions based on ardealite has been discussed previously as being pos-
sible in both the sulfate-rich and phosphate-rich regions of the composition [66]. 

Figure 2. XRD data of products isolated from mother liquors formed during synthesis from aqueous
solution of calcium chloride CaCl2 and sodium sulfate Na2SO4 (green line); from aqueous solution
of calcium chloride CaCl2 and sodium hydrophosphate Na2HPO4 (black line); as well as from
aqueous solution of calcium chloride CaCl2 and mixed-anionic solution Na2HPO4/Na2SO4 (red line):
*—CaSO4·2H2O (card PDF 21-816); N—NaCl (card PDF 5-628).

Table 2. The composition of the products isolated from the mother liquors after separation of the
precipitate, wt. % **.

Sample NaCl CaSO4·2H2O

PO4 100.0 -
PO4_SO4 89.9 11.1

SO4 54.8 45.2
** Match! software (https://www.crystalimpact.com/, accessed on 11 February 2023) was used.

The phase composition of the PO4_SO4 and SO4 powders did not change, and in-
cluded, in addition to sodium chloride NaCl, ardealite Ca(HPO4)0.5(SO4)0.5·2H2O (PO4_SO4)
and calcium sulfate dihydrate CaSO4·2H2O (SO44). The phase composition of PO4 powder
after disaggregation in acetone included sodium chloride NaCl and monetite CaHPO4,
which was formed from metastable brushite CaHPO4·2H2O according to Reaction (4).

CaHPO4·2H2O = CaHPO4 + 2H2O (4)

The compositions of the synthesized powders after disaggregation were estimated
using Match! software (Table 3).

https://www.crystalimpact.com/
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Figure 3. XRD data of powders synthesized from aqueous solution of calcium chloride CaCl2 and 
sodium sulfate Na2SO4 (green line); from aqueous solution of calcium chloride CaCl2 and sodium 
hydrophosphate Na2HPO4 (black line); and from aqueous solution of calcium chloride CaCl2 and 
mixed-anionic solution Na2HPO4/Na2SO4 (red line) after disaggregation in acetone: *—CaSO4·2H2O 
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The phase composition of the PO4_SO4 and SO4 powders did not change, and in-
cluded, in addition to sodium chloride NaCl, ardealite Ca(HPO4)0.5(SO4)0.5·2H2O 
(PO4_SO4) and calcium sulfate dihydrate CaSO4·2H2O (SO44). The phase composition of 
PO4 powder after disaggregation in acetone included sodium chloride NaCl and monetite 
CaHPO4, which was formed from metastable brushite CaHPO4·2H2O according to Reac-
tion (4). 

CaHPO4·2H2O = CaHPO4 + 2H2O (4) 

The compositions of the synthesized powders after disaggregation were estimated 
using Match! software (Table 3). 
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Powder Composition 

CaHPO4 CaSO4·2H2O Ca(HPO4)0.5(SO4) 0.5·2H2O NaCl 
PO4 83.4 - - 16.6 

PO4_SO4  - 72.5 27.5 
SO4 - 98.1 - 1.9 

On the basis of these data, the quantity of sodium chloride NaCl captured as by-
product in the synthesized powders after disaggregation can be estimated to be noticeable 
for the PO4 and PO4_SO4 samples. 

In Figure 4, the FTIR spectra of the samples after disaggregation are presented. In the 
spectrum of the PO4 sample, the characteristic bands of phosphate groups are present. 

Figure 3. XRD data of powders synthesized from aqueous solution of calcium chloride CaCl2 and
sodium sulfate Na2SO4 (green line); from aqueous solution of calcium chloride CaCl2 and sodium
hydrophosphate Na2HPO4 (black line); and from aqueous solution of calcium chloride CaCl2 and
mixed-anionic solution Na2HPO4/Na2SO4 (red line) after disaggregation in acetone: *—CaSO4·2H2O
(card PDF 21-816); N—NaCl (card PDF 5-628); v—Ca(HPO4)x(SO4)1−x·2H2O (PDF card 46-657);
Ca(HPO4)0.5(SO4)0.5·2H2O (Match card 96-900-0654);ω—CaHPO4 (кapтoчкa PDF 9-80).

Table 3. Composition of synthesized powders after disaggregation, wt. %.

Sample
Powder Composition

CaHPO4 CaSO4·2H2O Ca(HPO4)0.5(SO4) 0.5·2H2O NaCl

PO4 83.4 - - 16.6
PO4_SO4 - 72.5 27.5

SO4 - 98.1 - 1.9

On the basis of these data, the quantity of sodium chloride NaCl captured as by-
product in the synthesized powders after disaggregation can be estimated to be noticeable
for the PO4 and PO4_SO4 samples.

In Figure 4, the FTIR spectra of the samples after disaggregation are presented. In the
spectrum of the PO4 sample, the characteristic bands of phosphate groups are present. The
bands at 1126, 1063, 995, 891 cm−1 can be attributed to valence vibrations, while the band at
554 cm−1 can be attributed to deformation vibrations of P-O bands in the phosphate group.
In the spectrum of the SO4 sample, the bands of sulphate groups can be observed: the
peak at 1106 cm−1 corresponds to valence vibrations, while the peaks at 667 and 596 cm−1

correspond to deformation vibrations. Additionally, in the spectrum of the SO4 sample, the
bands of OH bonds can be observed (3526 and 3394 cm−1—valence vibrations; 1686 and
1622 cm−1—deformation vibrations). The spectrum of the PO4_SO4 sample contains the
bands of both sulphate and phosphate groups. The bands are slightly shifted, indicating
the formation of an ardalite structure, as observed in the XRD patterns (Figures 1 and 3).
The FTIR spectra of the powders prepared in this work have some features in common
with those of powders prepared in previous work [63].
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Figure 4. FTIR spectra of the samples after disaggregation in acetone.

Figure 5 shows micrographs of powders after synthesis and disaggregation. Particles
of PO4 powder after synthesis (CaHPO4·2H2O according to XRD data, Figure 1) had a
plate-like morphology and dimensions of 1–5 µm. After disaggregation, particles of PO4
(CaHPO4) powder had a plate-like morphology and dimensions not bigger than 1 µm. The
mechanical impact of grinding media and the dehydration process are probable reasons
for the decrease in particle size. Powder SO4 (CaSO4·2H2O, according to the XRD data,
Figure 1) after synthesis consisted of plate-like (4–8 µm) and column-like particles (2–8 µm).
After disaggregation, fractions of smaller plate-like (4–8 µm) and columnar-like (2–8 µm)
particles increased in SO4 powder. The PO4_SO4 powder consisted of aggregates (2–4 µm)
of equiaxed particles with dimensions 100-300 nm. After treatment in acetone medium
using a planetary mill, particle aggregates mainly had dimensions of about 2 µm. After
disaggregation, the dimensions of the particles and aggregates were smaller in all powders
under investigation. Particle morphology and the size of powders under investigation
(Figure 5) correlated well with the estimated by-product quantities (Table 1). The larger
the particle size and the lower the specific surface area, the lower the quantity of captured
by-product. Similar correlations have been observed in previous work [51].

The bulk density of synthesized powders and powders after disaggregation, as well
as the density of pre-ceramic samples after pressing at 100 MPa, are presented in Table 4.

Table 4. Bulk density of powders after synthesis and disaggregation in acetone, as well as the density
of samples after pressing at 100 MPa (g/cm3).

Sample Powder after
Synthesis

Powder after
Disaggregation

Pre-Ceramic
Sample after
Pressing at

100 MPa

Densification,
Degree

PO4 0.78 0.34 1.68 1.68/0.34 = 4.9
PO4_SO4 0.55 0.44 1.34 1.34/0.44 = 3.0

SO4 0.42 0.37 1.50 1.50/0.37 = 4.1
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Figure 5. SEM images of powders after synthesis (left column, (a,c,e)) and after disaggregation in 
acetone (right column (b,d,f)). 
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Powder after 
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Densification, 
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PO4 0.78 0.34 1.68 1.68/0.34 = 4.9 
PO4_SO4 0.55  0.44 1.34 1.34/0.44 = 3.0 

SO4 0.42 0.37 1.50 1.50/0.37 = 4.1 

Figure 5. SEM images of powders after synthesis (left column, (a,c,e)) and after disaggregation in
acetone (right column (b,d,f)).

The micrographs (Figure 4) and the bulk density of the powders (Table 4) indicate that
disaggregation in acetone medium leads to a decrease in particle size and to a decrease in
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the bulk density of the powders. PO4 powder demonstrated the best tendency towards den-
sification. After pressing at 100 MPa, the density of the PO4 pre-ceramic powder samples
increased by 4.9 times compared to the bulk density of the powders after disaggregation,
which was probably due to the plate-like morphology of particles. The density of the SO4
pre-ceramic powder samples was 4.1 times greater than the bulk density of the powder
after disaggregation. The PO4_SO4 powder demonstrated the lowest tendency towards
densification, with the bulk density of the powder being only 3 times lower than the density
of the pre-ceramic powder samples.

Thermogravimetry (TG) curves for the synthesized powders are shown in Figure 6.
Differential scanning calorimetry (DSC) curves and MS curves of evolving gases with
m/Z = 18 (H2O) and m/Z = 64 (SO2) for the synthesized powders are shown in Figure 7.
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Figure 6. TG curves of powders synthesized from aqueous solution of calcium chloride CaCl2 and 
sodium sulfate Na2SO4 (green line); from aqueous solution of calcium chloride CaCl2 and sodium 
hydrophosphate Na2HPO4 (black line); and from aqueous solution of calcium chloride CaCl2 and 
mixed-anionic solution Na2HPO4/Na2SO4 (red line) after disaggregation in acetone. 
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Figure 6. TG curves of powders synthesized from aqueous solution of calcium chloride CaCl2 and
sodium sulfate Na2SO4 (green line); from aqueous solution of calcium chloride CaCl2 and sodium
hydrophosphate Na2HPO4 (black line); and from aqueous solution of calcium chloride CaCl2 and
mixed-anionic solution Na2HPO4/Na2SO4 (red line) after disaggregation in acetone.

The total mass loss of the PO4 powder when heated to 1000 ◦C was 12.1% (Figures 6 and 7a).
Physically bonded water (about 0.8%) leaves the sample in the interval 40–184 ◦C, with
a maximum at 100 ◦C, according to MS curve for m/Z = 18 (Figure 7a). Then, a slight
additional mass loss (about 0.4%) occurs in the interval 184–283 ◦C. Then, there are two
noticeable steps on the mass loss curve of the PO4 powder. The first noticeable step, with a
mass loss 6.7% in the interval 283–525 ◦C, with a maximum at 424 ◦C, on the DTG curve,
corresponding to the maximum at 434 ◦C in the interval 287–570 ◦C on the MS curve for
m/Z = 18, can be attributed to the thermal decomposition of monetite (Reaction (5)).

CaHPO4 = Ca2P2O7 + 2H2O (5)

The second noticeable step, with mass loss 3.5% during the interval 525–845 ◦C with
maximum at 745 ◦C on the DTG curve, showed no agreement with the MS curve for
m/Z = 18. A slight peak (880 ◦C) was present in the interval 845-960 ◦C on the DTG curve,
corresponding to a mass loss of 0.6%.
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Figure 7. DTG and selected mass-spectra of powders synthesized from aqueous solution of calcium 
chloride CaCl2 and sodium hydrophosphate Na2HPO4 (a); from aqueous solution of calcium chlo-
ride CaCl2 and sodium sulfate Na2SO4 (b); and from aqueous solution of calcium chloride CaCl2 and 
mixed-anionic solution Na2HPO4/Na2SO4 (c) after disaggregation in acetone. 
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°C, with a maximum at 898 °C, on the DTG curve, mass loss of 5.5% was detected. Ac-
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Figure 7. DTG and selected mass-spectra of powders synthesized from aqueous solution of calcium
chloride CaCl2 and sodium hydrophosphate Na2HPO4 (a); from aqueous solution of calcium chloride
CaCl2 and sodium sulfate Na2SO4 (b); and from aqueous solution of calcium chloride CaCl2 and
mixed-anionic solution Na2HPO4/Na2SO4 (c) after disaggregation in acetone.



Ceramics 2023, 6 573

The total mass loss of the SO4 powder when heated to 1000 ◦C was 25.1% (Figures 6 and 7b).
Sharp peaks are present in both the interval 40–190, with a maximum at 134 ◦C on the DTG
curve, and in the interval 40–204 ◦C, at 140 ◦C on the MS (m/Z = 18) curve. This mass loss
(21.1%) and the evolution of water reflect the process of thermal decomposition of calcium
sulfate dihydrate according to Reaction (6). The calculated mass loss (21%) of this reaction
is in perfect agreement with the thermal analysis data. The lower heating rate gives the
opportunity to distinguish two mass loss steps during dehydration, with the formation of
calcium sulfate hemihydrate and then calcium sulfate anhydrite [73].

CaSO4·2H2O = CaSO4 + 2H2O (6)

A slight mass decrease (1.9%) is observed in SO4 powder in the interval 204–808 ◦C.
In addition, mass loss (2.1%) occurs in the interval 808-965 ◦C, with a maximum at 886 ◦C.
No ion current was detected in this interval for m/Z = 64 (SO2) or m/Z = 18 (H2O).

The total mass loss of the PO4_SO4 powder when heated to 1000 ◦C was 27.5%
(Figures 6 and 7c). It should be noted that the character of the TG curve is very much similar
to that of arlealite, investigated previously [74]. Several segments can be highlighted on
the TG, DTG and MS graphs. Mass loss (18%) in the interval 80–300 ◦C, with a maximum
at 180 ◦C on the DTG curve, is in agreement with the interval 110–330 and maximum at
187 ◦C on MS (m/Z = 18). A slight mass decrease (~1%) occurs in the interval 300–380 ◦C
without noticeable signs on the DTG curve and some hint of the evolution of water on MS
for m/Z = 18. The evolution of water is probably the reason for the mass loss (3%) in the
interval 380–590 ◦C, with a maximum at 460 ◦C detected on the DTG curve. The mass loss
(22%) up to 590 ◦C for ardealite powder synthesized in this work is in good correlation
with thermal analysis data presented for ardealite powder in [53]. The decomposition of
ardealite during heating to 590 ◦C is reflected by formal Reaction (7).

2Ca2(HPO4)(SO4)·4H2O = Ca2P2O7 + 2CaSO4 + 2H2O (7)

In the interval 590–750 ◦C, no mass loss was detected. Then, in the interval 750–975 ◦C,
with a maximum at 898 ◦C, on the DTG curve, mass loss of 5.5% was detected. According
to the MS curve, this mass loss was due to the evolution of SO3 (SO2 can be detected). The
presence of calcium pyrophosphate Ca2P2O7 and calcium sulfate anhydrite CaSO4 makes
Reaction (8) possible.

Ca2P2O7 + CaSO4 = Ca3(PO4)2 + SO3 (8)

According to the literature data, the thermal stability of calcium sulfate anhydrite
CaSO4 is possible in the temperature range of 1000–1400 ◦C [75,76]. In the production of
ceramics containing calcium sulfate anhydrite CaSO4 and tricalcium phosphate Ca3(PO4)2,
the firing temperature, after which the phase composition did not include calcium oxide
toxic to the body, is indicated as 1050 ◦C [17]. The presence of other salts or phases reduces
the thermal stability of calcium sulfate anhydrite CaSO4 [77].

Table 5 presents a summary of the XRD data for powders after synthesis and disaggre-
gation, as well as for ceramics based on them after firing at various temperatures (800, 900,
1000, 1100 ◦C). XRD data of ceramic samples after firing at 900 ◦C is presented in Figure 8.
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Table 5. Phase composition of samples at various stages of powder preparation and
ceramics production.

Stage
Samples

PO4 PO4_SO4 SO4

Powders

Synthesis
CaHPO4·2H2O

CaHPO4
NaCl

Ca(HPO4)x(SO4)1−x·2H2O
(Ca(HPO4)0.5(SO4)0.5·2H2O)

NaCl

CaSO4·2H2O
NaCl
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CaSO4
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CaSO4
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Figure 8. XRD data of ceramic samples based on powders synthesized from aqueous solution of cal-
cium chloride CaCl2 and sodium sulfate Na2SO4 (green line); based on aqueous solutions of calcium
chloride CaCl2 and sodium hydrophosphate Na2HPO4 (black line); and based on aqueous solutions
of calcium chloride CaCl2 and mixed-anionic solution Na2HPO4/Na2SO4 (red line) after firing at
900 ◦C: *—CaSO4 (card PDF 37-1496); v—(Na0.8Ca0.1)2SO4 (card PDF 29-1126); #—Ca5(PO4)3Cl (card
PDF 73-1728); o—β-Ca2P2O7 (кapтoчкa PDF 9-346).
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Phase composition of ceramic samples SO4 after firing at 800 ◦C included only the
phase of calcium sulfate anhydrite CaSO4, which formed from calcium sulfate dihydrate
CaSO4·2H2O. The phase composition of SO4 ceramic samples after firing at 900, 1000
and 1100 ◦C included a barely detectable phase of double sulfate (Na0.8Ca0.1)2SO4. The
formation of this phase is possible in presence of sodium salts. The absence of any noticeable
traces of NaCl according XRD data in the phase composition of these ceramic samples
can be explained with possibility of NaCl melt (Tmelt of NaCl—801 ◦C) transferred to the
gaseous phase [58].

Phase composition of PO4 ceramic samples after firing at 800, 900 and 1000 ◦C in-
cluded chlorapatite Ca5(PO4)3Cl and β-calcium pyrophosphate β-Ca2P2O7. β-Calcium
pyrophosphate β-Ca2P2O7 formed from monetite CaHPO4. Formation of chlorapatite
Ca5(PO4)3Cl became possible due to the presence of sodium chloride NaCl. Molar ratio in
starting calcium phosphate (monetite CaHPO4—precursor of Ca2P2O7) Ca/P = 1. Molar
ratio in chlorapatite Ca5(PO4)3Cl formed during firing Ca/P = 1.67. This fact makes it
possible to suppose the rearrangement of Ca2+-cations and phosphate anions between
crystal phase and melt. This rearrangement can be described by formal Reaction (9).

3Ca2P2O7 + NaCl = Ca5(PO4)3Cl + NaPO3 + Ca(PO3)2 (9)

Polyphosphates, especially of alkali metals (Na or K), can be used as a sintering
additive, promoting liquid phase sintering and reducing the firing temperature [78,79].
Two eutectic points are in the quasi-binary system NaPO3-Ca(PO3)2: 625 ◦C and 721 ◦C.
This fact can explain the presence of melt or quasi-amorphous phase in the PO4 ceramic
sample already after firing at 800 ◦C. XRD data presented in Figure 8 confirms the presence
of amorphous or quasi-amorphous phase, which presumably belongs to the system Na2O-
CaO-P2O5 or probably to the system Na2O-CaO-P2O5-NaCl. After firing at 1100 ◦C, the PO4
ceramic sample went through melting and crystallization. The melt formed interacted with
Al2O3 crucible. So phase composition of the ceramic sample ruins included Ca5(PO4)3Cl
and Ca9Al(PO4)7. The second noticeable step, with a mass loss of 3.5% in the PO4 sample
in the interval 525–845 ◦C with a maximum at 745 ◦C on the DTG curve has not yet been
explained. Evacuation of low-temperature phosphate melt due to the high pressure above
could potentially be a reason.

The phase composition of ceramic samples PO4_SO4 after firing at 800 and 900 ◦C
included CaSO4, Ca5(PO4)3Cl and β-Ca2P2O7. After firing at 1000 ◦C it included CaSO4,
Ca5(PO4)3Cl and Ca3(PO4)2 or Ca10Na(PO4)7 with similar reflexes. After firing 1100 ◦C
phase composition of ceramic samples PO4_SO4 included CaSO4 and Ca5(PO4)3Cl. Ce-
ramic samples PO4_SO4 after firing at all temperatures except crystalline phases mentioned
above included some quantity of amorphous or quasi-amorphous phase. Ardealite can be
treated as a highly homogenous precursor of both calcium pyrophosphate and calcium
sulfate anhydrite. The presence of sodium chloride and calcium phosphate was the reason
for chlorapatite Ca5(PO4)3Cl formation. Therefore, the formation of melt in the samples is
also possible for the same reasons as in PO4 ceramic samples.

Ceramic samples had the highest density after firing at 900 ◦C (Figure 9): PO4—2.39 g/cm3,
PO4_SO4—2.23 g/cm3 and SO4—1.89 g/cm3. The sample based on PO4_SO4 powder had
a maximum linear shrinkage after firing at 900 ◦C—23% (Figure 10). The reduction in the
density and the increase in the linear dimensions of the samples after firing at 1000 ◦C
relative to the densities and dimensions after firing at 900 ◦C can be explained by the
evaporation of melts reaching or exceeding the melt temperature.
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Figure 11 shows micrographs of the cross-sections of polycrystalline ceramic samples
after firing at 900 ◦C. The microstructure of the sample of PO4 ceramics consisted of small
grains (~0.5 µm), with really big grains (~50 µm) and pores (8–50 µm) among them. The
presence of melt in the sample during firing could provide conditions for local abnormal
grain growth due to the processes of dissolution and crystallization. The microstructure
of the sample of PO4_SO4 ceramics looks more uniform and consisted of small grains
(1–5 µm) and pores (3–10 µm). It was difficult to estimate the dimensions of grains and
pores between the grains in ceramic sample SO4. In the microstructure of ceramic sample
SO4, intragrain pores with dimensions 3–10 µm can be seen. The presence of NaCl melt
(Tmelt of NaCl—801 ◦C) was probably the reason for the grain growth in SO4 ceramics
before evacuation from the sample. In the absence of such an aggressive melt, ceramic
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samples based on calcium sulfate anhydrite CaSO4 consisted of small grains ranging in
size from 0.2–1 µm after firing at 800 ◦C to 0.5–1 µm after firing at 1000 ◦C [23]. The
microstructure of the ceramics prepared from SO4 powder containing NaCl looks very
similar to the microstructure of ceramics based on calcium sulfate anhydrite prepared with
silicate glass as a sintering additive [26].
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Figure 11. Micrographs of cross-sections of ceramic samples based on powders synthesized from
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chloride CaCl2 and mixed-anionic (Na2HPO4/Na2SO4) solutions (c,d); and based on calcium chloride
CaCl2 and sodium chloride Na2SO4 solutions (e,f), after firing at 900 ◦C.
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Figure 12 shows micrographs of the surfaces of ceramic samples based on a powder
synthesized from calcium chloride CaCl2 and a mixed-anionic solution of sodium hydrogen
phosphate and sodium sulfate Na2HPO4/Na2SO4 after firing at different temperatures in
interval 800–1000 ◦C.
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The surfaces of the PO4_SO4 ceramic samples look very different after firing at differ-
ent temperatures. It can be seen that elongated crystals with the smallest dimension not
bigger than 100 nm have grown on the surfaces of the grains, supposedly via gas phase
mechanism after firing at 800 ◦C (Figure 12a,b). This phenomenon could occur due to the
possible presence of NaCl melt or melt of more complicated composition presumably in
the system Na2O-CaO-P2O5-NaCl or even in the system Na2O-CaO-P2O5-SO3-NaCl with
high pressure of melt vapor. The images of the PO4_SO4 ceramic sample cross-section
(Figure 11b) and surface (Figure 12c) after firing at 900 ◦C are in agreement with data
on density (Figure 9) and liner shrinkage (Figure 10). The surface of the ceramic sample
PO4_SO4 after firing at 1000 ◦C (Figure 12d) looks porous with very small (1–2 µm) pores
as after the escape of boiling melt, which was certainly the cause of the formation of this
original porosity. Some large elongated crystals with dimension not less than 30 µm can be
observed, growing from the regions with a porous structure.
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4. Conclusions

Powder PO4_SO4 of ardealite Ca(HPO4)x(SO4)1−x·2H2O (or Ca(HPO4)0.5(SO4)0.5·2H2O)
containing sodium chloride NaCl as a reaction by-product was synthesized by means of
precipitation from water solution of calcium chloride CaCl2 and mixed-anionic water solu-
tion containing simultaneously the hydrogen phosphate anion HPO4

2− (from NaHPO4)
and sulfate anion SO4

2− (from Na2SO4). To the best of our knowledge, powder of ardealite
was used for production of ceramics here for the first time. Ardealite as precursor due to
crystalline structure can ensure high homogeneity of distribution of phases in ceramics.

For comparison, powders of brushite CaHPO4·2H2O (PO4) and calcium sulfate dihy-
drate CaSO4·2H2O (SO4) containing sodium chloride NaCl2 were synthesized from water
solutions of two pairs of salts: CaCl2 and NaHPO4; and CaCl2 and Na2SO4. Mother liquors
after separation of precipitates contained NaCl (for PO4 synthesis), and NaCl+CaSO4·2H2O
for the rest two (PO4_SO4 and SO4) syntheses. Preservation of sodium chloride NaCl as
a reaction by-product in all synthesized powders was also used as an approach to reach
appropriate homogeneity of distribution of components in staring powders.

Phase composition of SO4 ceramics based on powder of calcium sulfate dihydrate
CaSO4·2H2O (NaCl/CaSO4·2H2O) after firing at 800–1100 ◦C included calcium sulfate
anhydrite CaSO4 as the dominant phase and (Na0.8Ca0.1)2SO4 as slightly noticeable. Mi-
crostructure of SO4 ceramics formed under assistance of melt including NaCl presented
during firing in the sample and then escaped.

The phase composition of PO4 ceramics based on powder of brushite CaHPO4·2H2O
(NaCl) after firing at 800–900 ◦C included β-Ca2P2O7, Ca5(PO4)3Cl, and, according to XRD
data, a noticeable quantity of quasi-amorphous phase. Some regions of this PO4 ceramic
sample after firing at 900 ◦C had a uniform structure with grain size about ~0.5 µm. Among
them really big grains (~50 µm) and pores (8–50 µm) presented.

The phase composition of ceramics based on powder of ardealite Ca(HPO4)x(SO4)1−x·
2H2O (NaCl/CaSO4·2H2O) after firing at 800 ◦C included β-Ca2P2O7, CaSO4, Ca5(PO4)3Cl.
After firing at 900 ◦C, according XRD data, a noticeable quantity of quasi-amorphous
phase was additionally detected. After firing at 1000 ◦C, CaSO4, Ca5(PO4)3Cl, Ca3(PO4)2/
Ca10Na(PO4)7 and amorphous phases were detected. In addition, after firing at 1100 phase
composition included CaSO4, Ca5(PO4)3Cl and amorphous phases. The microstructure
of the sample of PO4_SO4 ceramics looks more uniform and consisted of small grains
(1–5 µm) and pores (3–10 µm).

The presence of sodium chloride NaCl in powders under investigation was responsible
for low-temperature melt formation and for hetero phase interaction of components with
formation of chlorapatite Ca5(PO4)3Cl and, as can be assumed, Ca10Na(PO4)7. Presumably,
melt with high content of P2O5 could form in the system Na2O-CaO-P2O5-NaCl in ceramic
samples of PO4 and PO4_SO4. Such melt vapor at high pressure could be the reason for
the loss of mass in these samples and the decrease in the content of amorphous phase in
the phase composition of ceramics with increasing firing temperature.

Crystalline phases detected by means of XRD are known to be biocompatible, but the
composition of amorphous phase of ceramics remains unknown. Therefore, additional
investigations are necessary to confirm the possibility to use prepared ceramics in medicine
for bone defect treatment.
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