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Abstract: Studies on chemical precipitation of the calcium orthophosphates have shown that their
phase compositions do not vary depending on molar ratio Ca/P but are sensitive to solutions acidity
and temperature. These are two key factors that determine the phase transformation progress of
metastable phases into less soluble precipitates of the phosphates. It was proposed to compare calcium
orthophosphates solubility products with calcium cations quantities in their formulas. It was found
that there was a linear correlation between calcium orthophosphates specific solubility products and
their molar ratios Ca/P if hydroxyapatite and its Ca-deficient forms were excluded from consideration.
It was concluded that the relatively large deviations of their solubility products from the found
correlation should be thought of as erroneous data. That is why solubility products were changed
in accordance with correlation dependence: pKS for hydroxyapatite was 155, pKS for Ca-deficient
hydroxyapatites was 114–155. The solubility isotherms, which were calculated on the basis of
the corrected pKS values, coincided with the experimental data on solid-phase titration by Pan
and Darvell.

Keywords: wet chemical precipitation; hydroxyapatite; Ca-deficient hydroxyapatite; solubility product;
solubility isotherm

1. Introduction

Calcium orthophosphates are of particular interest among the other phosphorus inorganic
compounds because calcium orthophosphates are the mineral basis of the bone tissues and that is
why they are thought of as promising biomaterials with perfect biocompatibility. They are used in
regenerative medicine, orthopedics, conservative dentistry, dental surgery, for example, as coatings of
dental implants, dental cement, bone filler materials for the cavity’s reconstruction in maxillofacial
surgery [1–8]. Questions of the calcium orthophosphates synthesis and dissolution are under an
intensive study by researchers in various fields of science and according to data from Dorozhkin [1],
as of today, the total number of publications concerning calcium orthophosphates has increased to
45 thousand with an annual increase of approximately 2 thousand.
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It has been reliably proving [9–11] that the five specific calcium orthophosphates with a molar
ratio Ca/P in the range of 0.5 to 1.67 are possible to be obtained in the Ca(OH)2–H3PO4–H2O
system, namely, monocalcium phosphate monohydrate Ca(H2PO4)2·H2O, dicalcium phosphate
dihydrate CaHPO4·2H2O, dicalcium phosphate anhydrous CaHPO4, octacalcium phosphate
Ca8(HPO4)2(PO4)4·5H2O, and hydroxyapatite Ca10(PO4)6(OH)2. Three more similar compounds
can also be logically attributed to this system, namely, monocalcium phosphate anhydrous Ca(H2PO4)2,
α–tricalcium phosphate α–Ca3(PO4), and β–tricalcium phosphate β–Ca3(PO4)2, but they are not
precipitated from the aqueous solutions. Additionally, compounds of variable compositions are also
considered as individual compounds: amorphous calcium phosphate CaxHy(PO4)z·nH2O (with molar
ratio Ca/P = 1.2–2.2) and calcium-deficient hydroxyapatite Ca10−x(HPO4)x(PO4)6−x(OH)2−x (with molar
ratio Ca/P = 1.50–1.67) [1]. The two-phase, three-phase, and even multiphase calcium orthophosphates,
where different components cannot be separated from each other, are also known [12,13]. In mineralogy,
compounds, such as tetracalcium phosphate Ca4(PO4)2O and oxyapatite Ca10(PO4)6O, which do
not precipitate from aqueous solutions, are also recognized. One more group of the calcium
orthophosphates is the ion-substituted phosphates, namely, the fluorapatites Ca10(PO4)6F2 and
Ca10(PO4)6F(OH) [14], the carbonate-containing apatites [15], the apatites with the addition of the
different metals cations [1–3,6–8,12,16].

The known synthesis methods of the calcium orthophosphate are conveniently divided into
two groups: the solid-state methods when the mixture of calcium and phosphor precursors with a
predetermined ratio Ca/P is exposed to heat treatment and the wet chemical methods when the synthesis
is carried out by the chemical precipitation in solutions, the hydrothermal method or the other calcium
phosphate hydrolysis. As a rule, the solid-state methods are long term and energy-consuming [17].
The wet chemical synthesis methods do not have these drawbacks, but at the same time, the precipitation
method allows them to obtain not all the possible calcium orthophosphates [18]. The necessity for
strict control over the precipitation conditions is considered to be a significant drawback of synthesis
by the method of the solutions chemical precipitation. Nonobservance of these conditions leads to
precipitation of the calcium orthophosphates with deviations from a given stoichiometric composition.
The possibility of formation during the precipitation process of the metastable phases and the additional
phase transformations of already precipitated calcium orthophosphates complicates significantly the
determination of their optimum synthesis conditions [10,11,19–22].

The complexity of the precipitation processes of the calcium orthophosphates is well illustrated by
the data of the authors of References [23,24] who found, for example, that the synthesis of CaHPO4·2H2O
by treating of the Ca(OH)2 suspension with phosphoric acid at equimolar ratio Ca/P takes place in five
stages associated with an intermediate formation of the hydroxyapatite phase Ca10(PO4)6(OH)2 at the
first stage.

According to References [18,25–28], precipitation of hydroxyapatite upon mixing of calcium salts
and phosphate ions, even with a strict stoichiometric ratio Ca/P = 1.67, proceeds through the formation
of non-stoichiometric amorphous or calcium-deficient calcium phosphate. Herewith, the chemical
composition of the hydroxyapatite surface is not necessarily the same as its volume composition [29].

It may also be noted that the authors of Reference [30] experimentally proved that even relatively
small adjustments to chemical precipitation conditions (temperature, aging period, pH) significantly
affect the morphological and chemical characteristics of calcium phosphates precipitates. As a
consequence, it is necessary to monitor the conditions of the precipitation reaction.

For a more detailed illustration of this conclusion the data on the synthesis conditions for the
known calcium orthophosphates are presented in Table 1. Conspicuous is the fact that not only the
acidity of the mother solution but also the temperature are considered to be significant factors of such
a synthesis according to all the suggested methodologies.
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Table 1. The calcium orthophosphates, their solubility products (KS) at 25 ◦C, and the
synthesis conditions.

Compound −lgKS [1,7] Synthesis Conditions

Calcium dihydrogen
phosphate monohydrate
(Monocalcium phosphate

monohydrate) Ca(H2PO4)2·H2O

1.14 Precipitation is carried out at pH < 2.0 and with a
molar ratio Ca/P = 0.5 [1].

Calcium dihydrogen phosphate
anhydrous (Monocalcium phosphate

anhydrous) Ca(H2PO4)2

1.14
It is not precipitated from the aqueous solutions. It is

obtained by dehydration of Ca(H2PO4)2·H2O at a
temperature above 100 ◦C [1].

Calcium hydrogen phosphate
dihydrate (dicalcium phosphate

dihydrate) CaHPO4·2H2O
6.59 Precipitation should be carried out at a ratio Ca/P = 1.0,

pH = 2.0–6.5 and at a temperature below 80 ◦C [12].

Calcium hydrogen phosphate
anhydrous (dicalcium
phosphate anhydrous)

CaHPO4

6.90
It can be synthesized by the precipitation method from

a boiling aqueous solution at ratio Ca/P = 1.0 and
pH = 2.0–6.5 [26,31].

Calcium phosphate tribasic beta
(β-tricalcium phosphate)

β–Ca3(PO4)2

28.9

It is not precipitated from the aqueous solutions. It is
obtained by thermal decomposition of the

calcium-deficient hydroxyapatite at a temperature
above 750 ◦C or by the solid-state reaction between

CaHPO4 and CaO [32].
β-Ca3(PO4)2 can also be obtained by precipitation from

ethylene glycol at 150 ◦C temperature [33,34].
Calcium phosphate tribasic alpha

(α–tricalcium phosphate)
α–Ca3(PO4)2

25.5
It is not precipitated from the aqueous solutions. It is
obtained by thermal treatment of β–Ca3(PO4)2 at a

temperature above 1125 ◦C [12].

Amorphous calcium phosphate
CaxHy(PO4)z·nH2O, n = 3–4.5 26–33

It is precipitated at pH = 5.0–12.0. Ratio Ca/P varies in
the range of 1.20–2.20. It is considered to be an

individual calcium orthophosphate with a variable
chemical composition. However, it can also be

considered as an amorphous form of the other calcium
phosphates [1,35].

Octacalcium bis(hydrogenphosphate)
tetrakis(phosphate) pentahydrate

(Octacalcium phosphate)
Ca8(HPO4)2(PO4)4·5H2O

96.6

It is precipitated at a ratio Ca/P = 1.33 and
pH = 5.5–7.0 [36–39]. It is considered to be an unstable

intermediate phase. When aging in solution,
it transforms to calcium-deficient hydroxyapatite [38].

Calcium-deficient hydroxyapatite
Ca10−x(HPO4)x(PO4)6−x(OH)2−x,

where 0 < x < 1.
85 *

It is obtained by simultaneous addition of the calcium
salts and phosphoric acid at ratio Ca/P = 1.50–1.67 into

boiling water at pH of 6.5–9.5 with subsequent
suspension boiling over several hours [40,41]. It is also
obtained by the hydrolysis of α-Ca3(PO4)2 [42–44] or

amorphous calcium phosphate [45–48].

Hydroxyapatite
Ca10(PO4)6(OH)2

116.8 *
Its precipitation is carried out at a ratio Ca/P = 1.67,

pH = 9.5–12.0, and at a temperature of
~90 ◦C [18,49–55].

* The solubility product values of these phosphates are proposed to be corrected as follows (see Section 3.3.): pKS for
hydroxyapatite is 155, pKS for Ca-deficient hydroxyapatites is 114–155.

Thus, the study of the chemical precipitation process of the calcium orthophosphates is not a
trivial task. The analysis of the data in the literature shows that, as a rule, the authors carried out the
calcium phosphates synthesis with molar ratios of Ca/P which were determined by the stoichiometric
composition of a target product (see Table 1). The same goes for solubility isotherms of all the calcium
orthophosphates described in the literature that was calculated or experimentally studied by dissolving
of their stoichiometric composition samples [10,11,19–22]. In our opinion, it should be taken into
account that any excess of the calcium ions or phosphate ions in the mother solution compared
with the stoichiometric ratio Ca/P in the precipitates will lead to an equilibrium displacement in the
dissociation reactions of the precipitated calcium phosphate that, in turn, will lead to its solubility
change and, as a result, will change its optimum precipitation. Therefore, theoretical and practical
interest is a comprehensive study of the influence of precipitation conditions on the composition of
calcium phosphates.
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The purpose of this paper was to study the processes of chemical precipitation of the calcium
orthophosphates from aqueous solutions depending on their acidity, molar ratio Ca/P, and temperature.
In order to achieve such a purpose, the thermodynamic solubility isotherms and concentration solubility
isotherms should be estimated for the known calcium orthophosphates and a comparative analysis of
the recommended conditions for their chemical precipitation should be made.

2. Experimental Methods and Calculations

2.1. Calcium Orthophosphates Synthesis

All the reagents used in this study were analytical grade and supplied by Merck (Merck KGaA,
Darmstadt, Germany). The CaCl2 and H3PO4 were used as the Ca and P precursors with the Ca/P
molar ratio of 0.5–1.67. The KCl was used as an indifferent electrolyte in order to support the constant
ionic strength of the solutions.

The calcium phosphate precipitation was carried out by a continuous crystallization at constant
supersaturation [52]. The KCl with the concentration of 3 mol/L in the volume of 500 mL was put in a
liter flask, and then its pH was corrected to predetermined pH values from 3 to 11 using hydrochloric
acid or ammonia solutions. Next, the mixture of the CaCl2 and H3PO4 solutions (prepared with a
given Ca/P ratio) and also the ammonia solution with a concentration of 3 mol/L were simultaneously
added to the solution using a laboratory peristaltic pipette tip with a dosage amount of 0.05–1 mL/min
while continuously mixing the solution by a hand mixer with a rotation speed of 300 rpm.

Automatic support of a given pH level was ensured using an Arduino Uno microcontroller
ATmega328P-AU (Arduino Uno, Shenzhen, China) controlled by a computer using the Standard
Firmata protocol. The pH measurements were carried out within a pH accuracy of±0.05 using an Adwa
AD 8000 pH meter (ADWA, Szeged, Hungary) with silver chloride and glass electrodes. The dosing
rate of the reagent solutions was calculated based on the precipitation reactions stoichiometry, and this
rate was tested in the preliminary experiments so that the solution pH in the reaction vessel remained
at the predetermined level within an accuracy of ±0.1 pH during the entire precipitation process.

The obtained precipitates were left in the mother solution at room temperature in the tightly
closed flasks for crystallization (so-called aging). In a number of experiments, the suspensions were
transferred to a high-pressure Teflon reactor and kept at a temperature of 250 ◦C for 6 h in order to
increase the crystallinity of the precipitates (which made it possible to identify their compositions by
the XRD method). The obtained suspensions were filtered under vacuum, washed with small portions
of cold distilled water, and dried in a heat chamber at 90–100 ◦C temperature.

2.2. Materials Characterization

The X-ray phase analysis was performed using a diffractometer DRON-2 (Bourevestnik JSC,
St. Petersburg, Russian Federation) in the monochromatic Co–Kα1 emission. In order to identify
the phase composition under the PCPDFWIN (PCPDFWIN, Newtown Square, PA, USA) database,
the diffraction patterns were converted according to Cu-Ka1 emissions. To analyze diffraction patterns,
the Match!2 (Crystal impact, Bonn, Germany) software package was used. It allowed us to make a
qualitative (using the PCPDFWIN crystallographic databases) and quantitative (using the iterative
Rietveld refinement method) identification of the diffraction patterns.

In order to evaluate the Ca/P ratio, ICP (Inductively Coupled Plasma) analysis was performed by
Varian Liberty 200 (Varian Inc., Palo Alto, CA, USA) apparatus.

2.3. Determination of Apparent Constants of the Phosphoric Acid Protolytic Dissociation

The potentiometric titration curves of the phosphoric acid solution with the concentration of
0.1 mol/L were studied by a standard solution of the potassium hydroxide at various excesses of
the background KCl electrolyte (0.25–5.0 mol/L) in order to determine the influence of the solutions
ionic strength on the dissociation constants of the phosphoric acid. Potassium chloride was also
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added to the KOH solution in the required amount so that the ionic strength does not change during
titration. Measurements were carried out at a room temperature of 15 ◦C. Calculation of the dissociation
constants was carried out according to the following formulas:

pK1 =
(
pH1 −

1
2

pK2

)
× 2 (1)

pK2 =
(
pH2 −

1
2

pK3

)
× 2 (2)

pK3 =
(
pH3 −

1
2

pKw −
1
2

lgCsalt

)
× 2 (3)

where pH1, pH2, and pH3 are the pH values at the titration endpoints (equivalence points) on the pH
titration curves (VKOH) determined by their differentiation; pKW is a negative decimal logarithm of the
ionic product of water; and Csalt is the molar concentration of K3PO4 salt at the moment the titration
endpoint is reached at pH3.

When calculating the salt concentration and the solutions ionic strength, it was taken into account
the strength correction of electrolytes due to the dilution of the initial acid volume which was taken for
titration (VSH = VH3PO4 + VKOH).

2.4. Calculation of the Solubility Isotherms of the Calcium Orthophosphates

The precipitates solubility was calculated using the following formula for a solubility product of
the ionic precipitates, namely:

Ks = (xSβi)
x
× (ySαi)

y (4)

where S is a solubility, mol/L; x, y are stoichiometric coefficients in the dissociation formula; αi and βi
are the precipitate anions and cations proportions with an account for the acid dissociation reactions
and the stability constants of the cation complexes with phosphate ions and hydroxide ions.

An example of using Formula (4) for calculating a hydroxyapatite solubility is given below:

Ca5(PO4)3OH↔ 5Ca2+ + 3PO4
3− + OH− (5)

Upon dissolution of the S mole of hydroxyapatite after reaching equilibrium of reaction (5),
the concentration of all forms of dissolved calcium will be:

[Ca2+] + [Ca(OH)+] + [Ca(OH)2
0] + [Ca(H2PO4)+] + [Ca(HPO4)0] + [Ca(PO4)−] = 5S mol (6)

and the sum of concentrations of all the phosphates forms will be:

[PO4
3−] + [HPO4

2−] + [H2PO4
−] + [H3PO4] + [Ca(H2PO4)+] + [Ca(HPO4)0] + [Ca(PO4)−] = 3S mol

(7)
The concentration of the OH− ions will be determined by a solution pH value (if S << COH) or by

a hydroxyapatite solubility (if S >> COH).
The ratios between the phosphates and calcium forms are determined by the coefficients αi and βi

which depend on pH value and, in their turn, are determined based on the dissociation constants of
the phosphoric acid (Ki) and the stability constants of the hydroxide calcium complexes (Ki

CaOH) and
phosphate calcium complexes (Ki

CaP):

α0 + α1 + α2 + α3 + α4 + α5 + α6 = 1 (8)

β0 + β1 + β2 + β3 + β4 + β5 = 1 (9)
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For the case under consideration, [PO4
−3] = 3α3S and [Ca2+] = 5β0S, where:

α3 =
(K1K2K3)

([H+]
3
+ [H+]

2K1 + [H+]K1K2 + K1K2K3) + A
, (10)

β0 =
1

(1 + [OH−]KCaOH
1 + [OH−]2KCaOH

1 KCaOH
2 + B)

, (11)

A = β0CCa[H+]
2K1KCaP

1 + β0CCa
[
H+

]
K1K2KCaP

2 + β0CCaK1K2K3KCaP
3 , (12)

B = α1CPKCaP
1 + α2CPKCaP

2 + α3CPKCaP
3 . (13)

where A and B are parts of the formula for α3 and β0 which describe the contribution of the calcium
phosphate complexes with the phosphate ions; CCa and CP are the general equilibrium concentration of
calcium and phosphates in the solution which are determined by the solubility of the hydroxyapatite:
CCa = 5S and CP = 3S.

Summing up what has been said, according to Formula (4), the hydroxyapatite solubility product
can be written as follows:

Ks =
[
Ca2+

]5
[PO3−

4 ]
3
[OH−] = (5β0S)5(3α3S)3(S + COH) (14)

3. Results

3.1. The Calcium Orthophosphates Synthesis and the Results of Their Study by the XRD Method

In order to investigate the patterns of the phase formation processes during calcium phosphates
precipitation, the calcium phosphates syntheses were carried out with variability of the solution’s
acidity from 3 to 11 pH and at different molar ratios Ca/P which varied between 0.5–1.67. The synthesis
temperature and the precipitate aging period in the mother solution were considered variable factors.
The experimental conditions and the results of the study of precipitates by the XRD method are
presented in Table 2.

Table 2. The conditions of synthesis and aging, phase composition of calcium phosphate precipitates.

Precipitation,
pH

Ca/P Molar
Ratio

Temperature,
◦C

Time of Aging,
Hours

Crystallization
at 250 ◦C Phase Composition

3.0 0.5 20 24 − CaHPO4·2H2O

3.8 * 0.5
15 6 − CaHPO4·2H2O
50 6 − CaHPO4
90 6 − CaHPO4

4.0 1.5 20 24 + CaHPO4

5.0 1.5 20 24 +
86% of CaHPO4,

14% of Ca10(PO4)6(OH)2

6.0 1.5 20 24 +
72% of CaHPO4,

28% of Ca10(PO4)6(OH)2

7.0 1.5 20 24 +
52% of CaHPO4,

48% of Ca10(PO4)6(OH)2

8.0 1.5 20 24 +
36% of CaHPO4,

64% of Ca10(PO4)6(OH)2

8.0 1.0
30 6 −

Calcium-deficient hydroxyapatite,
Ca/P = 1.51 ± 0.05

50 6 −
Calcium-deficient hydroxyapatite,

Ca/P = 1.55 ± 0.05

9.0 1.5 20 24 +
30% of CaHPO4,

70% of Ca10(PO4)6(OH)2

10.0 1.5 20 24 +
32% of CaHPO4,

68% of Ca10(PO4)6(OH)2

11.0 0.5 20 24 −
Calcium-deficient hydroxyapatite,

Ca/P = 1.67 ± 0.05

* Precipitation was carried out in the acetate buffer solution in order to maintain a constant pH during precipitate
aging in the mother solution.
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3.2. Calcium Phosphate Diffraction Pattern Reflexes Shift Effect

Analysis of the diffraction patterns of the CaHPO4·2H2O and CaHPO4 precipitates obtained
at pH 3–6 showed an interesting effect of the reflexes shifting relative to their reference data in the
direction of decreasing 2θ by 0.3–0.45 degrees (Figures 1 and 2). In this case, the degree of such reflexes
shifting was not constant but decreased with the increasing of the precipitates’ aging period in the
mother solutions. It is shown in Figure 3, as an example, several reflexes of dicalcium phosphate
dihydrate lattice (in Supplementary Materials).

A similar phenomenon is known in solid-state chemistry and is explained by the crystal cell
compression when it forms in the volume of the previously obtained precipitate. The change in
interplanar spacings during the aging of the sediment indicates a decrease in such compression and a
gradual transition of the sediment structure to its equilibrium state. It should be noted that this effect
was established with the reference to the chemical precipitates which were not subjected to additional
heat treatment, as was the case with the samples presented in the PCPDFWIN reference book. It is
reliably known that during heat treatment of the material with ionic cells, the crystallites continue their
growth, and stress in their crystal structure relieves gradually.
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Figure 1. The X-ray diffraction pattern of calcium orthophosphate precipitated at pH 3.0, 
temperature 20 °C, and initial ratio Ca/P = 0.5. The diffraction pattern shifted 0.45 degrees left to 
match the reference data for dicalcium phosphate dihydrate (PCPDFWIN (PCPDFWIN, Newtown 
Square, PA, USA) No. 72-0713), which are shown in the figure with the red lines. The additional 
reflex at 26.4 degrees can be described as an impurity element of dicalcium phosphate anhydrous 
CaHPO4 (No. 77-0128). 

Figure 1. The X-ray diffraction pattern of calcium orthophosphate precipitated at pH 3.0, temperature
20 ◦C, and initial ratio Ca/P = 0.5. The diffraction pattern shifted 0.45 degrees left to match the reference
data for dicalcium phosphate dihydrate (PCPDFWIN (PCPDFWIN, Newtown Square, PA, USA) No.
72-0713), which are shown in the figure with the red lines. The additional reflex at 26.4 degrees can be
described as an impurity element of dicalcium phosphate anhydrous CaHPO4 (No. 77-0128).
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Figure 3. The reflexes shifting of the X-ray diffraction pattern of dicalcium phosphate dihydrate when
aging in the mother solution: 1—20.95 degrees, 2—11.65 degrees, 3—29.30 degrees. The precipitate
was synthesized at pH 3.8, temperature 15 ◦C, and initial ratio Ca/P = 0.5.
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3.3. Comparison of the Solubility Products of Calcium Phosphates with Their Chemical Composition

To calculate the solubility isotherms (i.e., the graphs of the dependence of precipitation solubility
on the pH of solutions at constant temperature), data on the solubility products (KS) of precipitation
are needed. A lot of studies are dedicated to the determination of the precipitates’ solubility products
and the summary data on their thermodynamic values, found by the constants extrapolating for zero
ionic strength of the solutions, are presented in Table 1.

Our attention was drawn to the information that octacalcium phosphate Ca8(HPO4)2(PO4)4·5H2O
changes into Ca-deficient hydroxyapatite when aging in the mother solution [38]. The solubility
products of these orthophosphates are 2.5 × 10−97 and ~1 × 10−85, respectively (Table 1). Assuming
that the solubilities of these phosphates are approximately proportional to their KS values, we must
conclude that less soluble octacalcium phosphate spontaneously turns into a more soluble Ca-deficient
hydroxyapatite. Obviously, such a conclusion contradicts the thermodynamics of equilibrium processes
and the solution of such a discrepancy is possible only under the condition that one of the considered
KS values is determined with an error of at least 12 orders of magnitude.

That is why we made an effort in order to compare the known solubility product values with
the calcium orthophosphates compositions. According to the data in Table 1, the solubility products
values decrease from top to bottom of this Table, i.e., in the series: Ca(H2PO4)2 > CaHPO4 > Ca3(PO4)2

> CaxHy(PO4)z·nH2O > Ca10−x(HPO4)x(PO4)6−x(OH)2−x > Ca8(HPO4)2(PO4)4 > Ca10(PO4)6(OH)2.
Conspicuous is the fact that the KS values change symbasically due to the number of the calcium
cations in the orthophosphate formula. The results of comparing the specific solubility products
lgKS/n(Ca) with a molar ratio Ca/P for the known calcium orthophosphates are shown in Figure 4.
It was found that there is a linear correlation (R2 = 0.9742) between lgKS/n(Ca) and Ca/P if we exclude
the points for hydroxyapatite and its Ca-deficient form from this consideration:

−lgKs

n(Ca)
= −5.0 + 12.26

n(Ca)
n(P)
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Figure 4. Comparison of the specific solubility product values of the calcium orthophosphates
(rated per one calcium ion in their formula) with molar ratio Ca/P regarding the following
calcium orthophosphates: 1—Ca(H2PO4)2H2O; 2—CaHPO4·2H2O; 3—Ca8(HPO4)2(PO4)4·5H2O;
4—Ca8(HPO4)2(PO4)4; 5—β–Ca2(PO4)3; 6—α–Ca2(PO4)3; 7—Ca10x(HPO4)x(PO4)6−x(OH)2−x,
where x = 0.5; 8—Ca10(PO4)6(OH)2.
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Assuming that the solubility product values for hydroxyapatite and its Ca-deficient form are
also to have complied with Formula (7), we calculated their solubility isotherms. The results of such
calculations under Formula (6) are shown in Figure 5. The hydroxyapatite solubility curve with the
more widely accepted −lgKS value of 116.8 under the literature data (Curve 4 in Figure 5) is also shown
for reference.
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Figure 5. The solubility isotherms calculated according to the corrected solubility product values of the
following calcium orthophosphates: 1—hydroxyapatite (−lgKS = 155); 2—Ca-deficient hydroxyapatite
with Ca/P of 1.58 (−lgKS = 136.5); 3—Ca-deficient hydroxyapatite with Ca/P of 1.50 (−logKS = 113.8).
Curve (4) is plotted for hydroxyapatite with the −logKS value of 116.8. Points in the figure are given
according to the experimental data in Reference [19].

According to Figure 5, the experimental data from Pan and Darvell in Reference [19] are in good
agreement with our calculations carried out according to the solubility product values of hydroxyapatite
and its Ca-deficient forms which were corrected under Formula (7). Calculations based on the common
KS value for hydroxyapatite do not make it possible to explain its observed solubility, which pushed
the authors of Reference [19] to make a conclusion on the necessity of the KS value re-evaluation
regarding hydroxyapatite. In their opinion, all solubility calculations are based on simplifications
which are only crudely approximate. The problem lies in incongruent dissolution, leading to phase
transformations and a lack of detailed solution equilibria.

Pan and Darvell [19] used the method of solid titration when the hydroxyapatite suspension was
put into the solution with small portions, and the hydroxyapatite suspension solubility was recorded
according to the solution turbidity. They experimentally investigated the precipitates compositions
such as Ca/P = 1.48 ± 0.05 at pH of 3.2, Ca/P = 1.50 ± 0.05 at pH of 3.6, Ca/P = 1.60 ± 0.05 at pH of
4.1 [56]. These data show that Pan and Darvell [19] dealt with Ca-deficient hydroxyapatite, for which
the Ca/P ratio varies in the range of 1.5–1.67. The solubility zone of the Ca-deficient hydroxyapatites
is located between Curves 1 and 3 in Figure 5. Curve 2 is shown as a solubility example of one of
the possible Ca-deficient hydroxyapatite forms for which Ca/P is 1.58 (Ca10−x(HPO4)x(PO4)6x(OH)2x,
where x = 0.5).

It should be noted that the correction of the solubility products of hydroxyapatite and its
Ca-deficient forms in the direction of their decrease allows us to explain the abovementioned fact of the
spontaneous conversion of octacalcium phosphate during aging in the mother liquor into Ca-deficient
hydroxyapatite. If the −lgKS value for octacalcium phosphate is 96.6, then for Ca-deficient forms of



Processes 2020, 8, 1009 11 of 21

hydroxyapatite, it now varies in the range 114–155 depending on their composition, i.e., the more
soluble octacalcium phosphate should be transformed into the less soluble Ca-deficient hydroxyapatite.

3.4. Solubility Isotherms of the Calcium Phosphates at Stoichiometric Ratios Ca/P

There were shown the calculated solubility isotherms regarding the following precipitates
Ca(H2PO4)2·H2O, CaHPO4·2H2O, CaHPO4, Ca8(HPO4)2(PO4)4·5H2O, Ca9(HPO4)(PO4)5(OH),
and Ca10(PO4)6(OH)2 in Figure 6. The calculation data regarding the solubilities of Ca(OH)2 and
β-Ca3(PO4)2, precipitation of which is considered to be impossible in the system Ca2+–PO4

3−–H+/OH−

due to the fact of their metastable character, were also shown in Figure 6 for comparison. In our
calculations, we used the corrected data on the solubility products of hydroxyapatite and its Ca-deficient
form Ca9(HPO4)(PO4)5(OH). Similar calculations with the more widely accepted KS value, presented
in Table 1, show that octacalcium phosphate is the most stable phase until pH is 11, which is contrary to
the numerous experimental data [1–12]. According to Figure 6, octacalcium phosphate is a metastable
phase after the KS values correction, and hydroxyapatite is the least soluble phosphate in the entire
range of pH values from 0 to 14.
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Figure 6. The precipitates solubility isotherms regarding Ca(H2PO4)2·H2O (1); Ca(OH)2 (2);
CaHPO4·2H2O (3); CaHPO4 (4); β-Ca3(PO4)2 (5); Ca8(HPO4)2 (PO4)4·5H2O (6); Ca-deficient
hydroxyapatite Ca9(HPO4)(PO4)5(OH) (7); and Ca10(PO4)6(OH)2 (8) at the stoichiometric Ca/P ratios
and zero ionic strength.

As noted above, between curves 7 and 8 in Figure 6 there is a family of isotherms for Ca-deficient
forms of hydroxyapatite, since according to Formula (7), each such form is characterized by its KS

value. All these forms are metastable and, when an excess of the calcium ions is added to the solution,
they naturally transform into the least soluble hydroxyapatite.

In Figure 6, it should also be distinguished one more family of isotherms for amorphous calcium
CaxHy(PO4)z·nH2O, for which the molar ratio Ca/P can vary in the range 1.20–2.20. According to
solubility products, their solubility curves should be located slightly higher and lower than the curve
5 for β-Ca3(PO4)2. It is likely that this circumstance explains why it is impossible to precipitate the
tricalcium phosphates α-Ca3(PO4)2 and β-Ca3(PO4)2 from their aqueous solutions. Instead of these
metastable phases the amorphous calcium phosphates are formed, which should transform gradually
and naturally into the less soluble forms such as octacalcium phosphate or Ca-deficient hydroxyapatites.
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The solubility isotherms in Figure 6 explain very well the natural transformation of Ca3(PO4)2 in
the aqueous solution into the Ca-deficient hydroxyapatite form which was described in the literature.
Obviously, it is possible to disturb the curve course in Figure 6 by changing a solvent chemical nature,
that will change the solubility of the involved phosphate precipitates. As a matter of fact, there is
factual evidence that it is possible to obtain β-Ca3(PO4)2 by chemical precipitation using ethylene
glycol as a solvent [34,35].

3.5. The Solubility Isotherms of the Calcium Phosphates in Solution at a Non-Stoichiometric Ca/P Ratio

As is known, the phase transformations of precipitated calcium orthophosphate during its aging
in the mother solution are accompanied by a regular change in the Ca/P ratio not only in the precipitate
but also in the volume of the solution. Such changes in the composition of the solution will cause
an equilibrium shift in the reactions of hydrolysis or dissociation and, consequently, changes in the
solubility of the precipitates. Therefore, when analyzing the solubility isotherms, one should compare
not only the solubility of orthophosphate precipitates in water (i.e., for stoichiometric Ca/P ratios) but
also their solubility in solutions with an excess of calcium or phosphoric acid salts.

Before considering the calcium orthophosphates solubilities in solutions with a non-stoichiometric
Ca/P ratio, it is necessary to clarify the influence patterns of the solution’s ionic strength over the
equilibrium of dissolution processes. The fact is that the solubility isotherms shown in Figure 6
were calculated using the thermodynamic dissociation constants and solubility products, which were
determined at fairly low concentrations of solutions or extrapolated to the zero ionic strength of the
solutions. For example, if the precipitation is carried out at an excessive amount of calcium chloride
with the concentration of 1 mol/L, then the solution ionic strength can be calculated as follows:

I =
1
2

∑
(Cizi

2) =
1
2

(1 × (+2)2+2 × (−1)2) = 3 (16)

where Ci is an ion concentration; zi—is an ion charge.
It is clear that the phosphates synthesis with the infinite dilution solutions is inappropriate for

practical reasons. That is why it is of strong interest to consider the precipitates solubility isotherms at
high ionic strengths when the precipitation reactions are carried out using the solutions of the calcium
and phosphorus precursors with a relatively high concentration.

The values of the ion activity coefficients when changing the ionic strength in the range from
0 to 1 are well known. The nature of the electrolyte should be taken into account when calculating
the activity coefficients at higher values of the ionic strengths. Therefore, to assess the degree of
influence of high ionic forces on equilibrium constants, we did not carry out calculations according
to the Debye–Hückel theory of strong electrolytes, but experimentally determined the values of
dissociation constants in the range of ionic forces from 0.3 to 5. To this purpose, there were carried
out potentiometric titration of solutions of phosphoric acid amid the excess of potassium chloride.
The apparent constants of a protolytic dissociation of the phosphoric acid were calculated using the
pH values at the equivalence points on the titration curves under the Formulas (1)–(3). The calculation
results are presented in Figure 7.

It was found that all three constants are subject to change with an increase of the ionic strength.
Apparently, the complexity of their changes is connected with a modification of the composition and
structure of the hydrated shells around the ions of H2PO4

−, HPO4
2− and PO4

−3. These ions cannot be
simulated by the point charges, as it is allowed under the Debye–Hueckel theory. Due to the fact that
their negative charges are unevenly allocated around the oxygen atoms, each of these ions creates its
specific hydrated shell, the structure of which should vary with an increase of the counterions quantity
in the solution—which are potassium ions.
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Figure 7. The dependence between the apparent constants of a proteolytic dissociation of the phosphoric
acid and the solutions ionic strength: 1—pK1; 2—pK2; 3—pK3.The KCl solution with a concentration
of 0.25–5.0 mol/L was used as the background electrolyte.

We calculated the solubility isotherms for the calcium orthophosphates at the stoichiometric
ratios Ca/P in the KCl solution with the concentration of 3 mol/L and in the CaCl2 solution with the
concentration of 1 mol/L using the found dissociation constants of the phosphoric acid at the ionic
strength of 3 (K1 = 5.00 × 10−3; K2 = 3.98 × 10−5, K3 = 7.94 × 10−14) (Figure 8).
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Figure 8. The solubility isothermal of the following precipitates: Ca(H2PO4)2·H2O (1a,
1b); CaHPO4·2H2O (2a, 2b); Ca8(HPO4)2(PO4)4·5H2O (3a, 3b); Ca-deficient hydroxyapatite
Ca10x(HPO4)x(PO4)6−x(OH)2−x, (x = 1) (4a, 4b); and Ca10(PO4)6(OH)2 (5a, 5b) in the KCl solution with
the concentration of 3 mol/L and in the CaCl2 solution with the concentration of 1 mol/L.

As expected, the addition of excess calcium ions to the solutions sharply reduced the solubility of
all phosphates (dashed lines in Figure 8), which is due to the shift in the equilibrium of the dissolution
reactions towards the starting reagents. The excess amount of phosphate ions had the same effect.
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However, the placing sequence of the solubility isotherms of all the studied phosphates did not change.
The stoichiometric hydroxyapatite was still the least soluble phase at any solution composition.

A comparison of the data in Figures 6 and 8 (see the solid lines in Figure 8) shows that the
phosphates solubilities at the isotherm’s low points were almost the same when the ionic strength
was increased to the level of three. Only for calcium dihydrogen phosphate did the pH range of the
lowest solubility sharply decrease, while for calcium hydrogen phosphate, on the contrary, it increased.
For all other phosphates, the nature of the dependence of the solubility on the pH of the solutions
remained practically unchanged.

4. Discussion and Conclusions

The conducted experiments on precipitation of the calcium phosphates (Table 2) showed the
substantial influence of the acidity of the mother solution and the temperature over their phase
composition. If in acidic solutions at room temperature CaHPO4·2H2O is formed, then anhydrous
CaHPO4 is formed instead of crystalline hydrate during precipitation at 50 ◦C and higher. The transition
of hydrated dicalcium phosphate to the dehydrated form was observed in all cases after maintaining
aqueous suspensions at 250 ◦C. The phenomenon of CaHPO4·2H2O dehydration directly in the mother
solution has already been described in the literature [26,31].

In composition of the precipitates obtained at pH > 4 and kept in the mother solutions at 250 ◦C,
the presence of hydroxyapatite was established in addition to dicalcium phosphate. It was found that
the ratio of CaHPO4 and Ca10(PO4)6(OH)2 in such precipitates naturally increases with increasing
pH, which indicates the fact that the rate of such transformation depends on the pH of the mother
liquor or, more precisely, on the concentration of hydroxide ions which should integrate into the
hydroxyapatite crystal lattice. The lower the OH ions concentration in solution, the slower the growth
of Ca10(PO4)6(OH)2 phase.

It should be noted that the precipitation of the dicalcium phosphate with hydroxyapatite is well
known. In the works of References [25–27], the simultaneous precipitation of the dicalcium phosphate
with hydroxyapatite was observed even without such high temperature, but only at 37 ◦C after 24 h of
aging in the mother solution with pH of 7.4. The authors of Reference [28] proved the presence of the
mixture of the dicalcium phosphate and hydroxyapatite after 1 h of aging of the precipitate under the
same experimental conditions.

Unfortunately, we could not manage to reliably prove the presence of mixture of the dicalcium
phosphate and hydroxyapatite in the compositions of the precipitates which were obtained at a pH of
8 and were not under heat treatment at 250 ◦C (Table 2). The chemical analysis of their composition
showed that the Ca/P ratios varied in the range of (1.51–1.61) ± 0.05; this can be explained either as the
mixture of the dicalcium phosphate (Ca/P = 1) and hydroxyapatite (Ca/P = 1.67), or as the Ca-deficient
forms of hydroxyapatite (Ca/P = 1.5–1.67). The precipitate with the composition Ca/P of 1.67 ± 0.05
was obtained only at a pH of 11. However, the observed difference between the position of its main
reflexes and the reference data for hydroxyapatite shows that the Ca-deficient form of hydroxyapatite
was formed more likely than the hydroxyapatite phase.

Another interesting pattern in analysis of the data in Table 2 is that the phase compositions
of the calcium phosphate precipitates are not dependent on a given molar ratio Ca/P. For example,
there were obtained the precipitates of not Ca(H2PO4)2·H2O (for which Ca/P is 0.5) but CaHPO4·2H2O
and CaHPO4 (for which Ca/P is 1) during precipitation with an initial molar ratio Ca/P equal to 0.5 in
the solutions with pH 3–4.

The fact of a difference between the Ca/P ratios in the mother solutions and in the precipitates
obtained from these solutions have been repeatedly noted in the literature. A large number of examples
of the similar patterns can be found in the works of Füredi–Milhofer et al. [25–27]. By now, such patterns
did not get an explanation. For example, the authors of Reference [21] carried out the phosphate
precipitation at the initial ratio Ca/P of 1:1 and at pH of 10, and they obtained the precipitates with
Ca/P ratio of 1.5. They explained this surprising mismatch by the hydrolysis of CaHPO4 when it
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was washed with large amounts of water. This conclusion seems to be hardly probable because pH
changing from 10 to neutral values is aligned not with PO4

3− ions release but with their fixation into
HPO4

2− hydrogen phosphates. At the same time, these ions are being continuously removed from
the solution during washing, and that initiates the precipitate dissolution process and not hydrolysis.
In our opinion, the results of the authors of Reference [21] show that the formation of Ca-deficient
hydroxyapatite with Ca/P = 1.5 is possible when mixing solutions of calcium salts and phosphoric acid
with Ca/P = 1.0. We also obtained the similar results (see the experiment at pH of 8 in Table 2).

At present, it has been reliably proven that during the precipitation of phosphates even under ideal
conditions, i.e., with a strict stoichiometric Ca/P ratio, precipitates of non-stoichiometric composition
are formed, which is explained by the formation of such precursor phases as amorphous or Ca-deficient
hydroxyapatite [1,7,25–28]. In our opinion, this conclusion may be expressed in the following way:
molar ratio Ca/P in the mother solution only slightly determines the composition of calcium phosphate
sediments. When setting molar ratio Ca/P, many authors are oblivious to the fact that sediment
formation takes place under conditions of a significant excess of one or the other reagent depending
on an order of precursor solutions mixing. Particularly strongly, the deposition order affects the
composition of precipitates of variable composition which is calcium phosphates. Only when using
continuous precipitation while maintaining a constant ratio of the precursors of synthesis, secondary
precipitate reactions with excess reagent are leveled [57].

In our opinion, the ratio of the amount of the calcium salts and the phosphoric acid in the reaction
solution does not have any substantial influence over the composition of the precipitates until the
conditions are created for the phase transitions of their metastable phases to more stable ones.

According to the modern concepts, transformations of the metastable precipitate forms into the
states which are more favorable from the thermodynamic point of view, are kinetically blocked due
to the existence of the energy barrier in the transformation process of their crystal cell. It is obvious
that the temperature increase is necessary for overcoming this activation barrier. This conclusion is
well supported by the experimental data. For example, it is known, that Ca-deficient hydroxyapatite
can be obtained by adding the calcium salts and phosphoric acid at the ratio Ca/P of 1.50–1.67 into
the boiling water at pH of 6.5–9.5 with subsequent suspension boiling during several hours [40,41].
The stoichiometric hydroxyapatite is synthesized in a similar way: it is precipitated at ~90 ◦C
maintaining the Ca/P ratio of 1.67 and pH of 9.5–12.0 [49–55].

It is convenient to carry out the direction of the phase transitions of the metastable phases into
the more stable phases using the solubility isotherms of the calcium phosphates (Figures 6 and 8).
Obviously, the concentration of the calcium ions and phosphoric acid in the mother solution will
change from top to bottom during the precipitation. The spontaneous reverse transition (from bottom
to top) is thermodynamically forbidden, because it will require an increase in the Gibbs energy of the
system instead of its decrease. That is why the data found in the literature (e.g., [23,24]) on possibility
of the formation of the dicalcium phosphate or octacalcium phosphate (isotherms 3 and 6 in Figure 6)
from the pre-precipitated Ca-deficient hydroxyapatite (group of isotherms between curves 7 and 8 in
Figure 6) or hydroxyapatite (isotherm 8 in Figure 6) are doubtful and require a more careful analysis.

Füredi–Milhofer et al. [25–28] used precipitation diagrams instead of solubility isotherms, and they
plotted these diagrams in the axis of coordinates for the concentrations of the phosphate ions and
calcium ions at a constant pH. The excess amount of the value of the concentrations (activities) product
of these ions over the value of the solubility product of the calcium phosphate precipitates is the degree
of saturation of the mother solution. As is known, the degree of saturation determines the speed of
both the stage of nucleation and the stage of growth of these nucleating seeds, i.e., the precipitation
diagrams are conveniently used in studying of the kinetics of the chemical precipitation process in
contrast to the equilibrium solubility isotherms. Obviously, various calcium phosphates can coexist
in solution at high degrees of saturation, and formation of these various calcium phosphates can be
described by the mechanism of simultaneous nucleation of the several phases [7,28] without using the
hypothesis of phase transitions of the metastable phases to more stable phases. However, if we consider
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the precipitate in the mother solution as the mixture of, for example, the dicalcium phosphate and
hydroxyapatite in the equilibrium state, then it is not clear why the more soluble dicalcium phosphate
does not completely convert to hydroxyapatite. The solution of this problem requires a thorough study
of the kinetics of such phase transition in order to reveal the fact and reasons for the kinetic inhibition
of such process.

In conclusion, in this article we used the solubility isotherms of hydroxyapatite and its Ca-deficient
forms, and these solubility isotherms were calculated using the updated values of their solubility
products. It is obvious that the found correlation between the specific solubility products and molar
ratio Ca/P needs a theoretical justification. As is known, the solubility product is an equilibrium
constant for a dissolution process of the slightly soluble substance, recording which the solid phase
activity is taken equal to unity. In chemical thermodynamics any equilibrium constant can be expressed
through a change in the standard Gibbs free energy, as follows:

∆G0
Diss = −RTlnKs = −RT ln (aKat)

x(aAn)
y (17)

where ∆G0
Diss—is Gibbs energy change during the dissolution of a slightly-soluble substance; aKat and

aAn—are activities of the precipitates cations and anions.
Considering a dissolution as a process of breaking of the interionic bonds in a solid substance and

the intermolecular bonds in a solvent, associated with the process of formation of the new bonds at
ions solvation, the following formula can be written down for ∆G0

Diss:

∆G0
Diss = ∆G0

Solv − ∆G0
Cryst.cell − ∆G0

Cav, (18)

where ∆G0
Solv is solvation energy of ionic precipitates cations and anions; ∆G0

Cryst.cell is a crystal cell

energy; ∆G0
Cav is an energy of a cavity formation in solvent [58,59].

Let us write the solvation energy as the sum of two components—the cations solvation energy
and the anions solvation energy, taken separately, and it should be taken into account that due to
a difference between the cations and anions sizes, as a rule, ∆G0

Solv.Kat � ∆G0
Solv.An. That is why the

formula for ∆G0
Solv can be expressed as follows:

∆G0
Solv = x∆G0

Solv.Kat + y∆G0
Solv.An ≈ x∆G0

Solv.Kat (19)

where x and y are the cations and anions quantities in a formula for a solid substance.
The energy of a cavity formation in solvent can be calculated as an energy of the solvent microscopic

tension on cavity surface through the following formula:

∆G0
Cav = γmicrFNA (20)

where γmicr is a microscopic surface tension; NA is Avogadro’s number; F is a cavity surface area,
which is usually calculated based on the effective ionic radius increased by a water molecule radius.

The value of a water microscopic surface tension is 3·10−23 J/A2 [60], which allows us to neglect the
contribution of ∆G0

Cav to the formula (9) in comparison with its other components in order to simplify
this theoretical consideration regarding a dissolution process.

An approximation of a discrete (microscopic) model for solid substances with an ion crystal cell,
electrostatic energy of one ion is determined as a product of the two following values: this ion charge
and potential of the electric field created by the charges of all the other ions of this crystal cell, that can
be expressed as follows:

Eel,i = zieVi, (21)

where zi is a charge value of one ion; e is an electron charge; Vi is an electric field potential.
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Madelung constant is used in order to determine the electric potential value for all the ions of the
cell under the following formula:

Vi =
e

4πε0r0

∑ zir0

ri j
=

e
4πε0r0

M (22)

where rij is a distance between the i-th and j-th ions; r0—is a distance between the nearest neighboring
ions in a crystal cell; M is Madelung constant of the i-th ion.

If in Madelung constant we select its M0 part, which exclusively depends on a cell geometric
structure, then we can write down the following formula:

M = zKatzAnM0

∑
n (23)

where zKat and zAn—are the values of cation and anion charges; n—is the ions quantity in the
following substance formula:

∑
n = x + y, where x and y—are the stoichiometric coefficients in a

substance formula.
If we combine formulas (12)–(14) and add the Avogadro’s number in order to apply the formula

to 1 mol of a substance, then we have the following formula:

Eel = (x + y)
zKatzAne2NAM0

4πε0r0
(24)

Formula (15) reflects only one component of an interionic interaction in a solid substance, but this
formula is sufficient to describe the value of ∆G0

Cryst.cell in the formula (9).

Summing up what has been said, the general formula for ∆G0
Diss can be written as follows:

∆G0
Diss ≈ x∆G0

Solv.Kat − (x + y)
zKatzAne2NAM0

4πε0r0
(25)

According to this formula, a linear dependence should exist between the standard Gibbs energy
of a dissolution process and the ions quantity in its formula (x + y). Such dependence is known in the
literature, namely: the larger a sum (x + y) in a calcium orthophosphate formula, the less its solubility
product [1], see Figure 5. For example, hydroxyapatite, for which (x + y) = 18, is the least soluble in the
following substances list: Ca(H2PO4)2, CaHPO4, Ca3(PO4)2, Ca8(HPO4)2(PO4)4 and Ca10(PO4)6(OH)2.

In order to explain the correlation between the specific solubility product and a molar ratio Ca/P
shown in Figure 4, we should decompose the sum (x + y) in a Taylor series, i.e., into an infinite sum of
power functions:

x + y =
x
b0

+
x2

b1y
+

x3

b2y2 +
x4

b3y3 + . . . , (26)

where bi are the series coefficients that determine its convergence.
Such expansion is reasonable to subject to the condition that a sum (x + y) is a function that

continuously changes during the calcium phosphates precipitation. The value of x (cations quantity)
varies from 0 to 10, and the value of y (anions quantity) varies from 0 to 8 in this example. Despite the
fact that only some certain Ca/P ratios are thermodynamically stable (for example 0.5, 1.0, 1.33, 1.5,
and 1.67), it is possible that the precipitates with other compounds can also be formed. For example,
the existence of the Ca-deficient hydroxyapatites, for which a molar ratio Ca/P varies in the range of
1.5–1.67, has been experimentally proved. From this point of view, it can also be explained the existence
of a special class of the amorphous calcium phosphates CaxHy(PO4)z·nH2O, for which a molar ratio
Ca/P varies in the range of 1.20–2.20. Thus, it is obvious that Formula (17) is reasonable not only for
some specific compounds but for the entirety of the precipitates in the system Ca2+–PO4

3−–H+/OH−.
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Using only the first two terms of the series (17) for simplicity, Formula (16) can be rewritten using
formula (8) as follows:

−RT ln Ks ≈ x∆G0
Solv.Kat −

(
x
b0

+
x2

b1y

)
zKatzAne2NAM0

4πε0r0
, (27)

If we open the brackets and insert the conventional values (A and B) for all the constants, then we
will have the following formula:

ln Ks

x
≈ A +

x
y

B (28)

which explains fairly well a linear correlation shown in Figure 4 if the ratio of the stoichiometric
coefficients x and y is expressed in terms of a molar ratio Ca/P.

Thus, a correlation between the specific values of solubility products of the calcium
orthophosphates and their molar ratio Ca/P can be explained in terms of the well-known models with
a clear physical meaning. That is why this correlation can be used for a prognosis of the KS values.
Obviously, such prognosis shows some inaccuracy, because several simplifications were admitted at a
derivation of Formula (19) and Madelung constant is not the same for the calcium phosphates with
different types of the crystal cells. However, a relatively large degree of the KS values deviation from
the found correlation for hydroxyapatite and its Ca-deficient forms should be interpreted as erroneous
data that need to be re-evaluated [19,56].

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/9/1009/s1.
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