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Abstract

Hydroxyapatite, fluoroapatite, and hydroxyapatite with partial substitution by fluoride and carbonate ions were
obtained through mechanochemical synthesis. When a fluoride ion is introduced into the structure of hydroxyapatite,
the substitution of the hydroxyl group occurs, while carbonate ion substitutes the phosphate group. Lattice
parameters and the CSR of the samples were refined using the Rietveld method. It was found that the introduction
of substituents into the structure of hydroxyapatite reduces the lattice parameters, which is due to the smaller size
of substituting ions. The synthesized powders can be used in medicine as bioresorbable materials.
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INTRODUCTION

Hydroxyapatite (HA) is the major component
of bone and dental tissues. Synthetic HA is a
biocompatible, osteoconstructive and
biodegradable material that is ideally suitable for
bone tissue regeneration [1—3]. Due to these
properties, HA is also interesting as a material for
bone implants [4, 5]. Hydroxyapatite is widely
used in the form of granules and ceramic products
to fill bone defects in craniofacial surgery, when
high mechanical strength is not necessary [6, 7].
The technology of 3D printing opens broad
possibilities for the application of HA in the
manufacture of bioresorbable implants with
complicated structure and required shapes [8].

The properties of materials used to
manufacture implants are affected by the
presence of substituting ions in the structure of
apatite. Substitutions for fluoride and carbonate
anions in HA structure are among the most

important ones. It is known that fluoroapatite is
more chemically stable than HA, especially in the
acid medium. Due to this property, fluoroapatite
is widely used in stomatological preparations to
protect enamel [9]. Carbonate apatite possesses
high biocompatibility with the mineral component
of human bones; its presence enhances the rate of
HA Dbioresorption [10].

Various methods of HA synthesis are known,
such as precipitation, sol-gel procedure, ceramic
and mechanochemical methods [11].
Mechanochemical synthesis (MCS) is a rather
simple method to obtain nano-sized HA without
the use of solvents, so there is no need to carry
out additional stages to purify the product [12,

13]. During MCS, chemical reactions are
stimulated by the energy released in the
impacts and friction of balls rotating

continuously at a high speed. Energy release
depends on the technical characteristics of the
mill [14, 15].
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The goal of the work was to synthesize
fluoride- and carbonate-substituted HA by means
of MCS using a planetary ball mill.

EXPERIMENTAL

The synthesis of fluoride- and carbonate-
substituted HA was carried out using the
mechanochemical method in an AGO-2 planetary
mill (Russia) with steel vials. The volume of each
vial was 150 ml, the mass of milling bodies 0.8 cm in
diameter was 200 g, the rate of vial rotation among
the axis was 1800 r.p.m. To avoid iron abrasion in
the products, the vials were lined with a mixture of
initial reagents before synthesis. MCS was carried
out for 30 min.

Initial reagents were anhydrous calcium
hydroorthophosphate CaHPO, (Ch. — pure
reagent grade), annealing calcium oxide CaO (Ch.
reagent grade) and calcium fluoride CaF, (Ch. D.
A. — pure for analysis reagent grade). Initial
reagents were introduced in the stoichiometric
ratios according to equations

4Ca0 + 6CaHPO,—Ca (PO,)(OH), + 2H,0 1)
395Ca0 + 6CaHPO, + 0.05CaF, — Ca, (PO,),F, (OH) ,
+ 3H,0 (2)

3Ca0 + 6CaHPO, + CaF,—Ca (PO,),F, + 3H,0 (3)
4Ca0 + 5CaHPO, + CO, (air) — Ca (PO,)(CO,)(OH)

+ 2H,0 (4)
3Ca0 + 6CaHPO, + CO, (air) — Ca(HPO,)PO,),(OH) - 2H,0
+ CO, (air) (5)

Here (1) is the reaction describing the formation of
non-substituted HA; (2) is the partial substitution
of OH-groups by F ions, (3) is the complete
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substitution of OH-groups by F~ ions (4) is the
substitution of phosphate ions by carbonate ions;
(5) is Ca-deficient HA with the substitution of
phosphate ions by hydrophosphate ions.

To achieve a higher crystallinity degree, the

synthesized samples were annealed at a
temperature of 1100 °C for 2 h in a PVK 1.4-8
electric furnace (Russia) with the rate of

temperature rise 5 °C/min.

XRD patterns were recorded with the help of
a powder diffractometer D8 Advance (Bruker,
Germany) in Bragg-Brentano geometry with
CuK  radiation. X-ray phase analysis of the
compounds was carried out using the database of
powder diffraction patterns ICDD PDF-4 (2011).
Refinement of unit cell parameters, the size of
the region of coherent scattering — coherent
length (CSR) and the concentrations of phases
were calculated using the Rietveld method in
Topas 4.2 software (Bruker, Germany). FTIR
spectra were recorded with the help of an
Infralyum-801 spectrometer (Russia) using the
procedure of sample pelleting by pressing with
KBr powder. Carbonate content was determined
using the manometric method.

RESULTS AND DISCUSSION

Fluoroapatite and fluorohydroxyapatite

The diffraction patterns of the samples after
MCS are shown in Fig. 1, a. One can see that all
samples are identical, and reflections correspond
to HA phase (card PDF [040-10-6315]). The

20, deg

Fig. 1. XRD patterns of samples obtained according to reactions (1)—(3): after MCS (a) and after annealing at 1100 °C (b). Here and in
Fig. 2—4: spectra are numbered in agreement with the numbers of reactions according to which the samples were synthesized.
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TABLE 1

Structural characteristics of synthesized samples
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Reaction Cell parameter, A Unit cell volume, A3 CSR, nm
No. a ¢

1 9.433(4) 6.895(3) 531.3(5) 20.6(8)

2 9.427(6) 6.892(5) 530.4(8) 32.0(7)

3 9.388(3) 6.890(2) 525.9(4) 26.0(7)

4 9.426(2) 6.896(3) 530.6(4) 22.6(2)

5 9.430(2) 6.889(2) 532.8(2) 21.5(2)

diffraction patterns of fluorosubstituted HA after
annealing also reveal only one phase, while the
diffraction patterns of unsubstituted HA contains
an admixture phase (4 mass %) of calcium oxide
(see Fig. 1, b).

Refinement of lattice parameters with the
help of the Rietveld method showed that the
parameter a decreases with an increase in the
concentration of fluoride ion introduced (Table 1).
Parameter c¢ decreases insignificantly. These
changes lead to a decrease in the unit cell volume
and are explained by the fact that the radius of
fluoride ion (1.33 A) is smaller than the radius of
the substituted OH-ion (1.53 A), which is located
on c axis of the hexagonal lattice of HA [16]. Similar
changes were observed also by other authors for
fluoroapatite synthesized by means of deposition
[17]. So, a decrease in the value of parameter a
points to the fact that F~ substitutes OH". The
average size of crystallites in the sample varies
within the nanometer range: 20—32 nm.

The FTIR spectra (Fig. 2, a) of the
mechanochemically synthesized samples under
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investigation, obtained according to reactions (1)—
(3), contain the major bands of the absorption of
phosphate group in HA (570, 601, 964, 1048, 1091
cm™), and their positions are identical in all
samples. The positions of the absorption bands of
hydroxyl group (627, 3573 cm™) depend on the
concentrations of the introduced fluoride ion. The
absorption band of the stretching vibrations of
OH-group in the FTIR spectrum of the sample
obtained according to reaction (2) shifts to lower
frequencies (3552 cm™). This band is not detected
in the sample obtained according to reaction (3),
in which hydroxyl groups are absent. The libration
vibration of OH-group shifts after the introduction
of F~ to higher frequencies (688 cm™), and the
second absorption band appears (745 cm™). These
changes were observed also by other authors [17].
A shift of the absorption bands of OH-groups is
explained by the effect of fluoride ion localized in
the nearest surroundings of the hydroxyl group.
FTIR spectra also contain weak absorption bands
of carbonate ion (870, 1400—-1500 cm™)
incorporated into HA structure during synthesis.
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Fig. 2. FTIR spectra of the samples obtained according to reactions (1)—(3): after MCS (a) and after additional annealing at

1100 °C (b). For designations, see Fig. 1.
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The FTIR spectra of annealed samples (see
Fig. 2, b) reveal the disappearance of the
absorption bands of carbonate ion and a more
clear manifestation of the weak bands
corresponding to the absorption of hydroxyl
group. The FTIR spectrum of the sample obtained
according to reaction (2) contains two bands of
libration vibrations of OH-group (633, 716 cm™)
and two bands of stretching vibrations (3541 and
3570 cm™). Relying on literature data [18], we
may suppose that the sample contains two types
of OH-groups: 1) located at a position which is
remote from the fluoride ion (characterized by
bands at 3570 and 633 cm™); 2) located at a
position in the vicinity of fluoride ion (characterized
by vibrations at the frequency of 3544 and 716
cm™!). These vibrations point to the introduction
of F~ into HA structure.

Carbonatehydroxyapatite

One can see in the material presented above
that the synthesis of stoichiometric HA according
to reaction (4) involves the capture of CO, molecules,
which are built into the forming HA lattice and
occupy the positions of phosphate ions in the form
of CO,”. Because of this, a question arises whether
the MCS of HA containing no carbonate ions is
possible. To answer this question, the synthesis
according to reaction (5) was carried out.

One can see in the diffraction patterns shown
in Fig. 3, a that the samples obtained according to
reactions (4) and (5) are identical, reflections
correspond to the only phase HA. It follows from
Table 1 that a parameter for carbonate-
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substituted HA (4) is smaller than that for non-
substituted one (1) and calcium-deficient HA (5).
This is explained by the fact that the ion radius
of CO§_ (1.81 A) is smaller than that of PO/ (2.12 A)
[16], which leads to a decrease in parameter a in the
case when some phosphate groups are substituted
by carbonate groups. The average size of crystallites
of the synthesized apatite samples is in the
nanometer range: 20—23 nm.

To confirm the formation of calcium-deficient
HA according to reaction (5), the products of
MCS were annealed at 1100 °C. Diffraction
patterns (see Fig. 3) exhibit the reflections of
beta-tricalcium phosphate phase (3-TCP), which
is the product of decomposition of calcium-
deficient HA according to reaction:

Ca (HPO,)(PO,),(OH) 5 3Ca,(PO,), + H,O (6)

Carbonatehydroxyapatite does not contain
this phase, however, the reflections of CaO
appeared. Thermal decomposition of
carbonatehydroxyapatite proceeds according to
the reaction:
6Ca,(PO,)(CO,)(OH) + 2H,0 5
4CaO + 5Ca (PO,),(OH), + 6CO,T (7

The FTIR spectra of the mechanochemically
synthesized samples under investigation (Fig. 4, a)
obtained according to reactions (4) and (5) contain
the major bands of the absorption of phosphate
groups in HA (570, 601, 964, 1048 and 1091 cm™)
and the hydroxyl group of HA (627, 3573 cm™).
The FTIR spectrum of the product of reaction (4)
contains absorption bands of carbonate group
(875, 1426, 1469, 1639 cm™!), which confirms that
CO§’ ion enters the position of phosphate ion [19].
The FTIR spectrum of the product of MCS

Fig. 3. XRD patterns of the samples obtained according to reactions (4) and (5): after MCS (a) and after additional annealing at

1100 °C (b). For designations, see Fig. 1.
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Fig. 4. FTIR spectra of the samples obtained according to reactions (4) and (5): after MCS (a) and after additional annealing

at 1100 °C (b). For designations, see Fig. 1.

according to reaction (5) does not contain the
bands related to carbonate ion, but there is a weak
band of HPO,*" absorption (870 cm™) [20]. The data of
manometric analysis confirm the absence of carbonate
in the sample obtained according to reaction (5). The
content of CO32_ ion in the sample synthesized according
to reaction (4) was 1.39 mass %.

The FTIR spectra of annealed samples (see Fig. 4,
b) do not contain the bands of carbonate group
adsorption, which points to the fact that co§*
comes out of HA structure. The spectrum of the
sample obtained according to reaction (5) contains
the absorption bands of orthophosphate group of
B-TCP (553, 602, 942, 968, 1043 and 1118 cm™)
[21], which agrees with the data of X-ray phase
analysis described above.

CONCLUSION

Fluoroapatite, fluoride-substituted HA with
substitution degree 0.1 mol per 1 mol of HA,
carbonate-substituted HA with substitution
degree 1 mol per 1 mol of HA, and calcium-
deficient HA containing no carbonate ion were
synthesized using the mechanochemical method
by means of mechanical treatment for 30 min. It
was established that the introduction of fluoride
ions into HA structure causes a decrease in
parameter a, while parameter ¢ remains almost
unchanged, which points to the substitution of
hydroxide ion in HA structure by fluoride ion.
The introduction of carbonate ion into the
structure of apatite also causes a decrease in
lattice parameter a. It is established that

mechanochemical synthesis may be used to obtain
nanometer-sized  fluoride- and carbonate-
substituted HA that may be then used in medicine
to make bioresorbable 3D-products.
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