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The main objective of this work is the synthesis of hydroxyapatite powder with a general

formula Ca;o(PO4)s(OH)> by the precipitation method with the following synthetic
conditions: the Ca/P ratio = 1, the range of pH value = 7, where ammonia hydroxide
solution was used to adjust the pH, and the rate of precipitation of ammonium
dihydrogen phosphate was determined to 2 ml-min~!. Yet another aim of this paper was
to characterize the physicochemical properties of the hydroxyapatite phase and
subsequently to evaluate the effect of firing temperatures on the hydroxyapatite
structure. The synthesized powder was characterized by X-ray diffraction (XRD) in
order to identify the phase composition and crystallinity,; the morphology of synthesized
powder having been studied by scanning electron microscopy (SEM) and the prepared
powder analyzed with respect to the particle size distribution (PSD).
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Introduction

The term “apatite” applies to a group of compounds with a general formula
M o(XO4)sZ,, where Z~ is typically OH ™, F~, C1". The cationic positions of M?" can
be completely or partially replaced by the Sr**, Ba?', Pb?", Na“, etc. The apatite
phosphate grid, XO3, is highly tolerant to substitution and can be replaced by the
COji, HPO; , AsO;, SiOi, or VO; groups [1]. Hydroxyapatite (HAP) has the
molecular structure of apatite, where M is calcium (as Ca*"), X is phosphorus (P**)
and Z is the hydroxyl group (OH"). The chemical formula of HAP is
Ca;o(PO4)s(OH),, with 39.89 % by weight of calcium, 18.50 % of phosphorus,
41.41 % of oxygen, and 0.20 % of hydrogen [2,3].
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The relevant consideration is paid to the use of hydroxyapatite, especially
in the field of orthopedics, where these phosphates can replace partially or totally
the bone tissue [4,5]. With respect to hydroxyapatite (HAP), it is an important
technological material, whose applications include its use on metal implants as a
coating which has two important functions: to protect the implant against
corrosion and to improve implant’s biocompatibility with the human body [2,6].
Since the HAP is convenient for the protection of the implants against corrosion
for its structural and physicochemical properties, it can be expedient as a corrosion
inhibitor like the other phosphates [4].

Hydroxyapatite can be produced synthetically by using a number of different
methods, such as reactions in solid state [7], coprecipitation [8,9], hydrothermal
methods [10], the sol-gel process [11,12], microwave processing [13], or even
other [14]. The most common approaches are chemical coprecipitation from
water solutions, under precipitation conditions of pH ~ 7, when primary
crystallites of insoluble hydroxyapatite are formed [14]. In the coprecipitation
method, there are two types of process: one involving the reaction of calcium and
phosphate salts (described in this paper)

10 Ca(NOs)2-4H20 + 6 (NH4)H2PO4 + 8 NH4OH — Cai0o(PO4)s(OH)2 + 20 NH4NO3 + 46 H>O

and, the other representing the neutral reaction of an acid with alkaline solutions [15].

In the previous study [16], the effect of precipitation conditions on
hydroxyapatite synthesis and structure has already been demonstrated. Based on
these results, the following synthesis conditions were selected for the research:
Ca/P = 1, pH = 7 and precipitation rate = 2 ml-min'. The work presented herein
1s focused on the synthesis of hydroxyapatite by the precipitation method and
subsequent firing temperatures of the prepared samples. Synthesized pigments
were evaluated in terms of the particle size distribution, crystal size, and
morphology, as well as via phase composition.

Materials and methods
Synthesis of hydroxyapatite powder

Hydroxyapatite Ca;o(PO4)s(OH), was synthesized by precipitation method using
the following starting compounds: Ca(NOs),-4H,0 (98 %, Lachema, Brno, Czech
Republic), (NH4)H,PO4 (98 %, Lachema, Brno, Czech Republic), NH4OH (25 %,
Penta, Chrudim, Czech Republic). The precise concentrations of starting solutions
were determined using the respective analytical methods [16,17].

The sample was prepared by precipitation of starting compounds Ca(NOs),
and NH4H,PO,4, where NH4OH was used to adjust the pH. This was followed by
the aging of the prepared sample for 24 hours. After such an aging, the particle

76



Simkova L. et al.: Sci. Pap. Univ. Pardubice, Ser. A 25 (2019) 75-82

size analysis was performed (PSD, Mastersizer 2000/MU, Malvern Instruments,
Worcestershire, UK) followed by filtration (with Biichner system), washing and
drying (80 °C for 6 hours) of the sample. The next analysis was performed using
scanning electron microscopy (SEM LYRA 3, Tescan, Brno, Czech Republic)
and X-ray diffraction (XRD MiniFlex 600, Rigaku, Tokyo, Japan).

Characterization of hydroxyapatite

The synthesized powder was characterized in order to identify the phase
composition and crystallinity (XRD), for the morphology (SEM) and particle size
distribution (PSD).

The particle size distribution of the synthesized powder was measured
using an equipment Mastersizer 2000/MU. This device provides an option to
perform volumetric distribution and uses the laser diffraction on particles
dispersed in a liquid medium. The particle size distribution was analyzed by two
lasers: blue light (laser diode with wavelength of 466 nm) and red light (He—Ne
laser with wavelength of 633 nm). The pigment was ultrasonically homogenized
(Bandelin, Berlin, Germany) in the solution of NasP,O7 (¢ = 0.15 mol dm™?) for
30 min. The signal was evaluated on the basis of Mie scattering. The measurement
was taken in three steps, and results automatically calculated as average and
presented as the do, dso, and doo values.

The phase analysis of the powdered material was studied by X-ray
diffraction analysis (XRD). The phase composition was determined using
diffractometer MiniFlex 600 equipped with a vertical goniometer of 17 cm in the
20 range of 10-50°. The accuracy of goniometer was +0.02°, when X-ray tube
with Cu anode (U =40 kV, I = 15 mA) was used (CuKa radiation).

The morphology of the prepared powder was determined using a scanning
electron microscope (SEM) equipped with EDS analyzer AZtec X-Max 20 (Oxford
Instruments, Concord, MA, USA) at an acceleration voltage of 20 kV. The resulting
image was formed by the secondary signal — reflected or secondary electrons.

Results and discussion
Particle size distribution analysis

Particle size distribution of the prepared sample was measured after one-day aging
with the equipment Mastersizer 2000/MU. Signal was assessed by Mie scattering
theory. The distribution curves and do, dso, dop and distribution span were gained.
Fig. 1 demonstrates the distribution curves of hydroxyapatite (HAP 1), which has
been subjected to firing temperature at 800, 1000, 1100 and 1200 °C. The width of
the distribution ranges from 0.3 to 400 um in the particle size range. Table 1
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introduces the particle size values dio, dso, doo and the distribution span of the
measured samples. For the samples measured, the djo value is in the range from 0.77
to 3.52 um, the dso value lies from 5.93 to 13.24 um, the dyy value is from 22.43 to
72.93 um. The distribution of all samples analyzed spans from 2.27 to 5.60.
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— HAP 1 -calc. 800 °C

6 — HAP 1 - calc. 1000 °C
§5 — HAP 1-calc. 1100 °C
E 4 — HAP 1 -calc. 1200 °C
=)
33
>

2

1

8.01 0.1 i | 10 100 1000 3000

Particle size [pum]

Fig. 1 Distribution curves of all synthesized samples

Table 1 Particle size distribution of prepared samples

t[°C] dio [pm] dso [pm] doo [pm] span
800 0.77 12.88 72.93 5.60
1000 1.19 593 27.59 4.46
1100 1.70 9.66 43.95 4.38
1200 2.75 13.24 52.25 3.74
Non-calc. 3.52 9.80 22.43 2.27

From the particle size distribution (Table 1), it is evident that growing firing
temperature causes an increase of the value of dsy (for temperatures 1000 °C and
higher) and conversely decreases the value of span. For the firing temperature of
800 °C, the higher value of dsp was achieved, which may be attributed to the
presence of a larger proportion of small particles in the volume and the occurrence
of agglomerates of larger particles, caused to the short dispersion time in the
ultrasonic bath. The width of particle size distribution is in the range of 0.3 to
400 um, which is obvious from the graph (see again Fig. 1). From the width of
particle size distribution, it can be concluded that the use of higher firing
temperature, the number of small particles in the volume decreases. Subsequently,
the formation of agglomerates of larger particles occurs, which is prove in the
width of the distribution curve, which moves towards higher values.
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X-ray diffraction analysis

The phase composition of the samples was determined by XRD analysis. A
hexagonal structure of hydroxyapatite was identified. Fig. 2 shows the
diffractogram of samples 1 containing the hydroxyapatite diffraction line
Ca;o(PO4)s(OH), (“V”, HAP 1— Non-calc.) with the parameters: hexagonal
crystalline system; space group P6;/m. Fig. 2 also illustrates the diffractogram of
fired samples containing the tricalcium phosphate diffraction line B-Caz(PO4),
(“*”, TCP) with the following parameters:

e 800, 1000 and 1100 °C: trigonal crystalline system; space group R—3c;

e 1200 °C: trigonal crystalline system, space group R-3¢ and for

a-Caz(POy); (“@): orthorhombic crystalline system.
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Fig. 2 X-ray diffraction patterns of hydroxyapatite samples
(V = Cai0(PO4)s(OH)2; * = B-Ca3(POs)2; ® = a-Ca3(PO4)2)

From the diffractogram (Fig. 2), it is clear that during the firing process the
phase change occurs, which leads to the formation of TCP (tricalcium phosphate;
Ca3(PO,),) as the main product of the decomposition of HAP. From these results,
it is obvious that the during of firing process occurs of HAP transformation into
its main degradation product (B-TCP), converting into the “o” modification at
higher firing temperatures (1200 °C).

Scanning electron microscope
Measurement by SEM was performed after sample drying. The measured samples

proved the effect of different firing temperatures on the sample morphology
(Figs. 3 and 4).
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SEM HV: 5.0 kV LYRA3 TESCAN ‘SEM HV: 6.0 kV WD: 8.79 mm LYRA3 TESCAN
View field: 10.00 pm View field: 50.0 pm Det: SE
SEM MAG: 34.6 kx CEMNAT SEM MAG: 6.92 kx CEMNAT

SEM HV: 5.0 kV WD: 8.67 mm ] LYRA3 TESCAN  SEMHV: 5.0 kV WD: 8.62 mm LYRA3 TESCAN
View field: 10.0 pm Det: SE View field: 50.0 pm Det: SE
SEM MAG: 34.6 kx CEMNAT SEM MAG: 6.92 kx CEMNAT

Fig. 4 SEM images of sample HAP 1 after calcination at 1200 °C

From the SEM scans, it is distinct that both sintering and crosslinking of
molecules occur during the firing process.
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Conclusion

The selected synthesis conditions are suitable for the formation of crystalline
hydroxyapatite phase. From the performed analyses, it is obvious that the firing
temperature has had significant impact on the structure and morphology of
hydroxyapatite.

From the particle size distribution analysis, it is evident that growing firing
temperature causes an increasing of the values of dso (except for firing temperature
of 800 °C), and vice versa, decreasing the values of the span. From the width of
particle size distribution it follows that the use of higher firing temperature
decreases the number of small particles in the volume.

By the XRD analysis, it is clear that during the firing process the phase
change occurs, which leads to the formation of TCP. A next step, during the firing
process, is the transformation of HAP into its main degradation product (B-TCP),
which is further converted into the “o” modification at higher firing temperatures
(1200 °C).

Finally, based on the SEM images, it is apparent that sintering and
crosslinking of molecules take place during the firing process.
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