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INTRODUCTION

The title "apatite” refers to a group of compounds with a general formula in form
M10(XO4)eZ2, Where Z may be typically OH", F,, CI [1]. Hydroxyapatite (HAP) has the
molecular structure of apatite, where M is calcium (Ca?*), X is phosphorus (P°*) and Z is the
hydroxyl group (OH). This composition of elements is known as stoichiometric
hydroxyapatite and its atomic ratio of Ca/P is 1.67. The chemical formula of HAP is
Ca10(PO4)s(OH)2, with 39.89 % by weight of calcium, 18.50 % of phosphorus, 41.41 % of
oxygen and 0.20 % of hydrogen [2, 3].

The reason for the enlargement of phosphate pigments is rigorous environmental and
hygienic limits, which demand the replacement of toxic pigments (e.g. lead, chromate) with
nontoxic but very effective pigments [4]. It is known, that HAP is a stable apatite compound
and has been used widely due to its resemblance to human bone composition, bioactivity,
and biocompatibility [5]. Consequently, HAP was considered as a bioactive material for
synthetic bone replacement due to its chemical and biological affinity and biocompatibility
with bone tissue [6].

The most common form of HAP is the hexagonal crystal structure, P63s/m space
group, with Ca/P ratio 1.67 [7]. Stoichiometry, pH, temperature, and rate of reagent addition
influence the precipitation of HAP. Therefore, it is crucial to control these aspects to produce
HAP with an optimum morphology and crystallinity [8]. The optimum Ca/P molar ratio must
be 1.667. However one of the main problems related to HAP processing is the low stability
of HAP at temperatures near to the sintering range, which is attributed to deviations from
the ideal Ca/P ratio [9]. In addition, a lot of factors contribute to complicating the image:
sample structure, particle size, purity, powders surface condition, and particles aggregation
can support undesirable decompositions and phase transitions [10]. In consequence, several
compounds can be formed such as oxyapatite (OHA), oxyhydroxyapatite (OHAP), p—
tricalcium phosphate (B—TCP), calcium oxide (CaO) and tetracalcium phosphate (T-TCP)
[11, 12]. Particularly the formation of p—TCP (Cas(POa4).) as the most likely phenomenon in
the decomposition process highlights the importance of the Ca/P ratio in the control of HAP
stability [10].

The aim of this work is the synthesis of hydroxyapatite powders by the precipitation
method with different Ca/P ratios (1; 1.67; 3), pH (7; 12) and the same rate of precipitation
(2 ml/min). The synthesized powders were characterized by X-ray diffraction in order to
identify the phase composition and crystallinity (XRD); the elemental composition was
investigated by X-ray photoelectron spectroscopy (XPS); the powders were analyzed for
particle size distribution and the thermal behavior of powders was explored by thermal
analysis DTA/TG.

EXPERIMENTAL PART
For a purpose to select convenient synthesis conditions for the formation of
hydroxyapatite phase, the thermodynamic stability of the hydroxyapatite Caio(PO4)s(OH)2



in aqueous solution was analyzed and approved in laboratory conditions [13]. It was found
that hydroxyapatite is stable in the pH range from 4.8 to 14. Due to this information, three
Ca/P ratios were chosen for the synthesis of hydroxyapatite, which was studied at pH =7
and pH = 12. Ca/P = 1: in this case, HAP formation occurs in excess of phosphate ions; Ca/P
= 1.67: this corresponds to the Ca/P stoichiometry of hydroxyapatite, which is 10/6; Ca/P =
3: HAP formation occurs in excess of calcium ions.

Altogether, 4 samples were synthesized at different synthesis conditions (Table 1,
precipitation rate of 2 ml/min). The prepared powders were aged during 24 hours, filtered
and washed with distilled water to neutral pH, then dried at 80 °C for 6 h. Characterization
of the prepared powders was then performed by XRD, XPS and DTA/TG analysis.

Tab. 1 Overview of the obtained samples and the synthesis conditions.

Sample Composition Ca/P ratio pH
1 Ca10(PO4)s(OH)2 1 7
2 Ca10(PO4)s(OH)2 1.67 7
3 Ca10(PO4)s(OH)2 3 7
4 Ca10(PO4)s(OH)2 1.67 12

The phase analysis of the powdered materials was studied by X-ray diffraction
analysis (XRD). The phase composition was determined using diffractometer MiniFlex 600
(Rigaku, Japan) equipped with a vertical goniometer of 17 cm in the 20 range of 10°-50°.
The accuracy of goniometer was £0.02°. X-ray tube with Cu anode (U =40 kV, | =15 mA)
was used (CuKa radiation). The results were evaluated using the PDF-2 database. The
elemental composition of the powders was studied by X-ray photoelectron spectroscopy
(XPS) equipped ESCA 2SR (Scienta Omicron) with ultra — high vacuum apparatus. The
thermal stability of samples was followed by simultaneous thermal analysis using the STA
449C Jupiter (NETZSCH, Germany) which allows simultaneous registration of the
thermoanalytical curves TG and DTA. The measurements were performed at the temperature
range from 30 to 1100 °C with a heating rate 10 °C-min with a sample weight approx. 60
mg in corundum crucibles and air atmosphere.

RESULTS AND DISCUSSION

By the XRD analysis, two distinct structures of hydroxyapatite have been identified:
monoclinic and hexagonal. Figure 1 shows the diffractogram of sample 1 containing the
hydroxyapatite diffraction line Caio(PO4)s(OH)2 with the parameters: hexagonal crystalline
system; space group P6s/m. Figure 1 also demonstrates a diffractogram of sample 2
containing the hydroxyapatite diffraction line Caio(PO4)s(OH)2 with the parameters:
monoclinic crystalline system; space group P21/b. For samples 3 and 4, diffraction lines with
the following parameters were identified: hexagonal crystalline system; space group P6s/m.
The XRD profiles of both structures are almost identical, it means that both crystalline
structures are very similar. For this reason, it is very difficult to properly recognize these
structures from the XRD profiles of the measured samples. These structural types of
hydroxyapatite were selected based on the lowest value of FOM (figure of merit), i.e. based
on the best match.
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Fig. 1 Diffractogram of crystal system of hydroxyapatite.

Core lines of elements and binding energy of hydroxyapatite were detected by the
XPS analysis. The XPS image performances the XPS spectrum for sample HAP 1 (Ca/P =
1, pH =7). The core lines of the elements (Ca 2p, O 1s, P 2p) and Auger electrons of the
hydroxyapatite are shown in Figure 2. Auger electrons have binding energy for Calcium
LMM 1196.55 £+ 0.3 eV and Oxygen KLL 978.05 £ 0.3 eV (Table 2).
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Fig. 2 The core lines and binding energy of hydroxyapatite.

Tab. 2 Binding energy and core levels of hydroxyapatite.

Element Core levels Binfing energy (eV)
Calcium LMM 1196.55+0.3
Oxygen KLL 978.05 £0.3
Oxygen 1s 531.03+0.3
Calcium 2s 440.20 £ 0.3
Calcium 2p 347.04+0.3
Phosphor 2s 190.20 £ 0.3
Phosphor 2p 133.03+£0.3
Calcium 3s 4540+0.3
Calcium 3p 26.40+£0.3

According to DTA/TG analysis, the impact of the Ca/P ratio was proven (Figure 3 and
4, Table 2). There is conformity that the thermal behavior of HAP occurs in a four-stage
process including dehydroxylation and decomposition [14]:
» Stage 1: Ca10(POa4)s(OH)2 — Ca10(POa4)s(OH)2-2xOx[1x + X H20
(hydroxyapatite) (oxyhydroxyapatite)



» Stage 2: Ca10(PO4)s(OH)2-2xOx[1x — Ca10(PO4)s0O + (1-x) H20
(oxyhydroxyapatite) (oxyapatite)
» Stage 3: Ca10(PO4)sO — 2 Caz(POa)2 + Cas(P04)20
(oxyapatite)  (tricalcium phosphate)  (tetracalcium phosphate)
> Stage 4: Caq(PO4)20 — 4 CaO + P20s 1 or Caz(POs)2 — 3 CaO + P20sT
The first stage, dehydroxylation, incorporates the loss of water, which proceeds through
the formation of oxyhydroxyapatite (OHAP) and then oxyapatite (OHA; second stage)
where [ stands for a lattice vacancy in the OH position along the crystallographic c-axis.
Decomposition of OHA then proceeds to secondary phases such as tricalcium phosphate
(B—TCP) and tetracalcium phosphate (T—TCP; third stage). The transformation of HAP has
important consequences in bone engineering and plasma coated implants, since B—TCP is
resorbable calcium phosphate, and while it will enhance resorption of HAP implants,
decomposition of HAP will also reduce the mechanical properties of the material.

DTA/pY
MR
moe &
=
[N
[N
o
A
LY
] '_\‘““'
Xs]
=]
-]
]

HAP 1; Ca/P=1; pH=7

= === HAP 2; Ca/P=1.67; pH=7 PN — A
-35 o - -
= — —HAP3; Ca/P=3; pH=7 748°C N e S S
S~ "-.‘
e HAP 4; Ca/P=167; pH=12 Tt
a3 . ——
100 200 300 400 500 600 700 800 900 1000 1100

11

Fig. 3 DTA curves of HAP samples prepared for different Ca/P ratios and pH.
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Fig. 4 TG curves of HAP samples prepared for different Ca/P ratios and pH.



Tab. 3 Overview of processes occurring during hydroxyapatite decomposition.

TA results
Sample Trange Am TA  Tpeak  Total Process
(°C) (%) effect (°C) Am (%)
80-350 505 endo 196 dehydration
1 9.15 dehydroxylation—
600-900 1.15 endo 767 ' —OHAP—OHA;
OHA—B-TCP and T-TCP
70-180 3.87 endo 122 dehydration
180-500 1494 exo 275 elimination of ammonia
dehydroxylation—OHAP—
2 550-800 549 endo 748 2481 —OHA; OHA—B-TCP and
T-TCP
decomposition of T-TCP in
900-1050 - exo 1031 CaO and Cas(POs)s
80-180 592 endo 130 dehydration
3 180-330 13.87 exo 287 27.65 elimination of ammonia
350-800 6.87 — — unidentified
4 100-220 — endo 123 8.41 dehydration

Table 3 provides a summary of the processes that occur during hydroxyapatite
decomposing. With the decomposition of sample 1 (precipitation parameters: a ratio of Ca/P
= 1; pH = 7), the dehydration of the sample first occurs (196 °C). Subsequently,
dehydroxylation occurs to form oxyhydroxyapatite (OHAP), which is transformed into
oxyapatite (OHA) which decomposes to form B—TCP and T-TCP (767 °C). With the
decomposition of sample 2, which was synthesized at the ratio of Ca/P = 1.67 and pH =7,
the dehydration of the sample first occurs (122 °C). Then ammonia is eliminated (275 °C).
Subsequently, dehydroxylation occurs to form OHAP, which is transformed into OHA (748
°C). Then the decomposition of oxyapatite follows, which decomposes to form f—TCP and
T-TCP (748 °C). T-TCP is then spread into CaO and Ca3(POs)2 (1031 °C). With the
disintegration of sample 3 (synthesis parameters: the ratio of Ca/P = 3; pH = 7), the
dehydration of the sample first occurs (130 °C). Subsequently, ammonia is eliminated (287
°C). The last endothermic peak, in the temperature range of 350-800 °C, was not identified.
With the decay of sample 4, which was prepared at the ratio of Ca/P = 1.67 and pH = 12, the
dehydration of the sample occurs (123 °C). No more peaks in the temperature range of 220—
1000 °C were identified.

CONCLUSION

The synthesis conditions (Ca/P ratio = 1, 1.67, 3 and pH = 7, 12) are suitable for the
formation of crystalline hydroxyapatite. From the results of XRD analysis is clear, that two
distinct structures of hydroxyapatite have been identified: monoclinic and hexagonal. The
XPS spectrum involves the core lines of the elements (Ca 2p, O 1s, P 2p) and Auger electrons
of the hydroxyapatite. Auger electrons have binding energy for Calcium LMM 1196.55 +
0.3 eV and Oxygen KLL 978.05 + 0.3 eV. By DTA/TG analysis, the effect of the Ca/P ratio
was proven. Thermal behavior of HAP occurs in a four-stage. Decomposition of OHA
proceeds to secondary phases such as B—TCP and T-TCP.

Generally, the best results were obtained in sample 1, which was synthesized at a ratio
of Ca/P = 1, the value of pH = 7 and a precipitation rate of 2 ml/min. This claim is based on
all the analyzes executed, especially with regard to crystallinity (the smallest crystallite size),
shape and size of particles (thin needles and tabular plates), particle size distribution (the



narrowest range of particle size), hexagonal crystalline system (space group P63/m) and
thermal behavior (produced products B—TCP and T-TCP). By contrast, less suitable
precipitation conditions at the Ca/P ratio = 3 were demonstrated (sample 3; bulky formation;
the widest range of particle size), and from a thermal behavior aspect, less favorable results
at the value of pH = 12 were proved (sample 4, non-expressive peaks). From the gained
results we can confirm that the Ca/P ratio and the value of pH have an effect on the particle
morphology as well as its thermal behavior.
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