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Everything old is new again: a reinspection of solid-state method
for the fabrication of high quality calcium hydroxyapatite bioceramics
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The simple, fast and cost-efficient solid-state synthesis was
developed for the preparation of calcium hydroxyapatite bio-
ceramics. The obtained materials were characterized by
powder X-ray diffraction analysis, IR spectroscopy, and
scanning electron microscopy. The samples prepared in the
temperature range of 800-1000 °C were almost single-phase
(i.e., only minor impurities were observed) high-crystalline
calcium hydroxyapatites.
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Synthesized hydroxyapatite Ca,(PO,)s(OH),

The basic bone mineral is calcium hydroxyapatite Ca;o(PO,)s(OH),
(CHAp) possessing the Ca: P ratio of 1.67. Hence, synthetic CHAp
has received great attention in medical applications.'~® Bioactivity
of CHAp depends on its morphology, particle size, and phase
purity, which consequently depend on the synthesis route.>°
Variations in synthetic methods and conditions affect the forma-
tion of impurities and additional products. For example, common
impurity phases in synthetic apatites prepared via a precipitation
from supersaturated aqueous solutions are calcium phosphate
compounds, such as amorphous calcium phosphates of variable
compositions Caz(POy),_o(HPO,)3-nH,0O, octacalcium phosphate
Cag(HPO,),(PO,)4-5H,0, and calcium hydrogen phosphate dihydrate
CaHPO,-2H,0.

CHAp powders can be obtained via a solid state reaction,
wet synthesis, precipitation, sol-gel, and microwave assisted and
hydrothermal methods.1%-12 The solid state reaction is a relatively
simple and chemically hazard free process, which can yield large
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Figure 1 XRD patterns of Ca;q(PO4)s(OH), synthesized at different
temperatures. The impurity phases are marked therein.
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amounts of material with desired structure and properties.13 This
procedure relies on diffusion of ions among powder raw materials
and thus requires a high temperature processing (1200-1300 °C)
to initiate the reaction.* However, the solid state process for the
CHAp powders exhibits a low reproducibility, therefore, some
sophisticated improvements were also implemented. The solid
state protocols, which comprise ball milling and pulse electric
discharge, or microwave-assisted solid state reaction, or computer
modelling, were developed.*>-” The solid state reaction often
provides biphasic bioceramics in addition to the risk of contamina-
tion during the milling or mechanochemical processing.18-20

This work was mainly aimed at the demonstration of the
simplicity and cost-effectiveness of classical solid-state synthesis
method for the production of calcium hydroxyapatite bioceramics
by the selection of appropriate starting materials and sintering
temperature.

Figure 1 shows the XRD patterns of Ca;q(PO4)g(OH), syn-
thesized by solid-state method at different temperatures.” The
recorded patterns are in a good agreement with the reference
data for Ca;((PO,4)s(OH), (PDF [72-1243]). As one can see, the
XRD pattern of sample prepared at 800 °C revealed the formation
of almost monophasic CHAp. Only one very weak reflection at
260 ~ 37° attributable to a CaO phase (PDF [37-1497]) could be
detected. The increase in annealing temperature up to 900 °C led

T Cayo(PO,)s(OH), samples were synthesized by the conventional solid-
state method. The starting materials, Ca(AcO),-H,O (5.285 g) and
NH4H,PO, (2.066 g), were carefully mixed in agate mortar with acetone
(30 ml) for ~20 min until the evaporation of solvent. The Ca:P molar
ratio of 1.67 was always maintained in the synthesis. The powders were
preheated at 600 °C for 5 h with a heating rate of 1 K min=%. The inter-
mediate powders were annealed at three different temperatures (800, 900
and 1000°C) for 8 h with a heating rate of 2 K min—’. The obtained
products were characterized by powder X-ray diffraction (XRD) analysis
using a Rigaku MiniFlex Il diffractometer working in Bragg—Brentano
(61260) geometry. SEM images were obtained on a Hitachi SU-70 micro-
scope. IR spectra were recorded using a PerkinElmer Frontier FTIR
spectrometer.
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Figure 2 FTIR spectrum of Ca;o(PO,)s(OH), prepared at 900 °C.

to a slightly increased amount of CaO phase. At 1000°C, a minor
amount of calcium phosphate Cas(PO,), (PDF [29-359]) phase
(reflection at 20 ~ 30.7°) along with calcium oxide has been
formed. This could be caused by changes in equilibria between
the major calcium phosphate compounds, such as calcium
hydroxyapatite, monocalcium phosphate, dicalcium phosphate,
amorphous tricalcium phosphate, octacalcium phosphate, o.- and
B-tricalcium phosphates, and tetracalcium phosphate.?! Thus, the
XRD results revealed that the calcination products of mechanical
mixture of Ca(AcO),-H,0 and NH,H,PO, obtained at different
temperatures within the range 800-1000 °C were very similar,
e.g., the temperature increase from 900 to 1000°C resulted in
just one more compound appeared in the composition. The CHAp
sample synthesized at 800 °C exhibited the highest phase purity.
The lattice parameters of the synthesized Ca;y(PO,)s(OH), were
obtained from the diffraction pattern by fitting the peaks of
identified reflections. The hexagonal lattice parameters and cell
volume determined for the sample obtained at 800 °C were found
asa=9.423(3) A, ¢ =6.880(2) A, and V = 529.05(3) A3, which
correspond to the literature data for a stoichiometric calcium
hydroxyapatite. The XRD results have clearly indicated that small
amounts of calcium oxide and calcium phosphate were formed
additionally to the main CHAp phase, however they are non-
toxic and compatible to be used as a bone substitute material with
sufficient cell proliferation and alkaline phosphatase activity.?223

FTIR spectroscopy is highly sensitive to the impurities
and substitutions in the structure of apatite.® However, all the
three FTIR spectra of samples obtained in the temperature
range of 800-1000°C were almost identical. Figure 2 shows
the representative FTIR spectrum of CHAp sample prepared at
900°C. In this spectrum, a band of the asymmetric stretching
vibration of the phosphate group at 10001100 cm~' dominates.
In the region of symmetric stretching vibration of phosphate
group at 940-970 cm?, the peak at 962 cm™ characteristic of
B-Caz(PO,), could be observed. The peaks assigned for carbonate
substitution in the apatite structure at 1400-1550 cm are weakly
expressed that is characteristic of apatites calcined at >1000 °C.

(b)

Table 1 IR signals and their assignments for the calcium hydroxyapatite
obtained at 900°C.2

Signal position, v/cm! Assignment Phase
3643 OH~ Ca(OH),
3571 vg OH~ CHAp
632 v, OH~- CHAp
1476, 1421 v3 CO%™ CCAp
870 v, CO%" CCAp
1093, 1045, 1011 v3 PO3- B-TCP, CHAp
1063 v4 PO§- B-TCP
962 v, POF B-TCP, CHAp
956 v, PO} B-TCP
622, 566 v POF B-TCP
602, 567 v, PO} CHAp
505 v, POF B-TCP
727,944, 1188, 1213 vi—v, PO~ B-TCP

aTCP is tricalcium phosphate.

The peak wavenumbers and their assignments for the calcium
hydroxyapatite samples obtained at 900°C are summarized in
Table 1. The FTIR spectra support the XRD results, since the
absorbing bands indicate the formation of a typical CHAp
structure containing sharp O—-H and P-O peaks.2425

The morphology of all the synthesized CHAp samples was
examined using scanning electron microscopy (SEM). Interestingly,
their surface morphologies are very similar regardless of the
synthesis temperature (Figure 3). One can see that CHAp
powders consist of volumetric spherical particles varying in size
from approximately 200 to 300 nm (at 800°C) and from 200
to 400 nm (at 900-1000°C). Thus, the submicronic nature of
Ca;9(PO,4)s(OH), powders with the narrow size distribution of
crystallites was observed even in the case of solid-state fabrica-
tion of this compound. The good connectivity between the grains
indicates the formation of micrograin networks and shows a high
level of agglomeration of particles. These morphological features
of synthesized CHAp promote the formation of different bio-
active and biocompatible composites and glasses.?6-30

In conclusion, we have developed the simple solid-state synthetic
route to obtain calcium hydroxyapatite bioceramics from calcium
acetate monohydrate [Ca(AcO),-H,0O] and ammonium dihydrogen
phosphate (NH,H,PO,). The polycrystalline single-phase CHAp
has been prepared by annealing the homogenized and preheated
mixture of starting materials at 800°C for 8 h. The hexagonal
lattice parameters and cell volume were determined. The phase
purity of prepared ceramics was found being slightly dependent
on the synthesis temperature in the range of 800-1000°C. The
CHAp materials obtained at higher temperatures contained the
minor amount of CaO and/or Caz(PO,), as secondary phases.
The FTIR spectra fully supported the XRD results. The SEM
measurements demonstrated that CHAp powders consist of
volumetric spherical particles with the narrow size distribution.
Therefore, the reported results can be of practical interest due to

Figure 3 SEM micrographs of Ca;,(PO,)s(OH), synthesized at various temperatures: (a) 800, (b) 900 and (c) 1000 °C.
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the synthesis simplicity, cost-efficiency and importance of CHAp
materials for real medicinal applications.
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