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Abstract

The hydroxyapatite (HAp) is a ceramic biomaterial with wide application in the bone regeneration. It can be obtained by different
routes and different precursors. In this study, the synthesis of HAp was carried out by precipitation and subsequent thermal treatment
using different calcium precursors: calcium hydroxide from synthetic origin and calcium oxide obtained from the eggshell. The
obtained materials were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier-transform
infrared (FTIR) spectroscopy. By SEM, variations of the crystal size and the concentration of agglomerates were observed. FTIR
and XRD analyses proved the formation of HAp and how the (mineral and biological) precursors affected the microstructure. The
thermal decomposition process of the calcium oxide obtained from the eggshell showed to be more effective for the synthesis of the
hydroxyapatite, resulting in more stable morphology and microstructure.
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Resumo

A hidroxiapatita (HAp) é um biomaterial cerdmico com ampla aplicacdo na regeneracdo dssea. Pode ser obtida por diferentes
rotas e diferentes precursores. Neste estudo, a sintese da HAp foi realizada por precipitacdo e tratamento térmico subsequente
utilizando diferentes precursores de cdlcio: hidroxido de cdlcio de origem sintética e oxido de cdlcio obtido da casca do ovo. Os
materiais obtidos foram caracterizados por difracdo de raios X (DRX), microscopia eletrénica de varredura (MEV) e espectroscopia
no infravermelho com transformada de Fourier (FTIR). Por MEV, foram observadas varia¢des do tamanho dos cristais e da
concentragdo de aglomerados. Andlises por FTIR e DRX comprovaram a formacdo de HAp e como os precursores (mineral e
biologico) influenciaram a microestrutura. O processo de decomposi¢do térmica do oxido de cdlcio obtido da casca do ovo mostrou-

se mais efetivo para a sintese da hidroxiapatita, resultando em morfologia e microestrutura mais estdveis.

Palavras-chave: hidroxiapatita, sintese, biomateriais.

INTRODUCTION

The bones and teeth of all vertebrates are natural
composites formed by collagen molecules bound in linear
chains arranged in fibers; among these molecules there
are small, regularly spaced interstitial compartments,
where nanocrystals of an inorganic solid are present,
which represents 65% of the total bone mass [1-3]. Tissue
engineering aims to overcome the limitations of conventional
treatments, which are based on reconstructive surgery or
organ transplantation, making possible the production of
substitutes for certain organs and tissues, allowing the
implantation in the patient without risk of rejection by the

* @ https://orcid.org/0000-0002-9337-6386

organism, immunological tolerance [4, 5]. Biomaterials are
inherent in several areas, belonging to a multidisciplinary
field such as chemistry [6], chemical engineering [7-9],
mechanical engineering [10-13], materials science [14, 15],
bioengineering and biology [16, 17], medicine [18-20],
and with diverse considerations, such as ethics, bioethics
and governmental regulation [21]. Among the calcium
phosphate bioceramics, the hydroxyapatite (HAp) [17, 22-
24] is highlighted in the research area because it is similar to
main mineral phase constituent of the bone, with a wide use
in the medical and dental areas [25-27]. HAp is a calcium
phosphate hydrated from the mineral group of apatite with
chemical formula Ca (PO,)(OH), and Ca/P ratio of 1.67
[3, 28]. It is a bioactive ceramic material widely used in the
form of particles in several devices of the bone regeneration
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or coating of metallic implants to improve their biological
properties [29-31].

There are different techniques for obtaining
hydroxyapatite, such as wet precipitation method (acid-base
reaction) [32], reaction between phosphate salts [33], dry
synthesis [34],sol-gel method [35],and hydrothermal method
[36]. Wet precipitation method in aqueous solution stands
out for its relative simplicity, which has low cost and good
reproducibility. Besides it allows obtaining a homogeneous,
reactive biomaterial with a well-defined stoichiometric
composition. This way it allows the control of synthesis,
which involves reactions between calcium and phosphorus
precursors, through the control of temperature and pH of the
solution [30, 37-40]. The calcium precursor commonly used
to obtain hydroxyapatite is calcium hydroxide from synthetic
origin or biological origin such as sea shell and eggshell [8,
41-47]. The use of eggshell is suggested as an alternative
for solid waste assessment; it represents 10% of the weight
of the egg, generating a waste quantity of 5.92 million tons
per year worldwide [48, 49]. The objective of the present
work is to obtain hydroxyapatite by precipitation using two
different Ca precursors: calcium hydroxide from synthesis
and calcium oxide from eggshell. The obtained materials
were characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), Fourier-transform infrared
(FTIR) spectroscopy, and performing a crystallographic
analysis of the obtained materials by the Rietveld method,
with GSAS II [50] and VESTA programs [51].

MATERIALS AND METHODS

For the synthesis of HAp phosphoric acid (H,PO, P.A.
ISO, Vetec) was used; for Ca source two kinds of precursors
were used: synthetic calcium hydroxide [Ca(OH), PA.,
Vetec], and chicken eggshell from eggs purchased on the
market.

Synthesis of hydroxyapatite: the Ca(OH), from eggshell
was obtained as follow: the eggshells were washed with
distilled water, dried at 50 °C, crushed in a porcelain mortar
and then sieved through a 100 mesh screen to obtain the
powder. This powder was heated at 800 °C for 3 h, with a
heating rate of 10 °C/min to obtain the calcium oxide (CaO)
which reacted with distilled water under constant stirring,
in order to reach its total conversion to Ca(OH),. The
HAp powders where named in order to differentiate by the
precursor used: the sample 1 from Ca(OH), obtained from
eggshell (biological origin) and sample 2 from Ca(OH),
from Vetec (synthetic origin). The precipitation of HAp
powder was carried out through neutralization reaction
between Ca(OH), and H,PO, solutions in distilled water;
the amounts of solutions were obtained by calculation
determined according to the stoichiometry value of the
molar ratio between calcium and phosphorus, Ca/P=1.67.
The phosphoric solution was added on the basic solution
with a controlled dosage (approximately 1.0 mL/min),
at approximately 80 °C under magnetic stirring. After the
complete addition, the product obtained was stirred during

24 h to complete the reaction. It was then maintained for 24 h
at room temperature and placed in an oven at 110 °C for 24 h.
The calcined product was crushed and passed through a 100
mesh sieve and calcined at 900 °C for 2 h.

Microstructural studies were carried out using a
scanning electron microscope (TM 1000, Hitachi). The
obtained images were analyzed using ImageJ software
(National Institute of Mental Health, USA) in order to obtain
particle size distribution of the obtained powders. Infrared
characterization was carried out using a FTIR spectroscope
(Spectrum 400, Perkin Elmer). The identification of the
samples by X-ray diffraction was performed on a Shimadzu
XRD-7000 diffractometer, at 40 kV with a current of 30 mA
and CuKa radiation (A= 1.5406 A). Diffractograms were
acquired in the range between 5° <20< 60° with step of
0.02° and scanning velocity of 1 ®min. Rietveld structural
refinement was carried out using GSAS II (General System
Analyzer Structure) software. The main objective of the
Rietveld method is the refinement of crystalline structures by
means of theoretical models using the least square method to
adjust the theoretical diffraction pattern to the experimental
one. The numerical indicator Rwp is statistically the
most significant [52]. Besides the numerical criteria, it
is considered of fundamental importance the graphical
adjustment criterion, which represents the difference
between the calculated and observed data curves. Rietveld’s
refinement for HAp was done based on data from [53] with
the hexagonal space group P63/m, having two independent
crystallographic sites for Ca, one for P, four for O and one
for H. The single unit cell of HAp consisted of 44 atoms,
with 10 Ca atoms, 6 of phosphate tetrahedral (PO 43‘), and
2 groups of OH- well-organized in the hexagonal atomic
structure.

RESULTS AND DISCUSSION

The morphology of the powders obtained by the
different precursors are shown in Fig. 1, images obtained
by SEM. It was observed that the morphology of the HAp
particles obtained by the different precursors was similar,
having almost spherical shape, having in both a wide
distribution of size, agglomerated particles and with the
presence of porosity of different dimensions, being smaller
than 1-2 pm. Oliveira et al. [54], when synthesized the
hydroxyapatite via wet reaction, observed a morphology
of the powder with a porous structure and with varied pore
size, as well as observed in the present study. According to
[42, 49], the presence of pores smaller than 30 um should
be highlighted because they allow better neovascularization
and growth of fibroblasts inside the supports, when these
are applied as biomaterials. Corroborating also with the
studies of [41] which synthesized HAp using 800 °C as
decomposition temperature, it was verified that the particles
were agglomerated and had almost spherical morphology.

From the SEM images of the obtained HAp samples, a
study of the size of particle clusters was carried out with
Imagel software. Fig. 2 shows the size distribution of the
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a)

Figure 1: SEM micrographs showing powder morphology of: a)
HAp (egg shell); and b) HAp (synthetic origin).

[Figura 1: Micrografias de MEV mostrando a morfologia do po
de: a) HAp (casca de ovo); e b) HAp (origem sintética).]

equivalent spherical diameter for samples 1 and 2. The
obtained distributions suggested the formation of particle
agglomerates with a wide monomodal distribution of size
and medium size of agglomerates (D50) of 0.2 um in
sample 1 and 0.1 pm in sample 2. SEM results showed that
the hydroxyapatite obtained by the biological precursor
(sample 1) showed a greater morphological uniformity of
the particle agglomerates even with larger agglomerate
sizes when compared to the mineral precursor (sample
2), which can effectively influence their biological and
mechanical responses. Manhdes et al. [55] synthesized
calcium phosphates by wet neutralization reaction, from the

precursor calcium chloride (CaC,.2H,0) with atomic ratio
Ca/P of 1.67, and calcination at 800 °C, and observed by
granulometric analysis a wide distribution of agglomerate
sizes, with values of mean diameter of 12 pum; in the samples
obtained in this work, the mean diameter of the agglomerates
was 0.9 um, which consequently had enhanced surface area
that favors absorption by the organism. The tendency of
particle agglomeration was higher for the smaller particles,
which agreed with the literature [3, 49, 56].

The infrared spectroscopy result of the sample obtained
by eggshell is shown in Fig. 3a. The spectrum of the
hydroxyapatite synthesized from eggshell was similar
to those found in [57]. By analyzing the spectrum, it was
observed the absorptions relative to the phosphate group,
with the characteristic group PO,*, indicated in Table I,
corroborating with [54]. The infrared spectroscopy result
of the sample obtained by calcium hydroxide is shown in
Fig. 3b. This spectrum shows an enlargement of the bands
referring to the group PO, between 950 and 1200 cm'!
indicated in Table I, and a band in the 3600 c¢cm’, relative
to the OH group of the lower intensity hydroxyl [58, 59].
It was possible to notice that the FTIR spectra of the two
samples were similar. In the samples obtained by the two
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Figure 2: Particle size distribution curves obtained from measured
areas in micrographs of powders obtained by: a) route 1; and b)
route 2.

[Figura 2: Curvas de distribuicdo de tamanho de particula obtidas
de dreas medidas em micrografias dos pos obtidos pela: a) rota 1;
eb)rotal.]
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routes the characteristic peaks of HAp were present. An
observed difference between the HAp obtained was related
to the presence of a peak in the region of 1600 and 3400 cm!,
relative to the OH group of the lower intensity hydroxyl in
sample 2, possibly from the presence of structural H,O; bands
at 1470 and 1420 cm™ of symmetrical stretching of the C-O
group were also identified [56, 60, 61]. According to the
result of the FTIR it was observed that the hydroxyapatite
obtained by the biological precursor had less amount
of hydroxyl group (OH) in the structure, which may
be associated with increased crystallinity of the same,
corroborating with the XRD results and confirming the
greater stability of the microstructure when compared to
the mineral precursor.
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Figure 3: FTIR spectra of powders: a) sample 1; and b) sample 2.
[Figura 3: Espectros de FTIR dos pos: a) amostra 1, e b) amostra 2.]

Table I - F TIR absorption bands of sample 1.
[Tabela I - Bandas de absorcdo de FTIR da amostra 1.]

Assignment

Absorption band (cm™)

1088 Asymmetrical stretching of PO,*
1022 Symmetrical stretch PO,*
940 Asymmetric deformation PO,*>

The hydroxyapatite samples obtained were characterized
by X-ray diffraction and analyzed by the Rietveld method
(GSAS 1II program), with the structural data sheet of

the Inorganic Crystal Structure Database (ICSD). The
instrumental parameters were previously calculated using
a NIST 660a LaB6 standard. The X-ray diffractograms of
hydroxyapatites synthesized by precipitation as well as
detailed information obtained through the Rietveld method
are shown in Fig. 4. According to the diffractograms, only
the crystalline phase of the hydroxyapatite (Ca/P of 1.67)
was observed in the samples. It was identified by the crystal
file ICSD 01-072-1243, which is according to the standard
ISO BS 13779-3:2008 [53]. Considering this, Rietveld
analysis was carried out and in Fig. 4 it is possible to observe
the accurate fit between the experimental diffractogram
(blue line) and diffraction pattern calculated by Rietveld
refinement (x dots). This was also manifested by the value of
the difference between both, shown by the green line, which
did not show high value at any point, which confirmed, in
addition, the presence of the HAp as the only phase. The
characteristic diffraction profile of the sample 1 presented
intense and narrow peaks, a high percentage of crystallinity,
with identification at 25.9°, 31.6°, 32.9° and 33.9° at 20,
corresponding to the reflections of planes 002, 002, 121
and 112, respectively. This result corroborates with other
authors who obtained similar results; they synthesized
calcium phosphate from the eggshell and were able to
obtain hydroxyapatite using a calcination temperature range
between 800 and 1250 °C, and the most intense peak was
observed near 20=31.7° [47, 62]. The diffractogram of the
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Figure 4: XRD patterns of hydroxyapatite: a) sample 1; and b)
sample 2.

[Figura 4: Difratogramas de raios X da hidroxiapatita: a) amostra
1; e b) amostra 2.]
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sample 2 presented broader peaks with lower intensity,
showing a lower crystallinity, with diffraction positions
similar to those shown in sample 1, according to Fig. 4.
These characteristics resemble those of natural bone apatite.
The quantitative analysis by Rietveld’s refinement of the
powder diffraction data can obtain valid information about
the phase structural characteristic of the resulting powders,
as can be observed in [63, 64].

Some studies [12, 30] investigated the influence of
temperature to obtaining hydroxyapatite for biomedical
purposes and verified that the calcination process improves
the crystalline profile of the sample in which the increase
in temperature raises its crystallinity; however, we observed
that the calcination process with the same conditions in
samples 1 and 2 resulted in different crystalline profiles,
and the hydroxyapatite obtained from the precursor of
biological origin showed a higher crystallinity. Aguilar
et al. [49] studied the synthesis of hydroxyapatite with
the use of a calcium carbonate of biological origin as a
precursor, proving to be viable for the reactional pathway;
the results corroborate with those obtained in this research.
According to [65], the peak intensities demonstrate that
the apatite crystallinity increases with the increasing of
calcination temperature, influencing considerably the HAp
microstructure. Also, the increase of calcination temperature
promotes processes of atomic diffusion within the particles
and consequently the reduction of pore sizes and numbers.
The degree of crystallization of hydroxyapatites can be
evaluated considering results shown in Table I, according to
the parameters established in the X-ray diffraction equipment
program (XRD-7000, Shimadzu), in which a degree of
crystallinity of 94.99% in the sample 1 and 67.49% in the
sample 2 was obtained, which demonstrated a more defined
crystallinity for the HAp obtained from the eggshell.

Table II - Crystallographic parameters for the calculation of
hydroxyapatite crystallization for both samples.

[Tabela II - Pardmetros cristalogrdficos para o cdlculo da
cristalizacdo da hidroxiapatita para ambas as amostras.|

Condition* Sample 1 Sample 2
Cristal I  (kcps.deg) 4413 1.461
Cristallinity 94.99% 67.49%

* - Conditions of crystallinity calculation: reach: 5°-60°; axis: 6-0; Lorentz
correction: yes; 0 M: 13.300°; parameter K: 1.0; step: 10; width: 3; loop: 20.

The values of the crystallographic parameters obtained
through refinement by the GSAS II program, with their
respective concentrations of HAp phases (samples 1 and 2)
are shown in Table III. It was observed the identification of
a crystalline phase, with its respective crystalline system,
spatial group, volume, percentage of crystalline phase,
crystallite sizes and Rwp. All these data were obtained from
the output information file on the statistical parameters of
the refinements and confidence factors. Table III shows the
results obtained from the XRD refinement of the samples
1 and 2. In [66], using the diffraction tomography and the
Rietveld refinement method in different hydroxyapatites for

evaluating their structures, it was observed results similar
to those presented here. The crystallographic parameters
corroborated results of scientific studies of hydroxyapatite.
According to these values, the atomic distances were
generally within the expected values, indicating absence
of significant cationic or anionic substitutional impurities
when evaluated by atomic occupational factors and by
lattice parameters [31, 63, 67-70]. The numerical refinement
adjustment values (weighted profile factor - Rwp) were
lower than 12% which indicated a good fit between the data
calculated by the theoretical model and the observed pattern
[52, 62].

Table III - Crystallographic parameters of the hydroxyapatite
(samples 1 and 2).
[Tabela Il - Parametros cristalogrdficos da hidroxiapatita
(amostras 1 e 2).]

Parameter* Sample 1 Sample 2
a=b(A) 9.4201 9.4236
c (A) 6.8833 6.8898
Crystallite size (um) 0.122 0.0914
Rwp 2.36% 11.85%

* - Crystalline system: hexagonal (unit cell: hexagonal close-packed); space group:
P63/m; a,b,c - lattice parameters; percent crystalline phase: 100%.

The size values of the hydroxyapatite crystallites
(samples 1 and 2) are presented in Table III. Some studies
[31, 71] showed that increasing the calcination temperature
results in an increase in the size of the crystallite; however,
the results showed that for the same calcination temperature
(800 °C), the crystallite size was larger for the sample 1,
obtained from the precursor of biological origin. The sizes
of crystallites were calculated indicating that the larger
crystallite sizes are associated with normal bone [72]. In the
samples synthesized in this work we verified this larger size
in sample 1, synthesized from the biological precursor. Rollo
et al. [72] showed that the crystal structure of hydroxyapatite
may indicate the quality of the trabecular bones, by
identifying the size of the crystallite, microhardness,
microstrain and calcium and phosphorus ratio in bones
of three types: normal, osteopenic or osteoporotic. That
means that Rietveld analysis should be a practical tool to
evaluate the health of individuals through the diffraction
study of their skeletal remains. Several parameters must be
carefully controlled during the synthesis of hydroxyapatite
aiming to obtaining a material with the ideal microstructure
to promote the osteoinduction after its use. The thermal
treatments involved during the synthesis are fundamental
to form crystals well-ordered and with greater mechanical
resistance [65].

From the Rietveld refinement the CIFs of the samples
were obtained and later generated structural models through
the VESTA program. In Fig. 5, the planes (100), (010),
(001) and (111) of the hydroxyapatite samples (1 and 2) can
be seen, with the representations of Ca (red), P (green), O
(ashes) and H (blue) atoms in unit cells and the formation of
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Sample 01

Sample 02

Octahedron of Ca Tetrahedron of P Trigonal prism of

CaNC9

Figure 5: Crystal structures of hydroxyapatite shown with
polyhedra, in red with central Ca atom and in green with central
atom of P with oxygen atoms in their vertices.

[Figura 5: Estruturas cristalinas da hidroxiapatita mostradas com
poliedros, em vermelho com dtomo de Ca central e em verde com
dtomo central de P com dtomos de oxigénio em seus vértices.]

Table IV - Atomic bonding distances (A) of the
microstructures formed in samples 1 and 2.

[Tabela 1V - Distdncias de ligacdo atomica (An) das
microestruturas formadas nas amostras 1 e 2.]

B(:;l;l;ng 7I2S 1(;]:3 Sample 1 Sample 2
Octahedron
Cal-O1 2463 2.528 2420
Cal-02 2.409 2313 2379
Cal-Ca2 3461 5.440 5413
Octahedron Trigonal prism
Ca2-01 2.707 2.535 2.545
Ca2-02 2.351 2.342 2417
Ca2-04 2.344 2.341 2.357
Tetrahedron
P-0O1 1.538 1.701 1.485
P-O2 1.526 1.594 1.499
P-O3 1.524 1.497 1.335

tetrahedron of P, octahedron and trigonal prism of Ca. Based
on the structural models, the distances among the atoms
in the unit cells were calculated (Table IV) and compared
with the distances present in the CIF (ISCD 721243) of the
standard BS ISO 13779-3:2008, where small variations were
observed. However, the distance between the calcium atoms
(Cal-Ca2) presented a considerable variation in relation to
that of the CIF, corroborating with other studies [73, 74] that
studied the microstructure of hydroxyapatite by Rietveld’s
refinement. These variations may be related to the degree of
crystallinity observed previously, where the sample 2 had a

lower crystallinity, and the formation of the trigonal prism
was verified in the unit cell which caused a larger distortion
of the structure. Based on X-ray diffraction results, it was
possible to confirm that the hydroxyapatite obtained from
the precursor of biological origin (eggshell) presented
better microstructural characteristics when compared to that
obtained by mineral precursor (calcium hydroxide).

CONCLUSIONS

The obtained results allowed concluding that the
synthesis, from different precursors, by precipitation
and subsequent calcination lead to the formation of the
crystalline phase of hydroxyapatite. The synthesis of
hydroxyapatite is influenced by several factors, among
them its precursor. The biological precursor (eggshell) was
more efficient for the synthesis of hydroxyapatite, when
compared to the mineral precursor (calcium hydroxide),
since it presented a higher crystalline phase percentage.
Also, it showed higher morphological uniformity even with
larger agglomerate sizes. With this information it can be
highlighted that hydroxyapatite obtained by the eggshell
showed characteristics that allow it to be used as biomaterial.
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