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Synthesis and properties of bio-waste-based
hydroxyapatite via hydrothermal process

Synthese und Eigenschaften von Hydroxylapatit auf
Bioabfallbasis über einen hydrothermalen Prozess

C.K. Ng1, Z.L. Ng1, S. Ramesh2, 3, C.Y. Tan2, C.H. Ting4, Y.D. Chuah5,
U. Sutharsini6

In this study, a facile hydrothermal method is applied to produce hydroxyapatite
(HA) particles using egg shells as calcium precursors and fruit waste extracts (ba-
nana peel) as biomolecular templates at 150 °C for a reaction time period of
12 hours (h) and 24 hours. The sintering of the green samples of hydroxyapatite
were conducted at 1250 °C in air for 2 h. The results showed that pectin extracted
from banana peel extracts assisted in regulating crystal growth to obtain homoge-
neous hydroxyapatite powder, with higher purity observed for 24 h hydrothermal
reaction time. Fourier-transform infrared spectroscopy (FTIR) spectra revealed the
presences of phosphate (PO4

3� ) and hydroxyl (OH� ) groups in the powders. A rel-
ative density of 89.6 % was achieved for sintered hydroxyapatite compacts pro-
duced via hydrothermal method for 24 h. The sintered body was characterized by
having high Vickers hardness of 5.35 GPa and good fracture toughness of
1.23 MPa

p
m, suitable for biomedical application.

Keywords: Hydroxyapatite / bio-waste / bio-ceramics / hydrothermal / mechanical
properties

Schlüsselwörter: Hydroxylapatit / Bioabfall / Biokeramik / hydrothermal /
mechanische Eigenschaften
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1 Introduction

Bone grafting is a surgical procedure that implants
bone restorative materials into the bone defected
site for its growth and healing. Most bone grafts are
expected to be reabsorbed and replaced by the natu-
ral bone during the healing process. However, there
are drawbacks associated with bone grafting, such
as complications of bone resorption, infection, do-
nor site morbidity, and strength reduction. This has
stimulated extensive research interest in developing
synthetic biomaterial substitutes using metal, poly-
mer, and ceramic that emulate natural bone struc-
ture [1–2]. The ideal bone replacement is a bio-
material replacement resembling the biomechanical
and biochemical properties of mineral bone and a
porous structure to allow new cells to penetrate the
structure and proliferate [3–4]. Conventional bio-
compatible metals such as titanium (Ti), tantalum
(Ta), magnesium (Mg), and stainless steel are nota-
ble examples used as bone substitutes for its ex-
cellent fracture toughness and flexural strength.
However, the main disadvantage of the non-bio-
logic metallic substrates is their degradation upon
interaction with body fluids, which could elicit the
release of toxic metallic ions and cause in-
flammation [5]. The shortcoming of metallic im-
plant biomaterials can be overcome by using hy-
droxyapatite as the implant biomaterial.

2 State of the art

Hydroxyapatite (HA), Ca10(PO4)6(OH)2, is the prin-
ciple inorganic calcium phosphate mineral compo-
nent that has been extensively used as an implant
material for human bones and teeth for its remark-
able properties that include biocompatibility, bio-
activity, osteoconductivity, non-toxicity, and non-
inflammatory nature [6]. Various techniques have
been developed to produce bioactive hydrox-
yapatites to mimic natural bone characteristics. The
synthesis techniques applied include the wet chem-
ical precipitation, mechanochemical, sol-gel and
hydrothermal [7–11]. Synthesized hydroxyapatites
prepared from these production techniques often
lack the presence of trace amounts of anionic and/
or cationic in their lattice structure which are nor-
mally found in human bones. On the contrary, hy-
droxyapatite fabricated from natural resources and

agricultural wastes such as egg shells, crab shells,
and fish bones are non-stoichiometric due to the
trace amount of ions incorporated in their lattice
[12–15]. Egg shell consists mostly of calcium car-
bonate (CaCO3) with trace number of bioinorganic
ions such as sodium, strontium and magnesium that
make it an attractive bio-waste derived calcium pre-
cursor for the synthesis of hydroxyapatites. These
techniques involved the use of organic solvents or
organic templating agents which are mostly harm-
ful to the natural habitat and the ecosystem. There-
fore, many recent studies have focused on synthe-
sizing hydroxyapatite with the green materials,
which are more environmentally friendly, sustain-
able and also lower in cost as compared to organic
templates [16]. Consequently, the development of
hydroxyapatite from natural biomaterials is of enor-
mous significance in its application as bone-like
implants.

3 Aim of the investigation

Egg shells comprise approximately 11 % of the to-
tal weight of the egg and are primarily consisting of
calcium carbonate (CaCO3). Pectin is an excellent
biocompatible and biodegradable polysaccharide
material with several noteworthy biological proper-
ties such as antimicrobial, anticoagulant, and anti-
inflammatory. Pectin has shown promise in bio-
medical application for bone tissue regeneration
[17]. Pectin based bio-composite is used to alter the
degree of swelling in oral drug delivery. Pectin is
also investigated as surface modifier for medical
devices [18]. Pectin-based material is exploited to
imitate the natural extracellular matrix to induce the
proliferation of osteoblast. The ionic plant poly-
saccharides which are predominantly rich in car-
boxyl and hydroxyl groups, can improve the bind-
ing of calcium ions (Ca2+) to form large number of
nuclei for hydroxyapatite crystal growth [19]. The
hybrid organic-inorganic material can offer favor-
able effect in bone fixation and repair of bone tis-
sue defects.

The aim of the current study is to produce pectin
mediated egg shell-based hydroxyapatite bio-ce-
ramic with adequate strength, high purity, good
physical properties, and biocompatibility via facile
hydrothermal synthesis.
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4 Materials and experimental details

Chicken egg shells were washed thoroughly and
then crushed into powder in a pestle and mortar.
About 2 g of the egg shell powder was dispersed in
20 cm3 of 1 to 3 ratio of hydrochloric acid (HCL)
and distilled water in accordance to Equation 1.

CaCO3 þ 2 HCl! CaCl2 þH2Oþ CO2 (1)

20 g of cleaned banana peel was boiled in
250 cm3 of water for 10 min and filtered. About
5 cm3 of this banana peel filtrate was then poured
into the egg shell solution and the mixture was stir-
red thoroughly. After that about 0.85 cm3 (i. e. Ca/P
molar ratio =1.67) of 85 % phosphoric acid was
added dropwise to the slowly stirred mixture. Am-
monia solution (NH4OH) was added to maintain the
pH of the solution at 10. The expected reaction for
this process is as follows:

10 CaCl2 þH2Oþ 2 NH4OHþ 6 H3PO4

! Ca10ðPO4Þ6ðOHÞ2 þ 20 HClþ 2 NH4

(2)

The hydroxyapatite slurry is poured into a poly-
tetrafluoroethylene (Teflon)-lined stainless steel
pressure vessel and hydrothermal synthesis took
place at 150 °C for a reaction times of 12 h and
24 h (denoted as hydroxyapatite-12 and hydrox-
yapatite-24, respectively). The autoclave was al-
lowed to cool to room temperature by natural cool-
ing after hydrothermal treatment. The resulting
hydroxyapatite precipitates were then filtered and
washed with deionized water until all traces of
chloride ions and ammonium ions were removed.
The precipitates were then dried in an oven at
100 °C for 24 h. The hydroxyapatite dried cake was
crushed in a pestle and mortar, and then sieved
through 150 μm sieve to obtain a uniform sized hy-
droxyapatite powder. The hydroxyapatite powder
was uniaxial compacted to form a circular disc. The
hydroxyapatite disc samples were heated to
1250 °C at a ramp rate 10 °C/min in a conventional
pressure less furnace with a dwell time of two
hours.

The crystalline phases of the hydroxyapatite
samples were analyzed using x-ray diffraction
(XRD-6000, Shidmazu) with CuKα radiation over
the 2θ range of 20°–60°. The microstructural evolu-

tion of the hydroxyapatite samples was evaluated
by scanning electron microscopy (SEM: SEC SNE-
3000M Desktop Mini) equipped with energy dis-
persive x-ray (EDX). The characterization of the
samples was conducted using Fourier transform in-
frared (FTIR: Spectrum 65, Perkin-Elmer). The
bulk density of the sintered specimens were meas-
ured by using an electronic balance (Shimadzu
AY220, Japan) in accordance to the Archimedes’
principle with distilled water as the immersion me-
dium. Relative density was calculated by taking the
theoretical density of HA =3.16 g/cm3. The hard-
ness of hydroxyapatite bio-ceramics was evaluated
by the Vickers indentations method using a load of
0.2 Kgf. The cracks obtained from the Vickers in-
dentation were used to determine the fracture
toughness based on the relationship proposed below
[20]:

KIC ¼ 0:016
E � 1000 s2

H � 9:8 m

� �1=2

�
F

c3=2

� �

(3)

Where F is the applied load in Newton (N), c is
the crack length measured from the center of the in-
dent to the crack tip in meters (m), E is the
Young’s modulus in GPa, and H is the Vickers
hardness in GPa. At low loads, Palmqvist cracks
are favored, while at high loads fully developed
median cracks result.

5 Results and discussion

5.1 X-ray diffraction

The x-ray diffraction plots of the hydroxyapatite
powder synthesized via hydrothermal trans-
formation with reaction times of 12 h and 24 h
show that the as-synthesized hydroxyapatite pow-
ders have broadening diffraction peaks at 31.8°–
32.8°, as compared to the hydroxyapatite samples
sintered at 1250 °C for 2 h, Figure 1. This indicates
that the hydroxyapatite powders have lower crystal-
lization compared to the sintered compacts and this
is in agreement with other reports for hydrox-
yapatite particles [21–22].
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5.2 Fourier transform infrared (FTIR) analysis

The first indication of the formation of hydrox-
yapatite is in the form of a strong complex broad
Fourier-transform infrared spectroscopy band cen-
tered at about 1000 cm� 1–1100 cm� 1 due to asym-

metrical stretching mode of vibration for PO4

group, Figures 2–3. From the broad Fourier-trans-
form infrared spectroscopy spectrum of both syn-
thesized hydroxyapatite powders, the asymmetric
stretching (V3) modes of PO4

3� ion are detected at
around 1031 cm� 1 and 1089 cm� 1 for hydrox-
yapatite-12 powder and 1026 cm� 1, 1089 cm� 1 for
hydroxyapatite-24 powder. The symmetrical
stretching modes (V1) of PO4

3� ion are also found
at around 962 cm� 1 for hydroxyapatite-12 and hy-
droxyapatite-24 powders respectively. This in-
dicates that both of the synthesized hydroxyapatite
powders exhibited the characteristic bands of phos-
phate groups of the apatite structure. The stretching
vibrations, ascribed to CO3

2� at around 1464 cm� 1

and 1457 cm� 1 for hydroxyapatite-12 and hydrox-
yapatite-24 powders, respectively, are also present.
The presence of CO3

2� in the hydroxyapatite is as-
sociated with the egg shell which was used as the
calcium source in the synthesis process. The in-
tensities of CO3

2� peak could be reduced by heat
treatment at higher temperatures. Furthermore, the
spectrum of hydroxyapatite has characteristic bands
at 632 cm� 1 and 3571 cm� 1, corresponding to OH-
groups in the apatite lattice. The hydroxyl bands at
632 cm� 1 and 3571 cm� 1 are typical of highly crys-
talline hydroxyapatite sintered at high temperature.
The liberation and stretching modes of the OH� are

Figure 1. X-ray diffraction (XRD) plots of hydroxyapatite
samples synthesized via hydrothermal method with reaction
times of 12 h and 24 h. (a–b) powder, (c–d) samples sinte-
red at 1250 °C.

Figure 2. The Fourier-transform infrared spectroscopy spectrum of the hydroxyapatite powder synthesized via hydrothermal
method with a reaction time of 12 h (hydroxyapatite-12).
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detected at around 3571 cm� 1 for hydroxyapatite-24
powder, which is a common features of hydrox-
yapatite.

5.3 Scanning electron microscope (SEM) and
energy dispersive x-ray spectroscopy (EDS)
analysis

The scanning electron microscopy micrographs of
the sintered hydroxyapatite samples prepared via
hydrothermal reaction at 150 °C for 12 h and 24 h
are taken to measure the grain size, Figure 4.

Sintered hydroxyapatite-24 sample exhibited
smaller average grain size (~4.07 μm) compared to
sintered hydroxyapatite-12 sample (~4.83 μm). Hy-
droxyapatite samples with longer reaction time
would promote the nucleation and growth of par-
ticles.

The bulk Ca/P molar ratios of hydrothermally
synthesized hydroxyapatite were determined as
1.85 and 1.77, after 12 h and 24 h of hydrothermal
reaction, respectively. The higher Ca/P ratio, above
the stoichiometric value of 1.67 for hydroxyapatite,
could be attributed to the presence of carbonate
ions substituting the phosphate, thus indicating the
presence of B-type carbonated hydroxyapatite. The
substitution is believed to reduce the phosphorus

Figure 3. The Fourier-transform infrared spectroscopy spectrum of the hydroxyapatite powder synthesized via hydrothermal
method with a reaction time of 24 h (hydroxyapatite-24).

Figure 4. Scanning electron microscopy micrographs of
sintered samples: (a) hydroxyapatite-12 and (b) hy-
droxyapatite-24.
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content of hydroxyapatite, thus resulting in a higher
value of the Ca/P ratio. The energy dispersive x-ray
analysis indicates the presence of calcium (Ca),
phosphorus (P), and oxygen (O) which are ele-
ments present in the hydroxyapatite phase, Fig-
ure 5.

5.4 Mechanical properties

The relative densities of 87.3 % and 89.6 % were
obtained for sintered hydroxyapatite-12 and hy-
droxyapatite-24 samples, respectively. As bio-
synthetic bone implants, the formations of pores are
advantageous since they permit tissue growth on
the implants and allows body fluid circulation. The
sintered hydroxyapatite-24 sample revealed a high-
er Vicker hardness of 5.35 GPa and fracture tough-
ness of 1.23 MPa

p
m, as compared to sintered hy-

droxyapatite-12 sample which had a Vickers
hardness of 4.76 GPa and fracture toughness of
1.08 MPa

p
m. The major factor influencing the

fracture toughness is the grain size of the sintered
body. Fine-grained matrix is favorable as it leads to
more grain boundaries per unit volume which can
impede the movement of dislocations. When the
dislocations are effectively inhibited, the permanent
deformation of the sample can be prevented and
hence giving the sintered sample of finer grain size
a higher fracture resistance.

6 Conclusions

The current study presents a hydrothermal method
to produce pure and stable hydroxyapatite powder
using egg shells and banana peel extracts as the
starting precursors. Hydroxyapatite powder was
synthesized via hydrothermal technique with 12 h
and 24 h of reaction times at 150 °C. The Ca/P ratio
for the hydroxyapatite-12 and hydroxyapatite-24
sintered samples were greater than the stoichio-
metric value of hydroxyapatite (1.67). A high Ca/P
ratio could be attributed to the presence of carbon-
ate ions substituting the phosphate, thus promoting
the presence of a B-type carbonated hydrox-
yapatite. The sintered hydroxyapatite compacts de-
rived from egg shells exhibited better mechanical
properties (i. e. Vickers hardness of 5.35 GPa and
fracture toughness of 1.23 MPa

p
m) if compared to

typical calcium phosphate ceramics for biomedical
applications. This research has demonstrated the vi-
ability of egg shell-derived hydroxyapatite to be
used as a potential biomaterial for bone sub-
stitutions.
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Figure 5. The energy dispersive x-ray spectrum and elemental composition of sintered samples: (a) hydroxyapatite-12 and
(b) hydroxyapatite-24.
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