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Abstract

Eggshells are typically considered to be garbage because they have no value as food but they favor microbial growth. Vast quantities of
eggshell waste are available from food processing, baking, and hatching industries. The present study provides a simple hydrothermal method to
obtain high-purity hydroxyapatite (HA) nanoparticles from eggshells and three kinds of fruit waste extracts: grape, sweet potato, and pomelo
peels. These synthesized nanoparticles have been characterized by X-ray diffraction, Fourier transform infrared spectroscopy, and scanning
electron microscopy studies. The results showed that hydrothermal reaction times and biomolecule amounts influenced product shape, product
size, and synthetic HA crystal morphology. The HA taken from pomelo peelings exhibited good aspect ratios with physical shapes similar to
those of the crystalline HA structures of natural human bone. HA synthesized from eggshell powders contains several important trace elements,
such as Na, Mg, and Sr.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (HA) has been widely used as an implant
material due to its close similarity in composition to natural
bone. Many studies have shown that HA ceramics show no
toxicity, no inflammatory response, no pyrogenetic response,
no fibrous tissue formation between implant and bone, and the
ability to bond directly to the host bone [1–3]. Artificial HA
has many applications, such as bone graft substitutes,
sustained-release drug delivery devices, and protein purifica-
tion [4,5].

However, the mineral composition of human bone differs
slightly from stoichiometric HA due to the impurities in human
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
10.1016/j.ceramint.2013.03.094

nce to: Department of Materials Science and Engineering,
ity, 168 University Road, Dacun, Changhua, Taiwan 51591,
4 851 1888x4108; fax: +886 4 851 1280.

sses: fujii@mail.dyu.edu.tw, titi0918@yahoo.com.tw (W.-F. Ho).
bone, which include carbonate, chloride, fluoride, magnesium,
and sodium [6,7]. The natural apatite of the human body
contains approximately 3–8 wt% of carbonate [8]. Natural
bone tissue includes tiny HA crystals in its nano-regime [9].
Nanosized HA exhibits much higher bioactivity than coarser
crystals; nanophase ceramics made from nanosized HA may
help osteoblasts to synthesize alkaline phosphatase. Such
ceramics may also promote the adhesion and proliferation of
cells and lead to rapid repair of hard tissue injuries [10].
Over the past several years, biologically derived natural

materials such as bovine bones [11], fish bones [12], oyster
shells [13], corals [14–16] and eggshells [17] have been
converted into useful biomaterials like HA. Biological HA
obtained from natural resources preserves some properties of
the precursor material, such as pore structure and chemical
composition [18]. In 1974, Roy and Linnehan [14] simplified
the field by taking a biomimetic approach that employed the
direct conversion of coral calcium carbonate skeletons into HA
ghts reserved.
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(termed coralline HA). Sivakumar et al. [15] used a hydro-
thermal process to derive HA from corals from the Gulf of
Mannar, off the coast of India. Hydrothermal conversion of
Australian corals into HA was studied by Hu et al. [16].
However, some coral species are in danger of extinction and
most coral species have slow growth rates. Therefore, it is
urgent to explore new alternative materials that are renewable,
low-priced, and easily accessible.

Avian eggshell has a mineral composition similar to corals.
Eggshells have been introduced as a candidate material for
maxillofacial and craniofacial surgery because avian eggshells
can be procured easily [19,20]. Fresh eggshell typically
consists of a three-layered structure; the cuticle on the outer
surface resembles a ceramic; the middle layer is spongy; the
inner layer consists of lamellar layers. The eggshell represents
approximately 11% of the total weight of egg. The chemical
composition (by weight) of chicken eggshell consists of
calcium carbonate (94%), magnesium carbonate (1%), calcium
phosphate (1%), and organic matter (4%) [21]. Chicken
eggshells contain trace elements, such as Na, Mg, and Sr,
which are also found in human bone. Chicken eggshells that
would normally be discarded as garbage can be used as high-
quality calcium sources for the preparation of HA; this
incidentally eliminates the cost of recycling or garbage
disposal [21].

A number of synthetic routes have been developed for
preparing HA powders, such as mechanochemical, sol–gel,
chemical precipitation, hydrothermal, and microemulsion
methods. Among the various synthetic routes, the hydrother-
mal method has been proven to be an effective and convenient
process to prepare HA batches with diverse controllable
morphologies and architectures [22]. In addition, there is an
ever-growing need to develop clean, non-toxic, and environ-
mentally friendly procedures for nanoparticle synthesis. In the
present investigation, eggshell and several biomolecules from
waste materials (pomelo, grape, and sweet potato peel extracts)
have been used for the synthesis of nanosized HA through a
hydrothermal method.

2. Materials and methods

Biowaste eggshells were cleaned and crushed into powder.
Then, 2 g of that powder was dissolved in 20 ml 1:3 hydro-
chloric acid/water solution. Three solutions were prepared
from three different kinds of fruit waste. Each solution used
80 g by weight of fruit waste and 1000 ml of water. The fruit
wastes were grape, sweet potato, and pomelo peels. The
polyphenolic compounds and beta-carotene are found in the
grape peel extract [23]. The sweet potato peel extract contains
several phytochemicals such as polyphenols and carotenoids
[24]. The main ingredients of pomelo peel extract are
flavonoids, dietary fibers and essential oils [25]. The pomelo
peel oils consist mainly of limonene [26]. Each 80 g waste
sample was boiled in 1000 ml of water for 10 min and then
filtered. Five millilitre of this filtrate was added to 20 ml of the
above eggshell solution and stirred gently but thoroughly.
0.85 ml (i.e. Ca/P molar ratio¼1.67) of 85% phosphoric acid
was added little by little to the stirred mixture. NH4OH
solution was added to keep the solution pH at 10. The
mixtures were sealed in polytetrafluoroethylene (Teflon)-lined
stainless steel autoclaves and hydrothermal transformations
took place at 150 1C for different reaction times (24 and 72 h)
in independent experiments. The autoclaves were allowed to
cool to room temperature naturally. The resulting products
were powders; they were collected, rinsed with deionized
water, and dried at 60 1C for 24 h, prior to examination.
The crystalline phases of the synthesized powders were

analyzed by powder X-ray diffraction with CuKα radiation
(XRD; XRD-6000, Shimadzu, Japan). The phases were
identified by comparing the experimental X-ray diffractograms
to standards compiled by the Joint Committee on Powder
Diffraction Standards (JCPDS). Microstructural observation
was conducted using a scanning electron microscope (SEM;
JSM-6700 F, JEOL, Japan) under secondary electron mode.
Surface chemical analysis was performed using energy-
dispersive X-ray spectroscopy (EDS) coupled with the SEM.
Fourier transform infrared (FT-IR; Bio-Rad, FTS-40, USA)
spectra were obtained in the region 550–4000 cm−1 from the
powdered samples. In order to evaluate the composition of the
synthesized powders and the presence of heavy metals,
inductively coupled plasma-atomic emission spectrometry
(ICP-AES; ICAP 9000, Jarrell-Ash Co., USA) analysis was
performed.
3. Results and discussion

3.1. X-ray diffraction analysis

To get homogeneous nanopowder, a template for regulating
particle growth is required [27]. In this research, three kinds of
biomolecular templates from waste materials were used to
investigate influences on the crystallization, morphology and
size of nano-HA particles. Fig. 1 shows the X-ray diffraction
patterns of the synthesized nano-HA batches in the presence of
the three different biomolecules. As shown in this figure, HA
samples synthesized using three different biomolecules had
similar XRD patterns and no other crystalline phase was
observed besides HA. All the diffraction peaks were assigned
to monophase low-crystalline HA. This indicates that the use
of varied biomolecules had not hindered the formation of HA
phases. The six broad peaks of the XRD patterns indicate that
the HA particles had small sizes and low crystallinity; these
characteristics resemble those of naturally occurring bone
apatite. The low-crystalline apatite structures obtained in this
study should be expected to be more metabolically active than
fully-developed crystalline HA structures. Such fully-
developed crystals have low biodegradability in physiological
environments [28].
Here, the XRD patterns of only one prepared sample for

each condition are presented, because all the cases were
similar. Fig. 1 compares three curves for 24 h reactions to
the corresponding curves for 72 h reactions; the 72 h curves
had narrower, more distinct HA peaks; this suggests an



Fig. 1. XRD patterns of hydroxyapatite synthesized using three kinds of
biomolecular templates in waste by hydrothermal treatment at 150 1C for 24 or
72 h. (a) Grape peel, 24 h; (b) grape peel, 72 h; (c) sweet potato peel, 24 h;
(d) sweet potato peel, 72 h; (e) pomelo peel, 24 h and (f) pomelo peel, 72 h.

Fig. 2. FT-IR spectra of hydroxyapatite synthesized using three kinds of
biomolecular templates in waste by hydrothermal treatment at 150 1C for 72 h.
(a) Grape peel, (b) sweet potato peel and (c) pomelo peel.
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increase in crystallinity. It is more significant for the pattern of
HA synthesized using the extraction of pomelo peel.
3.2. Fourier transform infrared analysis

Fig. 2 presents FT-IR spectra of HA nanopowders synthe-
sized in the presence of biomolecular templates after hydro-
thermal reactions at 150 1C for 72 h. FT-IR tested for the
presence of functional groups like phosphate and carbonate.
Note that, all HA synthesized with three different biomolecular
templates have similar FT-IR spectra. In the spectra, bending
and stretching modes of P–O vibrations are present as bands
around 554 and 1031 cm−1, respectively. The bands at 2851
and 2920 cm−1 are attributed to the asymmetric stretching of
CH2 and CH3 [29]. Besides these spectra, bands at 631 and
3580 cm−1 represent structural OH groups. Additionally, the
carbonate ion substitution is identified by characteristic peaks
of the carbonate ions around 864 and 1434 cm−1, which are
attributed to the vibrational modes of the carbonate ions
substituted at the phosphate sites (B-type) [30]. Moreover,
the carbonate ion band at 1550 cm−1 can be ascribed to A-type
carbonate substitution on hydroxide ion sites [31]. In this
experiment, the carbon peaks observed for the specimens
closely matched those of A- and B-type carbonates.
The presence of carbonate is a form of lattice defect in the

HA, which could contribute to its low crystallinity, supporting
the XRD data. The more the powder is carbonated, the more
the diffraction peaks broaden. These results show that AB
mixed type carbonated apatites could be obtained from
hydrothermal reaction processes that involved dissolution-
precipitation phenomena. It should be mentioned that most
biological apatites contain both A- and B-type carbonate ions
in their lattices [31]. It can thereby be concluded that the
prepared HA is chemically and structurally analogous to
biological apatite. The apatite in natural bone contains
significant amounts of carbonate ions, from about 4 to 6 wt
% [32]. In general, low carbonate content can improve the
bioactivity of HA [33].
3.3. Morphology and characterization

Figs. 3 and 4 represent the SEM micrographs of HA
nanopowders prepared in the presence of three different
biomolecular templates through hydrothermal reactions at
150 1C for 24 and 72 h, respectively. According to classical
nucleation theory, heterogeneous nucleation always takes place
earlier than homogeneous nucleation in a supersaturated
solution, due to the lower free energies of nuclei on the
surfaces of foreign bodies [34]. In the present study, biomo-
lecules in the solution provide nucleation sites for the HA
nuclei. The morphologies of synthetic HA crystals vary
depending on the hydrothermal reaction times. After hydro-
thermal reaction at 150 1C for 24 h, aggregated particles with
tiny needle-like or rod-like nanostructures were observed.



Fig. 3. SEM images of hydroxyapatite synthesized using three kinds of biomolecular templates in waste by hydrothermal treatment at 150 1C for 24 h. (a) Grape
peel, (b) sweet potato peel and (c) pomelo peel.

Fig. 4. SEM images of hydroxyapatite synthesized using three kinds of biomolecular templates in waste by hydrothermal treatment at 150 1C for 72 h. (a) Grape
peel, (b) sweet potato peel and (c) pomelo peel.
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Because nanoparticles have tiny volumes, their surface-to-
volume ratios are much larger than those of larger particles.
These high surface areas are accompanied by van der Waals
interactions which result in a strong tendency to agglomerate
[35]. As observed in SEM images, the presence of biomole-
cules influences the sizes and shapes of the products. The HA
that was synthesized in the presence of grape peel extract
exhibited more aggregation.

With a reaction time of 72 h, the needle-like nanostructures
transformed into rod-like nanostructures and the aspect ratio
decreased, as shown in Fig. 4. This phenomenon may be due
to increased carbonate content. It is worth noting that the HA
obtained from pomelo peel extract exhibited good aspect ratios
with physical shapes similar to those of the crystalline
hydroapatite structures of natural bone [36]. The limonene
content in pomelo peel extract seems to have played a good
role in controlling the shapes and sizes of the synthesized HA
nanoparticles [37]. The HA formed using grape peel extract
was an assembly of uniform rod-like nanoparticles. A close
look shows that these agglomerates are made up of clusters of
rods, each with a length less than 100 nm. The beta-carotene
and other vitamins present in the grape peel extract are also
seen to play an important role in controlling the sizes and
shapes of HA nanoparticles [38]. The HA samples synthesized
using sweet potato peel extract showed irregular aggregates of
nanoparticles that resembled rice. The sizes and shapes of
nanoparticles obtained from biogenic hydroxyapatite can
preserve important characteristics such as good bioactivity
and structural flexibility [39,40]. However the heating condi-
tions should be controlled, since recrystallization can lead to
growth of crystallite to slightly higher values than those
reported for bones to be around 5–20 nm width by 60 nm
length [41] and change the original tissue architecture.
The crystallite sizes of the synthesized HA nanopowders

were calculated by Scherrer's formula as follows [42]:

Xs¼ 0:9λ=FWHMcos θ

where Xs is the average crystallite size (nm); λ is the
wavelength of X-ray radiation (1.5406 Å); FWHM is the full
width at half maximum for the diffraction peak under
consideration (rad); and θ (degree) is the diffraction angle.
The diffraction peak at 2θ¼26.041 was chosen for calculation
of the crystallite size since it was isolated and sharper than the
others.
The crystallite sizes of the HA nanoparticles obtained by

the presence of grape, sweet potato, and pomelo peel extracts
after 72 h were 32, 49, and 12 nm, respectively. The literature
reports that bone crystals can be 30–50 nm in length,
15–30 nm in width, and 2–10 nm in thickness [32]. The
nanostructure of bone-substituting materials is closely related
to the good bioactivity and osteoconductivity. Synthetic HA
composed of nanosized crystals can lead to an increase of
osteoblast functions [43].
The results of measurements of elemental composition by an

EDS method are presented in Fig. 5. The EDS spectra show
sharp calcium and phosphorus peaks in the examined areas of
the HA nanoparticles made from grape, sweet potato and
pomelo peel extracts after 72 h. Furthermore, the EDS analysis
revealed that the Ca/P molar ratios were between 1.57 and
1.77. The calculated Ca/P ratio is appreciable and fits quite



Fig. 5. EDS analyses for hydroxyapatite synthesized using three kinds of
biomolecular templates in waste by hydrothermal treatment at 150 1C for 72 h.
(a) Grape peel, (b) sweet potato peel and (c) pomelo peel.
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well with that of biological apatite, which ranges from 1.50 to
1.85 [31]. It is worth pointing out that the Ca/P ratio of
biological apatite mainly depends on the species and the age
factor.

Not only are bone crystallites extremely small, they are often
described as “poorly crystalline” because they show broad X-ray
diffraction peaks (relative to stoichiometric HA), which are
thought to arise from the incorporation of impurities, such as
carbonate, sodium, and magnesium ions (4–6% carbonate; 0.9%
Na; 0.5% Mg) [32], and from the nonstoichiometry of the
biogenic mineral. The measurements of elemental composition
by the ICP-AES method showed the presence of Ca (37.2 wt%), P
(17.0 wt%), Na (0.410 wt%), Mg (0.390 wt%) and Sr (0.289 wt
%) in the synthesized HA using pomelo peel extract after 72 h.
Biological apatites have attracted particular interest because of the
substitutions at the Ca2+, PO4

3−, and OH− sites. The presence of
several trace elements does not alter the basic crystallographic
characteristics of HA, but can improve the overall biological
performance of the implant material [44–47]. Ionic substitutions
play an important role in bone formation. For example, strontium
(Sr) could improve bone strength and provide benefits in the
treatment of osteoporosis [48]. Sr-containing HA ceramics have
exhibited mechanical properties better than those of pure HA, and
have been shown to enhance the proliferation and differentiation
of osteoblast cells in vitro [49]. Additionally, Na and Mg are
known to be important trace elements in bones and teeth, and to
play an important role in bone metabolism. Na and Mg depletion
can cause bone fragility and bone loss [50,51]. Also, Mg plays a
crucial role in cell proliferation and function [51].

4. Conclusions

The present study suggests recycled chicken eggshells can
improve the ecosphere by reducing the need for waste
management; furthermore, these eggshells can provide useful
raw materials for nanomaterials. This research describes how
nano-sized HA powders were successfully prepared using
biomolecular templates from waste materials (grape, sweet
potato, and pomelo peel extracts) after hydrothermal reactions
at 150 1C. Our results indicate the following important points:
(1)
 The HA nanopowders that were synthesized from three
different biomolecular templates have similar XRD
patterns and no other crystalline phase can be observed
besides HA. The broad peaks in the XRD patterns point
out the small size and low crystallinity of the HA, which is
similar to naturally occurring bone apatite.
(2)
 All HA synthesized using three different biomolecular
templates have similar FT-IR spectra. The carbon peaks
observed for the specimens closely matched those of
A- and B-type carbonate, which could contribute to the
low crystallinity of the synthesized HA.
(3)
 After hydrothermal reactions at 150 1C for 24 h, aggregated
particles with tiny needle-like or rod-like nanostructure were
observed. Needle-like nanostructures transformed into rod-like
nanostructures and the aspect ratio decreased after hydrother-
mal reactions for 72 h. The HA obtained using pomelo peel
extract exhibited good aspect ratios with physical shapes
similar to those of the crystalline hydroapatite structures of
natural bone.
(4)
 The crystallite sizes of the HA nanoparticles obtained
using grape, sweet potato, and pomelo peel extracts after
hydrothermal reactions at 150 1C for 72 h were 32, 49, and
12 nm, respectively.
(5)
 ICP-AES evaluations showed the presence of Ca (37.2 wt%),
P (17.0 wt%), Na (0.410 wt%), Mg (0.390 wt%) and Sr
(0.289 wt%) in the HA synthesized from pomelo peel extract.
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