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Article Info Abstract

Article history: Calcium phosphate is widely used in biomaterials, especially as a bone substitute.
One of the calcium phosphate compounds that is widely used is hydroxyapatite.
In biomedical applications, nano-sized hydroxyapatite particles have better
bioactivity than coarse crystals. Hydroxyapatite can be synthesized from various
sources of calcium and phosphate. Broiler eggshells were chosen as a source of
calcium in this study because they have a relatively high calcium content. The
method used in the synthesis of nano-hydroxyapatite in this research is the
electrochemical method. This research aims to examine the effect of varying
NaOH immersion time on the size and structure of calcium phosphate particles
produced using an electrochemical method made from chicken egg shells. The
synthesis of nano-hydroxyapatite from chicken egg shells was carried out in 4
stages: material preparation, electrolysis, precipitate immersion, and
characterization. Nanometer-sized particles can be acquired through an
immersion process lasting at least four hours, and it is observed that the longer
the duration of immersion, the greater the resemblance of the resulting structure
to hydroxyapatite.
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belongs to the calcium orthophosphate family [6].
Additionally, it possesses bioactive properties and can be
integrated into living tissue through the same active
process as the normal bone remodeling process [7].
Nanoscale hydroxyapatite particles exhibit superior
bioactivity compared to larger crystals in biomedical
applications [8].

1. Introduction

Hydroxyapatite (HAp), with a chemical formula of
Cai(P0O,)s(OH),) and a Ca/P ratio of 1.67, constitutes a
significant constituent within the inorganic mineral
composition of human hard tissues, and it has found
extensive utilization as a biomedical ceramic substance in
both orthopedic and dental applications [1, 2, 3, 4].

Hydroxyapatite closely resembles the structure and
chemical characteristics of natural bone minerals, as
approximately 70% of human bone is composed of
calcium phosphate, which strongly resembles
hydroxyapatite. Hydroxyapatite crystals provide strength
and rigidity to bone structure and play a crucial role in
maintaining the integrity of human skeletal tissues [5].

Hydroxyapatite is non-toxic, non-carcinogenic,
resistant to corrosion, has biocompatible properties, and
is not recognized as a foreign material by the body.
Hydroxyapatite is an osteoconductive substance and

Many researchers have investigated the synthesis
techniques and characteristics of HAp, but the procedure
is costly, intricate, and time-consuming [1]. Recently, a
growing interest has been in producing high-
performance hydroxyapatite powders by synthesizing
HAp using natural resources. However, research
concentrating on the straightforward and economical
processing of HAp using biowaste materials is still
limited. Hence, the study of HAp preparation from
biowaste possesses a high potential [1].
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Several biowaste materials, including oyster and
abalone shells [9], green mussel shells [10], bovine bone
[11], fish bone [12], and eggshells [13], are used to
synthesize hydroxyapatite. These biowaste materials are
cost-effective and sustainable sources for hydroxyapatite
synthesis, making the process more environmentally
friendly and reducing the need for traditional mineral
sources [1].

Hydroxyapatite particles can be synthesized by
various techniques, including precipitation [14], solid-
statereaction [15], hydrothermal [1], sol-gel method [16],
microemulsion method [17], and flame spray [18]. The
precipitation approach is more prevalent due to its
simplicity and low expense. However, the disadvantage of
this technique is that size control is challenging to
achieve, and the particles produced are typically large and
irregular [14, 19]. The hydrothermal process can yield
hydroxyapatite with a significant level of crystallinity.
However, this approach necessitates elevated
temperature and pressure and generates powder that
tends to aggregate with inconsistent size distributions
[20]. The sol-gel method is a highly efficient technique
for precisely manipulating the shape and chemical
content of hydroxyapatite. However, it is characterized by
a lengthy processing time [16, 21].

Electrochemical methods can be used to synthesize
nano-sized hydroxyapatite. This technology has emerged
as the predominant technique for applying a
hydroxyapatite (HAp) coating onto metal surfaces in
biomedical applications. The electrochemical approach is
recognized for its effectiveness and efficiency in
assembling small particles with precise size and
morphology. This technique can be achieved by altering
the applied current or potential to the system [19, 22].
Djosi¢ et al. [23] successfully produced monetite
nanoparticles using electrochemical synthesis and
converted them into hydroxyapatite by immersing them
in a NaOH solution. They employed an electrochemical
technique utilizing a constant direct current (CDC) power
source. Samsudin et al. [24] studied the effect of pH and
current density on hydroxyapatite from eggshells. HAp
was identified at pH 12 [25].

In this study, broiler eggshells (Gallus
gallusdomesticus) were used as the raw material for the
synthesis of hydroxyapatite. Due to their high calcium
carbonate content, broiler eggshells possess the capacity
to serve as a fundamental constituent in the synthesis of
hydroxyapatite [26]. Calcium oxide compounds are
produced after the calcination of the calcium carbonate
present in eggshells. The selection of broiler egg shells
was based on their superior calcium content after
calcination compared to other poultry eggshells [27]. This
research aims to examine the effect of immersion time of
hydroxyapatite precipitate in NaOH solution on the type
and size of calcium phosphate particles produced using
eggshell-based electrochemical methods.

2. [Experimental

2.1. Materials

Broiler eggshells were collected from a market
around Semarang, Indonesia. KH.PO,, Na,H,EDTA.2H-0,
HCl, and NaOH were obtained from Merck, Germany.

2.2. Synthesis of Nano-hydroxyapatite

The synthesis of nano-hydroxyapatite began with
preparing calcium precursors from broiler eggshells. The
washed eggshells were then crushed and calcined at
900°C for 5 hours. The calcium concentrations of the
eggshells before and after the calcination process were
analyzed using an Atomic Absorption Spectrophotometer
(AAS). The calcined eggshells were then dissolved in
concentrated HCl and distilled water to produce a CaCl,
solution with the desired concentration.

Nano-hydroxyapatite was synthesized at a constant
direct current (CDC) using the electrochemical method.
The cathode and anode used in an electrochemical cell
were platinum electrodes with a height of 10 cm, a
diameter of 3 mm, and a surface area of 0.071 cm2. The
utilized potentiostat was EZstat basic (Nuvant system,
United States). The electrolyte solution consisted of CaCl,
from egg shells, Na,H.EDTA, and KH.PO, with a
Caz*/EDTA%4-/PO,3- composition of 0.25/0.25/0.15 M.
Electrolysis was carried out for 6 hours galvanostatically
at a current of 0.3 A (current density of 4.23 A/m?2). The
precipitate was then filtered and dried in an oven at 40°C
for 24 hours. The obtained dry precipitate was then
weighed. Figure 1 illustrates the schematic of electrolysis
equipment.
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Figure 1. Schematic of electrolysis equipment

The dried precipitate was then immersed in NaOH
solution at pH 12 with varying immersion times of 2, 4, 6,
and 8 hours. The results were filtered and dried for further
characterization using a scanning electron microscope
(SEM) and X -ray diffraction (XRD).

3. Results and Discussion
3.1. Effect of Calcination on Eggshell Calcium Content

The calcination process was carried out to convert
the CaCOs; present in chicken egg shells into CaO. The
reaction that occur in the calcination process is shown in
Reaction (1) [28].

Table 1. Comparison of the calcium content of eggshells
before and after calcination

Eggshells Calcium Content (%)
35.96

39.93

Before calcination
After calcination
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CaCOss) » CaOgs) + COx(g) (1)

Table 1 shows a comparison of calcium levels in
eggshells before and after the calcination process. The
calcium content in eggshells increases from 35.96% to
39.93% following the calcination process. This increase is
caused by the reduction in moisture content, the release
of some gases, particularly CO-, from reaction (1), and the
evaporation of volatile organic materials [29]. During the
calcination process, the reduction of organic compounds
results in an elevation of calcium concentration in
eggshells, increasing from 35.96% to 39.93%. The
calcium concentration in the eggshell was analyzed using
an Atomic Absorption Spectrophotometer (AAS). In order
to produce a calcium chloride solution, which is part of
the electrolyte solution, the calcium oxide present in
calcined eggshells reacts with hydrochloric acid [30]. The
reaction is shown in Reaction (2).

CaOgs) + HCl(aq) > CaClz(aq) +H20(g) (2)
3.2. Precipitate Formation

Prior to the electrochemical process, an electrolyte
solution consisting of CaCl,, Na,H.EDTA, and KH,PO, was
clear and transparent. Gas bubbles were generated at the
platinum cathode and anode during the electrochemical
process. Water electrolysis occurs due to the presence of a
platinum electrode as an inert electrode. The reactions at
the anode and cathode are shown in Reactions (3) and (4)
(31].

Anode: 2H,0() 2 Ox) + 4H*aq) + 4€° 3)
Cathode: 2H,Oq) + 2™ - Ha(g) + 20H(ag) (4)

Following Reaction (4), the cathode facilitates the
generation of hydroxide ions by the reduction process of
water. The production of hydroxide ions at the cathode
had an impact on the dissociation of phosphoric acid, as
demonstrated by the equilibrium processes (Reaction

(5)).
H>PO, (aq) = H*(agq) + HPO42 (aq) (5)

HPO,>- ions, which are generated from Reaction (5),
then react with Ca2* ions to produce CaHPO, (monetite)
(Reaction (6)).

CaZ+(aq) + HPO[,Z_(aq) = CaHPO,s) (6)

Monetite exhibits thermodynamic stability solely at
pH levels lower than 4.8. The presence of hydroxide ions
played a significant role in the stabilization process of
monetite, leading to its conversion into hydroxyapatite.
The reaction of monetite conversion to hydroxyapatite
due to the presence of OH- ions from water reduction and
NaOH immersion is shown in Reaction (7).

10CaHPO,s) + 20H ag= Caio(PO,)s(OH)as) + 4P0,3> ) + 10H g (7)

The immersion process resulted in the partial
dissolving at the interface between monetite and the
solution. The interaction between calcium and phosphate
ions leads to hydroxyapatite formation and
rearrangement of the monetite structure, resulting in the
precipitation of hydroxyapatite crystallites [32].

Anode Cathode
Low conc.
“High conic.
2930, e
('Yj(‘*(‘(}:)(ﬁ' Precipitate

Figure 2. Precipitate formation mechanism

The pH could affect the stability of calcium
phosphate. Dicalcium phosphate (CaHPO,.2H>0), as one
type of calcium phosphate, exhibits the highest stability
at a pH below 4.2. When pH is greater than 4.2, the stable
phase for calcium phosphates at high temperatures (up to
1,000°C) is in the form of Hap [33].

Figure 2 illustrates the process of precipitate
formation in the electrolysis process. Particles are
initially formed around the cathode. The number of
particles created around the cathode will enhance with
the increase in the duration of electrolysis. Then, these
particles will move from the cathode to the body of the
solution due to the difference in concentration. The
concentration gradient between the cathode and the bulk
solution leads to the diffusion of particles from the
cathode to the bulk solution. As the electrolysis duration
extends, the settling of particles in the solution
intensifies, influenced by their specific gravity.

3.3. Morphology of HAp Precipitates

The HAp precipitates obtained from the electrolysis
process with various NaOH immersion times were then
characterized using scanning electron microscopy (SEM).
The results of SEM characterization can be seen in
Figure 3.

Figure 3. SEM images at 10,000x magnification with
immersion times of (a) 2 hours, (b) 4 hours, (c) 6 hours,
and (d) 8 hours
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Figure 4. Histogram of particle size distribution at
various immersion times of (a) 2 hours, (b) 4 hours,
(c) 6 hours, and (d) 8 hours

According to the SEM results depicted in Figure 3, the
precipitate exhibits a plate-like morphology. The
observed morphology has similarities to the findings of
previous studies [34, 35]. The plate-like hydroxyapatite
(HAp) exhibits a favorable morphology due to its
resemblance to the inorganic phase of biological tissue.
Moreover, its suitability and ease of usage in tissue
engineering further enhance its potential [36]. The
structure of plate-shaped HAp can be explained as an
inheritance from either an amorphous calcium phosphate
phase or a precursor octacalcium phosphate (OCP) [19].

Figure 4 shows the particle size distribution at
various immersion times of precipitate in NaOH.
According to Figure 4, an immersion time of 2 hours in
NaOH vyields a particle size distribution ranging from 0.92
to 6.08 um, with an average particle size of 2.12 pm. When
the immersion of NaOH was increased to 4 hours, the
particle size distribution tended to fall between 0.75 and
3.10 pm, with an average particle size of 1.87 pm. At an
immersion time of 6 hours, the size of the particle
achieves nano-size with an average size of 272 nm falling
within the range of 90 to 775 nm. Meanwhile, at an
immersion time of 8 hours, particles reach a range and
the smallest average size of 87-763 nm and 228 nm,
respectively. The result indicates that an extension of the
NaOH immersion time correlates with a reduction in
particle size. Specifically, the particle size achieves the
nano-size range when immersed in NaOH for 6-8 hours.

3.4. Chemical Properties

The chemical characteristics of the resulting powder
were investigated by determining the phase composition
using X-ray diffraction (XRD). In order to examine the
degree of crystallinity, the synthesized hydroxyapatite
(HAp) was subjected to analysis using powder X-ray
diffraction (XRD). The obtained XRD pattern was
subsequently compared to the Joint Committee on
Powder Diffraction Standards (JCPDS) data based on the
26 angle values.
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Figure 5. X-ray diffraction results of particle samples
with varying NaOH immersion times of (a) 2 hours,
(b) 4 hours, (c) 6 hours, and (d) 8 hours

Figure 5 shows the results of the diffraction peaks in
the samples resulting from electrolysis by immersion
time in NaOH at pH 12. The peaks tend to be sharp and
narrow form. High-intensity sharp peaks in XRD spectra
typically denote the presence of well-ordered crystalline
material [37].

When the immersion time was set to 2 hours, the
characteristic 26 peaks of the precipitate exhibit closer
proximity to monetite(CaHPO,) than hydroxyapatite. As
the duration of immersion was extended to 4, 6, and 8
hours, the observed properties of the peaks tended to
resemble those of hydroxyapatite, particularly in the 26
peaks of 32, as determined by X-ray diffraction (XRD).
The immersion of the precipitate in NaOH for 8 hours
results in a higher quantity of comparable peaks,
corresponding with the JCPDS data of HAp no 09-0432.
Monetite compounds can be converted into
hydroxyapatite (Caio(PO4)s(OH).) by immersion in an
alkaline solution [32]. According to Reaction (7), there is
a positive correlation between the duration of immersion
time and the efficiency of converting monetite to
hydroxyapatite.

4. Conclusion

Hydroxyapatite can be synthesized from broiler
eggshells with an electrochemical process. Using a
calcination temperature of 900°C can increase the
calcium content in eggshell powder. According to the SEM
analysis results, the precipitate exhibited a plate-like
morphology. Increasing the immersion time of the
precipitate in NaOH solution reduces the particle size. By
immersion time of more than 6 hours, precipitate with a
size of nanometers was obtained. The smallest size, with
an average of 228 nm, was achieved after immersing for 8
hours. Referring to the XRD spectra, the immersion of the
precipitate in NaOH for 8 hours leads to the closest
structure to hydroxyapatite.
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