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Abstract: The hydrothermal method has effectively synthesized hydroxyapatite (HA).
This study aimed to analyze the effect of pH on the properties (purity, crystallinity, and
size) of HA crystals. HA synthesis of chicken eggshells was carried out using the
hydrothermal method at temperatures of 230 °C with pH 9 and 9.34. The characteristics
of HA are determined by XRF, XRD, FTIR, and TEM. The composition of the most
significant compound obtained from the results of XRF analysis is CaO (97.5%). The XRD
analysis showed that the purity of HA with pH 9.00 and 9.34 obtained was 97.8 and
96.6%, with the crystallinity of 56.46 and 56.96%. It was also obtained that the size of
crystal HA was 21.8 and 15.7 nm for samples synthesized at pH 9.00 and 9.34. The results
showed that the purity and size of HA were affected by differences in the pH synthesis and
were relatively the same for its crystallinity which directly affects the value lattice
parameter. The properties of HA produced by the hydrothermal method have met the
criteria for biomedical applications.
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= INTRODUCTION

inorganic parts found in the human bone and has a solid

The advancement of clinical materials has been a
significant examination center for decades, particularly
for use in skeletal fix and reconstructive medical procedures
[1]. Bioceramic is one of the most encouraging insert
materials because of its likeness in arrangement with bone
(CaP)-based
bioceramic has been utilized as embed materials because

[2]. Specifically, calcium phosphate
of its superb compound properties and biocompatibility
with hard tissues [3]. HA with general synthetic recipe
Ca;o(OH),(PO,)s has drawn in extensive consideration as
one of the most mind-blowing CaP-based bioceramics for
use in the remaking of the skeleton [4]. HA contains most

fondness for having tissues [5].

Furthermore, CaO is generated as a side product
when high Ca/P reactant ratios are employed to make
HA. The addition of CaO reduces the surface area of the
composite. The reduced surface area is undesirable for
the powder component of Calcium phosphate cement
(CPC) since the presence of silica on the composite
surface, and the composite's decreased surface area
diminishes the bioactivity of HA [6]. Biocompatibility is
a critical feature of 3D scaffolds designed for biomedical
purposes. Furthermore, the 3D scaffolds must be
biocompatible with the surrounding cells [7].
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HA can be made from various raw materials of
natural origin, such as limestone, eggshells, coral, and
seashells. The primary material is a source of calcium in
the form of CaCO; compounds with 94-97% [8]. The raw
materials commonly used to produce HA can be obtained
from various inorganic sources or natural materials [9-
10]. Several types of cheap and abundant natural
biological resources, such as eggshells [11], fish bones [9],
seashells [8], and plants [12], have been studied by many
researchers [13]. In practice, the researcher tries to reduce
the cost of HA synthesizing [14]. The reduction of cost
uses the calcium source from waste [11]. However, some
waste should not be used because they are in the ecology
cycle [13]. For example, seashells may be the habitat of
tiny sea animals, and the coral reef is necessary for fish
and some animals in the deep sea. If this waste is used, the
environment or ecology may be damaged. Therefore,
seashells and coral reefs should not be used for HA
synthesizing [15]. However, bovine one and eggshell also
can be used [16]. There are wastes from households that
are very cheap and safe when used in HA synthesizing
[17-18].

HA with raw materials from chicken eggshells and
diammonium hydrogen phosphate has been synthesized
using the wise drop precipitation [18-19] and the
hydrothermal method [20]. The yield from the wise drop
precipitation method is 74.74% [21]. Meanwhile, the yield
produced by the hydrothermal method is 75% [20].
Although the yield is
hydrothermal method uses a lower temperature than the

relatively the same, the
precipitation method (precipitation-wise drop=1000 °C
and hydrothermal 230 °C). However, the Ca/P ratio of
hydrothermal synthesis was 2.29 higher than the standard
Ca/P HA ratio of 1.67. Based on these results, the
optimum conditions for the synthesis were determined,
including varying the temperature and pH of the reaction
in hydrothermal synthesis [19,22-23].

The
microstructure, particle size, mechanical properties, and

phase composition, crystallization,
thermal stability of HA strongly depend on the conditions
and techniques utilized during the synthesis [24]. Among
the conditions during the HA synthesis process, the pH

value is the essential factor in determining the shape of
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HA particles [25-26]. For example, Li et al. [27] found
HA with a spherical shape at particle sizes between 20
and 30 nm formed at pH 10 and 11. At pH 8 to 9
intervals, a needle-like HA 0.25 micrometers in length
was produced [26]. Another result also showed that
spherical crystallites with a diameter of 1.5-8 pm could
be produced when the pH of the sol-gel was increased to
8. Besides that, finer spherical HA particles with a
diameter of about 0.3-1.0 pum were observed at pH 12.
As a result, developing a simple, low-cost, and quick
synthesis strategy for producing nano-sized pure HA is
critical. The pH of the reaction is critical in determining
the particle size and form of HA. A well-formed needle-
like HA particle with dimensions of 10-15 nm width and
60-80 nm length was generated at pH 10. However,
raising the pH resulted in the formation of more
spherical nanoparticles.

The temperature and pH parameters of the
synthesis affect the character of HA using hydrothermal
at a temperature of 120 °C and pH 9 [24]. Based on
another research, crystal shape is influenced by
variations in the pH of the synthesis [28]. Differences in
HA characters are a guide for variations in HA
applications reported in several previous studies [22,29-
32]. Acidic conditions during hydrothermal synthesis of
HA powder produce spherical-shaped particles. In
contrast, an increase in the pH of the feedstock causes
anisotropic growth. It increases the aspect ratio of
crystals, resulting in higher nucleation rates for HA
crystals under alkaline conditions [33].

The mechanism of HA synthesis as a function of
pH has been studied [24]. Alkaline conditions (around
pH 9) are the choice to observe the effect because pure
HA shows good stability at pH values of 9-10 and
optimum at pH 9 but will degrade slowly at low pH levels
(acid conditions) [34]. A slight change in pH can affect
the characteristics and properties of HA [35]. Therefore,
the pH sensitivity will be more effectively visible if the
effect is observed at the optimum pH interval whose
values are not too far apart. This study focuses on
synthesizing HA using chicken eggshell waste as a source
of calcium at pH 9.00 and 9.34 through the
hydrothermal method. The effects of pH on yield, purity,
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crystallinity, crystal shape, and crystal size were
examined.

m EXPERIMENTAL SECTION
Materials

The ingredients used were distilled water (H,O),
100% Merck glacial acetic acid (CH;COOH), chicken
eggshells, and diammonium hydrogen phosphate
((NH4).HPOy) p.a. Merck.

Instrumentation

The tools used include glassware, autoclave, cup,
FTIR (PerkinElmer Spectrum 100), alumina cake, TEM
(JEOL JEM-1400plus TEM Single tilt holder TEM Grid
Cu 400 mesh), XRD (PANalytical X'PERT PRO series)
PW 3040/x0), XRF (Rigaku Nex CG), crucibles, analytical
balance, oven, stirrer, furnace, and pH meter.

Procedure

The methods used include calcining chicken
eggshells to obtain CaO, analysis using XRF, synthesis of
HA by hydrothermal method, analysis using XRD,
analysis using FTIR, and analysis using TEM.

Chicken eggshell calcination

The chicken eggshell waste obtained (115.9595 g) is
cleaned of residual dirt and membranes using distilled
water. The cleaned chicken eggshells were left in the open
air for 24 h. The dried eggshell waste is then ground with
a planetary ball mill to obtain a size that passes 100 mesh.
The fine chicken eggshell powder was calcined using a
furnace at a temperature of 1000 °C for 5 h, and the rate
of temperature increase was 15 °C/min. Therefore, the
obtained results in a white powder which is CaO [36]. For
the elemental analysis, the chemical composition of
calcined chicken eggshell was analyzed using an X-ray
fluorescence spectrometer (XRF) [Rigaku NEX CG (CG
1240)] with 50 kV voltage, 4 mA current, and 200 W
power at roughly 20 °C and regulated humidity.

HA synthesis

CaO powder from calcined chicken -eggshells
(57.4826 g) was added with 50 mL distilled water and
3.9467 g diammonium hydrogen phosphate with a mole
ratio of Ca:P 1.67. Then the initial pH was measured, and

Indones. J. Chem., 2022, 22 (5), 1418 - 1426

glacial acetic acid (CH;COOH 0.1 M) was added until a
pH of 9.00 (the procedure is repeated for pH 9.34). After
that, the mixture was put into an autoclave and heated
in an oven at 230 °C (HA 230) for 48 h. Furthermore, the
HA crystals are decanted to be separated from the
solution. The crystals obtained were dried in an oven at
110 °C for 2 h [37].

XRD analysis

XRD analysis was performed to identify the HA
crystal lattice of chicken eggshells. The synthesized
crystals were analyzed by XRD using CuKa radiation at
an angle of 20 from 20° to 60°. The diffractogram was
analyzed using High Score Plus software to determine
the purity, crystallinity, and crystal size.

FTIR analysis

Analysis to determine the functional groups of HA
uses the potassium bromide (KBr) pellet technique. The
pellet was obtained by mixing the finely ground sample
with KBr powder using a mortar and agate vessel. The
fine powder was then in the form of pellets measuring
1.24 cm by pressing 5 tons for 30 min. These fine powder
pellets are mounted in cells and placed in the sample
beam path of the FTIR apparatus. The results obtained
are the IR spectrum. The IR spectrum was analyzed
using SpectraGryph software to determine the peaks of
the spectrum.

TEM analysis

TEM was used to determine the shape of HA
particles by dispersing 1 mg of HA in 1 mL of
isopropanol. The obtained TEM micrographs were
analyzed using Image] software.

m  RESULTS AND DISCUSSION

The shells of calcined chicken eggs were analyzed
using XRF, which aims to determine the eggshell
content. The results of the XRF analysis of calcined
chicken eggshells are shown in Table 1.

The calcination results of chicken eggshells were
analyzed using XRF to determine levels of CaO. It has an
effect on stoichiometry for HA synthesis. The CaO
content obtained from the calcination is about 97.5%,
and there are other components such as magnesium, iron,
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Table 1. Composition of calcined chicken eggshells using
XRF

Component Composition (%)
MgO 1.1300
Fe,0O; 0.3680
CuO 0.0192
P,0s 0.4060

SO; 0.2600
ALO; 0.1770
CaO 97.500
SiO, 0.1770

copper, phosphorus, sulfur, aluminium, and silica in the
form of oxides. CaO content is obtained from the
decomposition process of CaCOs;, which is the main
component in chicken eggshells.

HA was synthesized using the hydrothermal method
at temperatures of 230 °C for 48 h with various pH (9.00
and 9.34). This HA synthesis reaction corresponds to the
following equation:

10 CaO (s) + 6 (NH,)2HPO, (s) + 4 H,O (1) >
Caio(PO4)s(OH); (s) + 12 NH,OH (aq)

Based on the study results, the yield of HA 230 was
78.77%. The obtained yield could be affected by the
unreacted reactants and other residues in CaO from
chicken eggshells that reacted with (NH,),HPO,. The
synthesis of HA from chicken eggshells using the wise
drop precipitation method obtained optimum results at a
sintering temperature of 1000 °C for 5 h with a yield of
74.74%. Based on this study, the yield of HA from the
hydrothermal method was higher than that of the wise
drop precipitation method [19].

Synthesis HA using the hydrothermal method with
a calcium source from chicken eggshells and a phosphate
source from diammonium hydrogen phosphate without
adjusting the pH resulted in a yield of 75% [20]. Based on
the research conducted, an increase in yield of 3.77%,
proving that pH affected the yield obtained. The effect of
the pH can be caused by the more effective contact
between reactants occurring at pH 9. The factors that
affect the yield include the effectiveness of contact
between reactants, the ratio between reactants,
temperature and reaction time, and the stage of
[38]. In this

purification of reaction products
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investigation, CH;COOH was utilized to modify the pH,
which

throughout the synthesis process. Supersaturation of

increases the concentration of OH™ ions
OH- ions at the interface might interfere with the actions
of OH" ions on the crystal facets, influencing their
development rates [39]. The mobility of Ca’* and PO,
ions in the precursor solution is restricted by a high
concentration of OH" ions at a high pH value. The
absorption of OH" ions at the various crystal facets is
thought to change their surface energy, resulting in
crystal growth with varying morphologies and sizes [24].

The XRD HA 230 pH 9.00 data were compared
with the XRD 230 pH 9.34 data. The results of the
analysis can be seen in Fig. 1.

The highest peak of HA 230 at pH 9.34 was at 20 =
31.7726°. The crystal structure of HA obtained from all
reaction conditions is hexagonal with a P 63/m space
group. The XRD data is then processed using High Score
Plus software. The purity of HA 230 at pH 9.34 was
96.6%, with impurities in the Whitlockite phase of 3.4%.
While HA 230 pH 9 has a purity of 97.8% with
impurities in the form of Ca(OH), of 1.4%, and the TCP
phase with a percentage of 0.8%. The difference in purity
is due to the influence of pH on the synthesis of HA in
the hydrothermal method. The percentage of crystallinity
of HA 230 at pH 9.34 was 56.96%. Compared with HA
230 at pH 9 (crystallinity = 56.46%), the percentage of
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Fig 1. (a) Diffractogram images of ICSD 98-016-9498,
(b) commercial HA, (c) HA 230 pH 9.34, and (d) HA 230
at pH 9.00
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Fig 2. (a) IR Spectrum images of commercial HA, (b) HA
230 at pH 9.34, and (c) HA 230 at pH 9.00

crystallinity obtained is relatively the same. This finding
proves that the relative pH does not affect the crystallinity
of the obtained HA [24].

Meanwhile, the crystal size of HA 230 at pH 9.34 was
15.7 nm, while HA 230 at pH 9 had a crystal size of
21.8 nm. It is known that pH affects the crystal size and
morphology of the HA [28]. The crystallite size was found
to decrease monotonically with the increase and
associated with the increase in the nucleation rate of the
crystals, thus reaching a high concentration of the solute
(supersaturation) [24]. In addition, in hydrothermal
synthesis, the product's formation and stability are
influenced by reaction conditions such as temperature,
pressure, reagent concentration, and pH [40].

The presence of carbonates is due to the reaction
between HA and CO, present in the atmosphere during
preparation [41]. While the O-H groups identified at
wavenumbers 1638 and 3433.5 cm™ indicate that the
sample still contains water [24,42]. While the band at
wave number 3644.0 cm™ is the stretch of the OH group
on the Ca(OH), molecule [37].

Fig. 2 shows that HA 230 at pH 9.34 can be seen
from the presence of a band at wavenumbers 475.6, 565.7,
602.8, 963, 10043, and 1091 cm™. P-O vibrations in the
phosphate group and the wavenumber of 632.5 and
3572 cm™ have O-H buckling and strain. In addition, the
band at wavenumbers 877.4, 1402, and 1457 cm™ contain
a CO;* group. Meanwhile, the O-H group identified at
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wavenumber 1642 cm™ indicates that the sample still
contains water. The transmittance of the CO;*" group
and the OH group of HA 230 pH 9.34 was lower than
that of HA 230 pH 9. The observed transmittance
indicates the interaction of HA with CO, that occurred
because the sample preparation of HA 230 pH 9 was
longer than HA 230 pH 9.34. In addition, the water-
bound to HA 230 at pH 9 was more due to the lack of
drying time of the sample after synthesis, so it was not
sufficient to evaporate all the water in the sample. The
data from the FTIR analysis of the effect of temperature
and pH can be seen in Table 2.

TEM analysis was performed to determine the
shape of HA particles produced at pH 9. The results of
the TEM HA analysis are shown in Fig. 3.

Fig. 3 is a TEM micrograph of HA, which was
analyzed using Image] software. It can be seen that HA
has an irregularly elongated/rectangular tubular
structure [43]. This rod-like structure indicates a
restriction on the growth of HA particles caused by an
increase in pH so that the concentration of H,O

increases in the solution [44]. In addition, the particle size

Table 2. FTIR analysis results of HA synthesis

Functional HA HA 230 HA230
group commercial atpH9 atpH9.34
PO (HA) 473.4 473.7 473.2
571.7 566.8 566.6
602.1 602.8 602.8
962,9 963.1 962.4
1031 1031.1 1018
1091 1091.1 1106
2002 2002 1989
2077 2077 -
OH (HA) 631.4 632.2 632.4
3571 3571.3 3571
PO (TCP) - - -
OH Ca(OH) - - -
Free OH 1637 1634
3421.9 3401
CO;™ 891.4 875.2 874.5
1413 1421.0 1418
1457 1456.9 1457
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Fig 3. TEM micrograph of HA 230

Table 3. The particle size of synthesized HA

Particle size HA 230
Mean 26.62 nm
Standard Deviation 9.22 nm
Min 17.50 nm
Max 43.60 nm

of HA 230 pH 9 is shown in Table 3.

The TEM analysis showed that the HA produced from
chicken eggshell waste using the hydrothermal method had
a nanoparticle size (26.62 nm). Thus, it can be concluded
that the resulting HA has the potential to be used in several
applications, including in the biomedical field [45].

m CONCLUSION

This research effectively produced pure HA from
chicken eggshell waste using the hydrothermal method.
All experimental findings demonstrated a relationship
between synthesis circumstances such as feedstock and
pH levels (9.00 and 9.34). The production of HA crystals
in the synthesized samples was verified by XRD and FTIR
examination at pH values of 9.00 and 9.34. HA particles
with irregular elongated/rectangular tubular structures
were obtained at pH 9 with an average size of 26.62 nm. It
was discovered that the adsorption of OH™ ions might be
used to control the competition between crystal
nucleation and crystal development of HA particles. HA
at pH 9.34 had a higher crystallinity than at pH 9.00. At
the same time, the crystal size and purity were higher at
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pH 9.00 compared to pH 9.34. Furthermore, pH affects
the particle shape of HA.
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