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OBJECTIVES Ale-ale shells (Meretrix meretrix), a locally abun-
dant shellfish waste in West Kalimantan, Indonesia, were
investigated as a sustainable calcium precursor for the hy-
drothermal synthesis of hydroxyapatite (Ca;o(PO4)s(OH),),
the primary inorganic constituent of bone widely used in
graft applications. METHODS Synthesis was conducted under
varying reaction times (16-24 hours) and temperatures (140-
180°C). RESULTS FTIR and XRD analyses confirmed the for-
mation of hexagonal-phase hydroxyapatite consistent with
the JCPDS 09-0432 standard, with characteristic hydroxyl
and phosphate functional groups detected and minor car-
bonate incorporation (1.00-1.52%), remaining well below the
8% limit for bone implant applications. The optimum condi-
tion was identified at 160°C for 20 hours, yielding nano-scale
hydroxyapatite (14.50 nm) with high crystallinity (98.90%),
satisfying ISO 13779 requirements. CONCLUSIONS These find-
ings highlight the potential of ale-ale shell-derived hydroxya-
patite as a viable, locally sourced alternative to imported bio-
materials while supporting the sustainable valorization of In-
donesian shellfish waste.

[CEYWORDS Bone graft; biowaste valorization; calcium phos-
phate; hydrothermal synthesis; hydroxyapatite; Meretrix
meretrix
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1. INTRODUCTION

Bone defects resulting from trauma, degenerative diseases,
and surgical resection represent a major clinical and socioe-
conomic burden, driving sustained demand for reliable bone
substitute materials worldwide (Johansson et al. 2015). Treat-
ment strategies commonly involve the transplantation of
bone grafts or implantation of synthetic biomaterials to re-
store structural integrity and function of the affected tissue
(Anisah et al. 2018). Among available options, natural bone
grafts such as autografts and allografts remain the gold stan-
dard; however, they are constrained by limited donor avail-
ability, donor site morbidity, immune rejection, and risk of
disease transmission. These limitations have intensified re-
search efforts toward synthetic alternatives, particularly cal-
cium phosphate-based biomaterials such as hydroxyapatite.

Hydroxyapatite (HAp, Ca;o(P0O,)¢(OH),) is the primary
inorganic constituent of human bone, comprising approxi-
mately 65% of bone mineral by weight (Harahap et al. 2015).
Its inherent biocompatibility, bioactivity, and osteoconduc-
tivity make it a highly attractive material for bone graft ap-
plications (Sadat-Shojai et al. 2013). In Indonesia, however,
hydroxyapatite remains largely imported, resulting in high
costs that limit widespread clinical availability. Local shell-
fish waste presents a promising and sustainable calcium
source for HAp synthesis, given Indonesia's substantial shell-
fish production of approximately 146,948 tons annually (Di-
rectorate General of Capture Fisheries 2021). Among these
resources, ale-ale shells (Meretrix meretrix), a bivalve com-
monly harvested in Kalimantan, have been reported to con-
tain high calcium oxide content following calcination (Okta-
viani 2019). Despite this potential, ale-ale shells remain sig-
nificantly underexplored as a precursor for hydroxyapatite
synthesis. To the best of our knowledge, limited studies have
systematically investigated the hydrothermal synthesis of hy-
droxyapatite using ale-ale shells as the sole calcium source,
representing a clear gap in the utilization of Indonesian ma-
rine biowaste for biomedical applications.

Among various synthesis methods reported for hydrox-
yapatite production, including precipitation, sol-gel, and
solid-state reaction, hydrothermal synthesis was selected in
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this study due to its superior ability to produce highly crys-
talline, phase-pure particles under relatively moderate con-
ditions using water as a solvent (Harahap et al. 2015). The
quality of synthesized hydroxyapatite is evaluated based on
several parameters, including Ca/P molar ratio, crystallinity,
crystal size, phase purity compared to JCPDS 09-0432 stan-
dard data, and carbonate impurity content. However, hy-
drothermal synthesis is sensitive to processing parameters:
insufficient temperatures lead to incomplete crystal forma-
tion, while excessively high temperatures may damage the
crystal structure. Similarly, reaction time must be carefully
controlled, as too short a duration results in incomplete crys-
tallization, and too long a duration promotes the formation of
secondary calcium phosphate phases (Berzina-Cimdina and
Borodajenko 2012). Systematic optimization of these param-
etersistherefore essential to obtain HAp that conformsto the
JCPDS 09-0432 standard and is suitable for bone graft appli-
cations.

While hydroxyapatite synthesis from bivalve shells has
been reported using cockle (Azis et al. 2015) and green mus-
sel (Rachmantio and Irfai 2023), as well as from other ma-
rine biowaste sources such as fish bones (Piccirillo et al. 2013)
and sea urchin spines (Phatai et al. 2018), these studies pre-
dominantly employed co-precipitation methods, which tend
to yield products with lower crystallinity and less controlled
phase purity compared to hydrothermal approaches. Ale-ale
shells (Meretrix meretrix) remain largely unexplored as a hy-
drothermal HAp precursor, and no prior study has systemat-
ically addressed the combined effects of reaction time and
temperature on yield, carbonate content, crystallinity, and
crystal size from this source. This represents a significant
gap inboth the utilization of Indonesian marine biowaste and
the process optimization of biowaste-derived hydroxyapatite
for biomedical applications.

This study therefore aims to address this gap by: (1) op-
timizing the hydrothermal reaction time and temperature
for the synthesis of phase-pure hydroxyapatite from ale-
ale shells, (2) characterizing the physicochemical properties
of the synthesized HAp including functional groups, crys-
tallinity, and crystal size, and (3) evaluating its potential as
a bone graft material candidate through comparison with
commercial hydroxyapatite and the ISO 13779 standard. This
work contributes to the development of affordable, locally
sourced biomaterials and demonstrates the feasibility of con-
verting Indonesian shellfish waste into high quality hydrox-
yapatite suitable for further biomedical evaluation.

2. RESEARCH METHODOLOGY

2.1 Materials

The raw material used in this study was ale-ale shells
obtained from Ketapang, which were subsequently cal-
cined to produce CaO. Ammonium hydrogen phosphate
((NH,),HPO,, analytical grade) was commercially obtained
and used without further purification. Ammonium hydrox-
ide (NH,OH, analytical grade) was used as a pH adjuster. Dis-
tilled water was used throughout the synthesis.

2.2 Equipments

The primary equipment used includes a hydrothermal reac-
tor, furnace, oven, 200 mesh sieve, and pH meter (1).
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FIGURE 1. Hydrothermal reactor.

2.3 Procedures
2.3.1 Preparation of ale-ale shells

Ale-ale waste shells were washed and dried under sunlight to
remove remaining dirt and moisture. The dried shells were
ground and sieved using a 200-mesh sieve to obtain an aver-
age particle size of 200 mesh. The shells were then calcined
in a furnace at 900°C for 4 h to convert CaCOj; into CaO.

2.3.2 Synthesize of hydroxyapatite

Each synthesis condition was performed as a single indepen-
dent batch. A total of nine batches were synthesized, corre-
sponding to all combinations of three reaction temperatures
(140°C, 160°C, and 180°C) and three reaction times (16, 20,
and 24 hours), each using 10 g CaO and 14.26 g (NH,),HPO, as
precursors in approximately 130 mL total volume of distilled
water.

The Ca/P molar ratio was fixed at 1.67, which corresponds
to the stoichiometric composition of phase-pure hydroxya-
patite (Ca;o(P0O,)¢(OH),). This ratio is widely recognized as
the theoretical standard for stoichiometric HAp and is a crit-

FIGURE 2. Ale-ale shells calcination result.
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TABLE 1. Percentage of elements and oxides in ale-ale shells.
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Elements Percentage (%) Oxide Molecules Percentage (%)
Ca 94.42 Ca0 93.44
Fe 2.08 Fe203 1.93
Si 0.87 Si02 1.59
In 0.87 In203 0.71
P 0.47 P205 0.89
Sr 0.45 SrO 0.34
Al 0.37 Al203 0.60
Ti 0.22 Tio 0.23
Ag 0.17 Ag20 0.14

Others 0.03 Others 0.07

ical parameter in controlling phase purity of the synthesized
product (Sadat-Shojai et al. 2013).

The precursor solutions were combined, and the pH was
adjusted to 11 by dropwise addition of NH,OH. The mixture
was subsequently transferred into a hydrothermal reactor
and heated at the specified temperatures (140, 160, 180°C)
for the designated reaction times (16, 20, 24 hours). After hy-
drothermal treatment, the reactor was allowed to cool nat-
urally to room temperature. The resulting precipitate was
washed with distilled water until neutral pH was achieved, fil-
tered, and dried at 110°C for 5 hours to obtain the final white
powder product.

2.3.3 Characterizations

The synthesized hydroxyapatite samples were characterized
using Fourier Transform Infrared (FTIR) spectroscopy to
identify the functional groups present in the material. The
optimal reaction time was determined based on the prod-
uct yield, and the carbonate content was estimated using
the FTIR absorbance ratio method proposed by Featherstone

FIGURE 3. Hydroxyapatite synthesis results at (a) 140°C; 16 hours, (b)
160°C; 16 hours, (c) 180°C; 16 hours, (d) 140°C; 20 hours, (e) 160°C; 20
hours, (f) 180°C; 20 hours, (g) 140°C; 24 hours, (h) 160°C; 24 hours, and (i)
180°C; 24 hours.

etal. (1984).

X-ray diffraction (XRD) analysis was performed to deter-
mine the crystal structure, crystallite size, and degree of crys-
tallinity. The crystallite size was calculated using the Scher-
rer equation. The obtained data were processed using Orig-
inPro software.

3. RESULTS AND DISCUSSION
3.1 Sample preparation

The sieved ale-ale shells were calcined for 4 hours at 900°C.
Calcination aims to release gases in the form of carbonate or
hydroxide to produce material in oxide form. The decompo-
sition reaction of calcium carbonate into calcium oxide (CaO)
is shown below:

CaCOy() = CaOy) + COyg) (1)

After the calcination process, the mass decreased from
137 grams to 91.03 grams. The reduction in mass resulted
from the release of impurities present in the ale-ale shells.
Additionally, the color of the sample changed from dark gray
to whitish gray, which was a result of the loss of water content
in the sample after the calcination process. The results of the
calcination process are displayed in Figure 2.

After calcination, clam shells were analyzed by XRF to
determine the amount of CaO in the shells. Table 1 displays
the XRF characterization results for the major components
in ale-ale shells.

According to the XRF results in Table 1, the calcined ale-
ale shells exhibited a high calcium content of 94.42%, corre-
sponding to 93.44% CaO. Minor elements such as Fe (2.08%),
Si, In, P, Sr, Al, Ti, and Ag were also detected, indicating the
presence of natural mineral impurities in the shell material.
The Ca content obtained in this study was slightly higher than
that reported by Oktaviani (2019), who observed 89.88% Ca
and 87.13% CaO in calcined ale-ale shells at 900°C. The Fe
content in the present study is also comparable to their re-
ported value of 2.00%. The high calcium content confirms
that ale-ale shells are a promising raw material for hydrox-
yapatite synthesis.

3.2 Synthesize of hydroxyapatite

Hydroxyapatite was successfully synthesized via hydrother-
mal processes using ale-ale clam shells. The resulting prod-
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TABLE 2. Hydroxyapatite synthesis yield.
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Reaction time (hours) Vields (%)
140°C 160°C 180°C
16 52.18 52.88 47.85
20 52.43 54.08 52.14
24 51.44 51.60 51.40

uct is a fine, odorless white powder. Although stoichiomet-
rically pure hydroxyapatite appears white, products synthe-
sized from natural biowaste sources may exhibit slight color
variations due to residual impurities. The gray hue observed
in some samples is attributed to incomplete calcination of
CaCOs, while the yellowish tint is associated with trace iron
oxide impurities present in the raw material (Tang et al. 2023;
Ishikawa and Ogawa 2004).

In this study, there were some samples that had a slightly
yellowish-white color. Impurities present in hydroxyapatite,
although in small quantities, could be a potential cause for
the yellow tint in the color of hydroxyapatite. Among the im-
purities identified in the sample history, iron is one of the
most common. The calcined ale-ale shells containing 2.08%
iron ions or traces of iron oxide may cause a yellowish hue.
When iron is present in hydroxyapatite, its ions or oxide par-
ticles interact with light, leading to reflection, absorption, or
refraction by the iron impurity. This can shift the wavelength
of the reflected light, resulting in the yellowish color seen in
hydroxyapatite (Tang et al. 2023). The synthesis results are
presented in Figure 3 and the resulting yields in Table 2.

3.3 The Effect of Reaction Time in Hydrothermally
Synthesized Hydroxyapatite

The average yield of hydroxyapatite across all synthesis con-
ditions was approximately 50% of the total precursor mass
used. This is attributed to product loss during the wash-
ing step, in which soluble by-products, primarily ammonium
salts formed during the synthesis reaction, are dissolved and
removed, while the insoluble hydroxyapatite precipitate is re-
tained by filtration.

Theyield trend observed across reaction times can be ex-
plained by nucleation and crystal growth kinetics. In the early
stages of the hydrothermal reaction, calcium and phosphate
ions accumulate in solution, progressively increasing the de-
gree of supersaturation until spontaneous nucleation is trig-
gered. Crystal nucleation and growth then occur simultane-
ously, gradually consuming the available ions and reducing
supersaturation. In the final stage, crystal growth becomes
the dominant process (Yusuf 2021). Beyond the optimum re-
action time, the availability of calcium and phosphate ions in
solution diminishes, reducing the sedimentation rate of hy-
droxyapatite particles and ultimately decreasing the product
yield (Zhu et al. 2018). The FTIR spectra are displayed in Table
3.

FTIR characterization of all synthesized samples con-
firmed the presence of hydroxyl (OH") and phosphate (PO,3")
functional groups, which are characteristic of hydroxyap-
atite, alongside minor carbonate (CO5?") impurities. The O-
H absorption peak in the hydroxyl group is the most typical
and easily recognized peak in the FTIR spectrum. This peak

4

occurs due to the stretching of the bond between the oxygen
(0) and hydrogen (H) atoms in the hydroxyl group (OH"). The
hydroxyl (OH") groups were detected at 2164, 2176, 3617, 3624,
3429, 3630, 3631, 3432 cm™. According to Berzina-Cimdina
and Borodajenko (2012) and Castro et al. (2022), hydroxyl
functional groups are usually found at 3700-2600 cm™ and
2520-2075 cm™ because these wavelengths are the typical
bands of these groups. The main characteristic of the O-H
absorption peak of alcohol is the narrow and short absorp-
tion peak. O-H absorption peaks also often appear as dou-
ble peaks. This is caused by hydrogen bonding interactions
between molecules containing hydroxyl groups. Hydrogen
bonding interactions can cause the appearance of double
peaks in the spectrum and a shift in the O-H peak. However,
this peak shift can occur due to the chemical environment
and the hydrogen bonds formed with phosphate, carbonate,
or other components in the HAp. The O-H absorption peak
may appear as a double peak due to variations in the hydro-
gen bonds formed between hydroxyl groups of hydroxyap-
atite and other componentsin the structure. These hydrogen
bond interactions can cause a shift and broadening of the O-
H absorption peak. Typically, stronger hydrogen bonds tend
to cause the O-H peak to shift lower, i.e., below 3570 cm™.

The hydroxyapatite component can be identified from
the phosphate functional group, which is one of the impor-
tant components for bone (Ryu et al. 2019). The absorption
peak of the phosphate group in FTIR tends to have a strong
intensity. This is due to the presence of a strong bond be-
tween phosphorus and oxygen atoms in the phosphate group.
Therefore, the phosphate absorption peak can be a clear and
well-observed peak in the FTIR spectrum. The phosphate
group is also the group that has the sharpest peak in hydrox-
yapatite compounds (Azis et al. 2015). The phosphate group
(PO,3") was found at 1024 cm™, 562 cm™ and 424 cm™. This is
in agreement with previous studies reporting that PO,3 vi-
brational peaks are typically observed in the range of 400-
1100 cm? (Fadli et al. 2014; Sahadat Hossain and Ahmed 2023;
Abifarin et al. 2019). These absorption bands correspond
to the fundamental vibrational modes (v,-v,) of the tetrahe-
dral PO, ion, where v represents asymmetric stretching
and v, corresponds to asymmetric bending vibrations. The
FTIR characterization results show that the phosphate group
(P0O,3") is characterized by a strong and sharp band.

The presence of hydroxyl and phosphate groups in the
synthesized hydroxyapatite crystals indicates that the hy-
droxyapatite crystals have been successfully synthesized,
while the presence of carbonate groups is at a low intensity.
The carbonate group (CO5%°), which is an impurity, was de-
tected at 1417 cm™L. Carbonate substitution in hydroxyapatite
is typically observed in the region of 1400-1450 cm, corre-
sponding to the vs asymmetric stretching vibrational mode
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FIGURE 4. Hydroxyapatite synthesis results at (a) 140°C; 16 hours, (b) 160°C; 16 hours, (c) 180°C; 16 hours, (d) 140°C; 20 hours, (e) 160°C; 20 hours, (f)
180°C; 20 hours, (g) 140°C; 24 hours, (h) 160°C; 24 hours, and (i) 180°C; 24 hours.
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TABLE 3. IR Wavelength Range.
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Wavelength Range (cm-1)

Conditions

OH- PO,*" Co;% OH" PO,>" Co;>
16 hours; 140 °C 3631 1025, 562, 415 1455
16 hours; 160 °C 3617 1024, 562, 424 1417
16 hours; 180 °C 3624 1024, 562, 455 1416
20 hours; 140 °C 3630, 2329 1024,562,519, 458 1417
20 hours; 160 °C 3700-2600 and 2520-2075 400-1050 1390-1630, 2030, and 2032 3624,2176 1025, 562,509, 424 1417
20 hours; 180 °C 3629,2164 1024, 562, 469, 427 1455
24 hours; 140 °C 3632 1024,561, 428 1416
24 hours; 160 °C 3631 1024, 561, 429 1417
24 hours; 180 °C 3631 1024,562, 477 1456,2030

oftype B CO3% in the apatite lattice (Fleet and Liu 2004, 2007).
The presence of this band indicates partial incorporation
of carbonate ions during the hydrothermal process through
substitution at phosphate sites (type B substitution), which
is commonly reported in carbonated hydroxyapatite. Simi-
lar observations have also been reported by Sahadat Hossain
and Ahmed (2023). The presence of impurities in the form
of carbonates is caused by the reaction of CO, in the reac-
tor atmosphere with hydroxyapatite forming precursors dur-
ing the synthesis process due to the heat treatment provided
(Sulistyawati and Siregar 2019). This causes CO, to interact
with distilled water (H,0), which is the solvent in the synthe-
sis process, resulting in the formation of carbonate anions
(C0O5%), which eventually mix into the synthesized hydroxya-
patite crystal structure.

Among all synthesis conditions, samples prepared at a
reaction time of 20 hours exhibited a greater number of hy-
droxyl and phosphate absorption peaks, suggesting more
complete HAp formation at this optimum reaction time. The
appearance of more hydroxyl group absorption peaks at a re-
action time of 20 hours is due to the interaction of hydro-
gen bonds between molecules containing hydroxyl groups.
In FTIR spectra, hydrogen bond interactions can produce two
absorption peaks associated with strong and weak hydrogen
bonds. The strong hydrogen bond absorption peak usually
appears at higher wave numbers and has a higher intensity.
Absorption peaks of weak or broken hydrogen bonds may
appear at lower wave numbers and have lower intensities.
Meanwhile, the appearance of more phosphate absorption
peaks at a reaction time of 20 hours is due to the substitu-
tion of CO5%" ions by PO,3” when the optimum reaction time
is reached. This substitution causes a change in the absorp-
tion peak associated with the phosphate group in the FTIR
spectrum. This substitution can affect the bond strength and
structure of the phosphate group, resulting in additional ab-
sorption peaks (Gheisari et al. 2015).

However, there is an anomaly that occurs in hydroxya-

TABLE 4. Estimated Carbonate percentage of synthesized hydroxyapatite.

patite synthesized at a temperature of 180°C for 24 hours,
there is a peak found at 2030 cm™ that is identified as a
carbonate group. This is due to the fact that the hydrother-
mal process is too long, excessive reaction time provides
an opportunity for CO, interaction with H,0 in hydroxyap-
atite. The longer the reaction time, the more intense the
interaction between CO, and H,O, can produce more car-
bonate groups seen in the IR spectra. In addition, an in-
crease in temperature beyond the optimum temperature will
increase the rate of the carbonation reaction. This can re-
sult in the replacement of hydroxyl groups in hydroxyapatite
with carbonate groups, increasing the number of carbonate
groups formed in the crystal structure. The presence of car-
bonate groups (CO52") are not necessarily a negative indica-
tion. Human bones have a component in the form of carbon-
ate that naturally replaces phosphate ions according to the
equation Cayp(CO3),(PO4)en3x(OH),, or carbonated hydrox-
yapatite. However, since the presence of carbonate is an un-
controllable factor in this synthesis process, it can be catego-
rized as an impurity. Otherimpurities detected are due to the
history of raw materials, where the synthesis process uses
natural materials that contain contaminating or undesirable
components (Purwasasmita and Gultom 2008).

The carbonate content in the synthesized hydroxyapatite
was estimated using the semi-quantitative FTIR method pro-
posed by Featherstone et al. (1984). In this approach, the car-
bonate percentage is calculated from the extinction ratio be-
tween the carbonate absorption band at approximately 1415
cm™ and the phosphate reference band at approximately 575
cm™. The carbonate content was determined using the fol-
lowing empirical equation:

E
%Carbonate = 16.1 x (ﬂ) -0.2
E575

Where the extinction value E is defined as:

Reaction time (hours)

Carbonate Quantity (%)

140°C 160°C 180°C
16 1.38 1.16 1.21
20 1.33 1.00 1.20
24 1.52 1.16 1.34
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E= log<%> (3)

in which T, represents the peak transmittance and T,
represents the baseline transmittance. The calculated ex-
tinction ratio was substituted into the empirical equation to
estimate the relative carbonate percentage. Although this
method does not provide absolute quantification, it has been
widely applied for comparative evaluation of carbonate in-
corporation in hydroxyapatite. Future studies may incorpo-
rate thermogravimetric analysis (TGA) to further validate car-
bonate quantification.Table 4 presents the quantity of car-
bonate impurities found in the synthesis results.

The carbonate content across all synthesized samples
was quantified and is presented in Table 4. The maximum
allowable carbonate content for hydroxyapatite as bone im-
plants is 8% (Castro et al. 2022), and all synthesized sam-
ples were found to be below this threshold. Longer treat-
menttimes canlead toincreased carbonate ion diffusioninto
the hydroxyapatite crystal structure during the reaction, re-
sulting in more carbonate in the synthesis results. In short,
shorter treatment times can lead to incomplete crystalliza-
tion of hydroxyapatite, causing incomplete and inhomoge-
neous crystal growth. Meanwhile, longer treatment times
can lead to increased ion interactions in solution, allowing
the formation of different calcium phosphate compounds, in-
cluding monetite (CaHPO,) (Earl et al. 2006).

From a mechanistic standpoint, carbonate incorpora-
tion in hydroxyapatite occurs through two distinct substitu-
tion mechanisms. In type A substitution, CO5%" replaces hy-
droxyl ions (OH") in the apatite channel sites, while in type B
substitution, CO5?" replaces phosphate ions (PO,3") at tetra-

hedral sites within the crystallattice (Fleet and Liu 2004). The
detection of the carbonate band at 1417 cm™ in the present
study, which falls within the characteristic v; asymmetric
stretching region of type B carbonate (1400-1450 cm™?), sug-
gests that carbonate incorporation occurred predominantly
via type B substitution (Fleet and Liu 2007). Type B substitu-
tion is particularly relevant from a biological perspective, as
it closely mimics the carbonate substitution pattern found in
natural human bone mineral, where approximately 4-8 wt%
CO5% isincorporated predominantly at phosphate sites (LeG-
eros 2002). This structural similarity to biological apatite is
considered advantageous for bone graft applications, as car-
bonate substitution has been shown to increase the solubil-
ity and biodegradability of synthetic HAp, thereby facilitating
osteoclast-mediated resorption and subsequent new bone
formation (Barrére et al. 2006). In the present study, car-
bonate content ranged from 1.00-1.52%, which lies within the
physiologically relevant range and well below the 8% maxi-
mum stipulated for bone implant applications (Castro et al.
2022). Therefore, the level of carbonate incorporation ob-
served in this study may be regarded as a favorable character-
istic that enhances the biomimetic nature of the synthesized
hydroxyapatite, rather than a critical impurity.

An anomalous absorption peak at 2030 cm™ was ob-
served exclusively in the sample synthesized at 180°C for 24
hours. Thisband was attributed to carbonate-related species,
consistent with reports of CO5? -associated absorptions ap-
pearing in the 2000-2100 cm™ region under prolonged ther-
mal treatment conditions. The occurrence of this peak at
the highest temperature-time combination investigated is
in line with increased carbonation rates promoted by ele-
vated temperature and extended exposure time, which inten-
sify CO.-H-O interactions within the hydrothermal environ-
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ment (Sulistyawati and Siregar 2019). This interpretation is
supported by the slightly higher carbonate content (1.34%)
measured under this condition (Table 4).

Nevertheless, absorptions in the 2000-2100 cm™ region
may also arise from atmospheric CO, adsorption during FTIR
measurement or from minor surface impurities. Therefore,
the definitive assignment of this band to carbonate incorpo-
ration requires complementary characterization techniques
such as Raman spectroscopy or thermogravimetric analy-
sis (TGA). Given that this condition was conducted as a sin-
gle synthesis batch, the anomalous peak should be inter-
preted cautiously. Future investigations incorporating repli-
cate syntheses and additional spectroscopic validation are
recommended to confirm this observation.

3.4 The effect of temperature in hydrothermally
synthesized hydroxyapatite

Temperature is a critical parameter in hydrothermal synthe-
sis, directly influencing reaction kinetics, crystal growth, and
the physicochemical properties of the resulting hydroxyap-
atite. However, high temperatures can also induce irregu-
lar crystal growth or even produce undesired products. Ad-
ditionally, temperature also affects the chemical composi-
tion of the hydroxyapatite produced. Lower temperatures
can lead to poor synthesis results, while too high a temper-
ature can decompose the phosphate so that the resulting hy-
droxyapatite may contain different mineral phases. Temper-
ature also impacts crystal size, with higher synthesis temper-
atures leading to smaller diameter crystals (Hokmabad et al.
2019). Therefore, XRD analysis was conducted to assess the
compatibility of the synthesized hydroxyapatite compound
with JCPDS standard data, crystallinity, and crystal size. The
XRD diffractograms of synthesized hydroxyapatite at 140°C,
160°C, and 180°C, each for 20 hours, are depicted at Figure 5.

XRD analysis was conducted on synthesized hydroxyap-
atite at 26 angles of 5-60°. The diffraction patterns of all syn-
thesized samples corresponded well with the JCPDS 9-432
standard data for hydroxyapatite, confirming successful for-
mation of the hexagonal crystal phase. The presence of high
and narrow peak intensities across all samples indicates ex-
cellent crystallinity of the synthesized products (Dey et al.
2014).

A slight shift in 26 angles was observed between the syn-
thesized samples and the JCPDS 9-432 standard data. This
deviation can be attributed to several factors inherent to the
hydrothermal synthesis process. Variations in synthesis tem-
perature may induce lattice strain or alter the unit cell param-
eters of the hydroxyapatite crystal, leading to a measurable
shift in diffraction peak positions according to Bragg's law
(2d sing = n(1). Furthermore, partial substitution of carbon-
ate ions (CO3%°) at phosphate sites (type B substitution) can
cause local lattice distortion, as CO52 has a different ionic ra-
dius and geometry compared to PO,3", resulting in contrac-
tion or expansion of the unit cell (Fleet and Liu 2007). Crystal-
lite size effects may also contribute, as nanocrystalline ma-
terials often exhibit peak broadening and slight positional
shifts due to incomplete long-range order. Despite these de-
viations, the overall diffraction patterns remained consistent
with the hydroxyapatite standard, and no peaks correspond-
ing to secondary phases were detected, confirming that the
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synthesized product is hydroxyapatite (Sirait et al. 2020).

Among the synthesis temperatures evaluated, samples
synthesized at 140°C exhibited notably lower peak intensities
at higher 26 angles compared to those synthesized at 160°C
and 180°C. This is attributed to incomplete crystal forma-
tion at lower temperatures, which results in reduced X-ray
absorption and poorer crystallinity (Hokmabad et al. 2019).
In contrast, higher synthesis temperatures promoted more
complete crystal growth, asreflected by improved peak inten-
sities at 160°C and 180°C. The crystallite size of the synthe-
sized hydroxyapatite was calculated using the Scherrer equa-
tion:

K2
= m (4)

where D is the crystallite size (nm), K is the shape factor
(0.9), A is the X-ray wavelength (Cu Ka radiation, 1 = 015406
nm), 8 is the full width at half maximum (FWHM) of the se-
lected diffraction peak expressed in radians, and 6 is the
Bragg angle. The FWHM values were obtained from peak fit-
ting analysis, and 8 values were converted from degrees to
radians prior to substitution into the Scherrer equation. The
crystal size and crystallinity results are presented in Table 5.

As the temperature increases, the thermal energy in the
system increases. This affects the reactivity of the phosphate
and calcium ions in the solution. Increasing the temper-
ature can increase the rate of reaction, which can acceler-
ate the growth of hydroxyapatite crystals, resulting a higher
crystallinity. However, hydroxyapatite synthesis has an op-
timum temperature where reaction conditions achieve opti-
mum crystal formation. At the optimum temperature, crys-
tals grow optimally, resulting in high crystallinity and the de-
sired crystal size (Lee et al. 2020). As the atomic configu-
ration of the substance becomes more structured, the per-
centage of crystallinity increases because of the increased
temperature, facilitating the formation of additional crystals.
When synthesis temperature exceeds the optimum, exces-
sive thermal energy disrupts ionic equilibrium in solution, in-
hibiting further crystal nucleation and growth (Purnama and
Langenati 2006). In addition, PO,3" ions can also decrease
in intensity if they have passed the optimum temperature
because they are substituted with CO5? ions as the reaction
temperature increases.

Based on the result above, the optimum temperature for
hydrothermally synthesized hydroxyapatite is 160°C, with a
crystal size 0f14.50 nm and a crystallinity of 98.90%. This con-
clusion is supported by the highest yield and lowest carbon-
ate content obtained at 160°C for each variation of the same
reaction time. Hydroxyapatite with high crystallinity has bet-
ter osteo-conductivity and osteointegration properties than
lower crystallinity hydroxyapatite (Uskokovic and Uskokovic
2011). Additionally, research has shown that hydroxyapatite
crystals ranging from 10 to 100 nm have better biocompat-
ibility and osteogenic potential compared to larger crystals.
This is due to the fact that smaller crystals provide a larger
surface area for the interaction with bone cells, allowing a
better integration with bone tissue (dos Anjos et al. 2019). Hy-
droxyapatite crystals over 100 nm might cause embolism and
the crystals will get eliminated by the phagocytosis process.
On the other hand, particles smaller than 10 nm will be easily
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TABLE 5. Synthesized Hydroxyapatite Crystal Size and Crystallinity.
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Temperature (°C)

Crystal Size (nm)

Crystallinity (%)

140 23.70
160 14.50
180 19.97

90.82
98.90
97.84

filtered by the kidneys, so the crystals will not remain in the
body for a long time (Rajula et al. 2021).

3.5 Comparison Between Synthesized and Commercial
Hydroxyapatite

To evaluate the potential of ale-ale shell-derived hydroxyap-
atite for biomedical applications, the physicochemical prop-
erties of the optimum synthesized product were compared
against commercially available hydroxyapatite references
and the ISO 13779 standard. In this study, the comparison
focused on crystal size and crystallinity between the two
types of hydroxyapatites. The data on commercial hydrox-
yapatite were taken from a comparative study conducted
by Sobczak-Kupiec et al. (2012) and Giraldo-Betancur et al.
(2013), which included five commercial hydroxyapatite sam-
ples, which were NIST, Sigma Aldrich, Merck, Coralina, and
Habiocer hydroxyapatite. It should be noted that not all
of these commercial hydroxyapatite types are intended for
medical applications. All data will be compared to the in-
ternational standard ISO 13779 on Clinical Implications and
Testing of Bone Implant Products, especially in section 3 fo-
cusing on crystalline hydroxyapatite. The comparison of syn-
thesized hydroxyapatite and commercial hydroxyapatite are
presented in Table 6.

Based on the comparison in Table 6, the synthesized hy-
droxyapatite met the ISO 13779 standard, with a crystallinity
of 98.90%, well above the minimum threshold of 45%, and
a crystal size of 14.50 nm, which falls within the specified
range. However, conformity with dimensional and crys-
tallinity standards alone is insufficient to fully characterize
the clinical potential of a bone graft material.

Beyond crystallinity and crystal size, a comprehensive as-
sessment of hydroxyapatite suitability for bone graft applica-
tions requires consideration of additional parameters includ-
ing biocompatibility, osteoconductivity, mechanical proper-
ties, and cost-effectiveness. With respect to biocompatibil-
ity, hydroxyapatite is generally recognized as a non-toxic and
non-immunogenic material due to its chemical similarity to
the inorganic phase of natural bone (Sadat-Shojai et al. 2013).
The nano-scale crystal size obtained in this study (14.50 nm)
is within the 10-100 nm range reported to favor cell adhe-
sion, proliferation, and osteogenic differentiation, as smaller
crystals provide a higher surface area-to-volume ratio for in-

TABLE 6. Comparison between synthesized and commercial hydroxyapatite.

teraction with bone cells (dos Anjos et al. 2019; Rajula et al.
2021). Furthermore, the high crystallinity (98.90%) obtained
at the optimum condition is associated with improved osteo-
conductivity and osseointegration, as highly crystalline HAp
exhibits greater structural stability and slower degradation
rate in physiological environments, allowing sufficient time
for new bone ingrowth (Uskokovic¢ and Uskokovic 2011).

From an economic standpoint, the use of ale-ale shells as
a calcium precursor offers a significant cost advantage over
synthetic or imported calcium sources. Ale-ale shells are an
abundantly available shellfish waste in Kalimantan, Indone-
sia, and their utilization as a HAp precursor aligns with the
principles of circular economy and waste valorization. While
a formal cost analysis was beyond the scope of this study, the
low-cost and locally available nature of the raw material sug-
gests strong potential for reducing Indonesia's dependence
on imported hydroxyapatite. Nevertheless, in vitro cytotox-
icity testing, cell adhesion assays, and in vivo bone regener-
ation studies remain necessary to fully validate the biologi-
cal performance of this material prior to any clinical appli-
cation. These evaluations, together with a systematic cost-
effectiveness analysis and scale-up feasibility study, are rec-
ommended as priorities for future research.

Several limitations of the present study should be ac-
knowledged. Each synthesis condition was conducted as
a single independent batch, therefore statistical validation
was not performed. The reported values therefore represent
single measurements per condition, and observed trends
should be interpreted as indicative rather than statistically
validated. Additionally, characterization was limited to FTIR
and XRD; complementary analyses such as scanning elec-
tron microscopy (SEM) for morphological assessment, ther-
mogravimetric analysis (TGA) for independent carbonate
quantification, and BET surface area measurement would
provide a more comprehensive physicochemical profile of
the synthesized material. Furthermore, no biological evalua-
tion was conducted in this study; in vitro cytotoxicity and cell
adhesion assays remain necessary to confirm biocompatibil-
ity prior to any clinical consideration. Future work should in-
corporate replicate syntheses and broader characterization
to strengthen the statistical validity and translational rele-
vance of ale-ale shell-derived hydroxyapatite.

Characteristics Synthesized NIST Sigma Merck Coralina Habiocer 1SO 13779
Hap
Crystal Size 14.50 149 149 153.3 149 12.93 2-200
(nm)
Crystallinity 98.90 83.35 91.76 95 84.07 90.10 45

(%)
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4. CONCLUSIONS

This study demonstrates the feasibility of hydrothermally
synthesizing hydroxyapatite (Cao(PO4)s(OH),) from ale-ale
shells (Meretrix meretrix) as a sustainable and affordable cal-
cium precursor. The calcined ale-ale shells exhibited a high
calcium content of 94.42% and CaO content of 93.44%, con-
firming their suitability as a raw material for HAp synthesis.
FTIR analysis confirmed the successful formation of hydrox-
yapatite, evidenced by the characteristic hydroxyl (OH") and
phosphate (PO,3) functional groups, with minor carbonate
(CO5%) impurities. The carbonate content across all condi-
tions ranged from 1.00-1.52%, well below the 8% maximum
allowable limit for bone implant applications and may be re-
garded as a biomimetically favorable characteristic rather
than a critical impurity. XRD analysis confirmed the for-
mation of hexagonal-phase hydroxyapatite consistent with
the JCPDS 09-0432 standard, with characteristic diffraction
peaks at 20 values of 31.74°, 31.82°, and 31.76° for synthesis
temperatures of 140°C, 160°C, and 180°C, respectively, corre-
sponding to the (211) crystallographic plane.

The optimum reaction time was identified as 20 hours,
yielding the highest product yield of 54.08% and the lowest
carbonate impurity content of 100%. The optimum synthe-
sis temperature was 160°C, producing hydroxyapatite with
a nano-scale crystal size of 14.50 nm and crystallinity of
98.90%, both of which meet the ISO 13779 standard for crys-
talline hydroxyapatite. The physicochemical properties of
the synthesized HAp are comparable to those of commer-
cial hydroxyapatite, demonstrating the potential of ale-ale
shell derived HAp as a viable, locally sourced alternative to
imported products. The utilization of shellfish waste as a
precursor aligns with circular economy principles and of-
fers a promising pathway toward reducing Indonesia's de-
pendence on imported biomaterials.

Future work should prioritize: (1) in vitro cytotoxicity
and cell adhesion assays to confirm biocompatibility, (2) in
vivo bone regeneration studies to evaluate osteoconductiv-
ity and osseointegration performance, (3) systematic cost-
effectiveness and scale-up feasibility analyses to assess com-
mercial viability, and (4) replicate synthesis studies with sta-
tistical validation to strengthen the robustness of the re-
ported optimization trends.
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