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ABSTRACT 

Hydroxyapatite (HAp) refers to a bioceramic broadly employed in bone tissue engineering since it has bioactive 
and osteoconductive properties. The synthesis of HAp will be more economically viable using waste materials because it is 
cheap, easy to find, and available in large quantities. Therefore, this study aimed to synthesize and characterize HAp from 
green mussel shells by hydrothermal method at various temperatures. Precipitated calcium carbonate (PCC), made 
from green mussel shell powder, is employed in this study. Utilizing a hydrothermal reactor for 14 hours at 120℃, 140℃, 

as well as 160℃, a combination of PCC and (NH4)2HPO4 with a Ca/P molar ratio of 1.67 was synthesized to form HAp. 
Note that the synthesis findings were categorized using scanning electron microscopy (SEM), Fourier transforms infrared 
spectroscopy (FTIR), as well as X-ray diffraction (XRD) tests. Apart from that, the FTIR test showed the formation of 
HAp in all test variations because the results of –OH, and –PO4 were found. XRD results that have been analyzed using 
HighScore Plus software show the percentage of weight (%) and crystal size of HAp increases with increasing 
hydrothermal temperature. Other than that, HAp produced at hydrothermal temperature variations of 160℃ has a 
hexagonal crystal system with a percentage of weight (%) as well as a crystal size of 46.43 nm and 99.3%, whilst the 
amount of impurity (%) produced is 0.7%. The higher the hydrothermal temperature, the weight percentage (%), and the 
crystallite size in HAp are getting bigger while the number of impurities gets smaller. 
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INTRODUCTION 

Food waste, such as egg shells, bones, and 
seafood shells, is generally disposed of in landfills. 
Improper management of food waste will have several 
negative environmental consequences, such as the 
emergence of pathogens, the emission of strong odors, and 
environmental pollution. Motivated by environmental and 
economic concerns, a significant amount of research effort 
has been directed into the proper management and 
recycling of these by-products to reduce waste output. In 
many circumstances, these by-products can be used as a 
potential precursor to being turned into value-added 
goods, such as calcium phosphate materials [1], [2]. 
Hydroxyapatite (HAp) is a member of the calcium 
phosphate family [1]. Hydroxyapatite (HAp) refers to one 

of the biomaterials employed as biomedical materials, for 
instance, drug delivery systems, bone tissue repair, 
bioactive implant coatings, as well as bone fillers [3]. It 
happens because HAp is known to have good 
biocompatibility, bioactivity, and osteoconductivity. 
Furthermore, HAp can accelerate the healing of damaged 
bone tissue because it is easily accepted in bone tissue 
(immunogenic), is non-toxic, non-inflammatory, and has a 
chemical content similar to human bone [4].  

Green mussel is a marine species that the 
majority of Indonesians consume. In many Indonesian 
coastal regions, the cultivation of green mussels is 
prevalent. The significant public interest in consuming 
mussels makes them a marketable commodity [5]. 
However, in Indonesia, it is still uncommon to utilize 
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green mussel shell waste. In contrast, green mussel shell 
waste has enormous potential as a basic material for HAp 
synthesis because of its high level of CaCO3 content [6], 
[7]. According to research conducted by Borciani et al., 
the major component of marine shell trash, including 
green mussel shells, is CaCO3 (95-98%). In general, 
between 59% and 75% of green mussel shells are 
discarded, while the remaining portion is edible [8]. There 
have been recent studies on the advantages of using 
marine biological waste as a calcium source for the 
synthesis of hydroxyapatite (HAp). Some of the key 
advantages include: 
 
a) Improved biocompatibility: HAp synthesized from 

marine biological waste has been shown to have 
improved biocompatibility compared to HAp 
synthesized from other sources, making it a promising 
material for biomedical applications [1], [2], [9], [10]. 

b) Better control of particle size and morphology: 
Marine biological waste has a naturally occurring 
microstructure that can be preserved during the HAp 
synthesis process, resulting in HAp particles with 
controlled size and morphology. This is advantageous 
for applications such as drug delivery and tissue 
engineering [2]. 

c) Higher purity and better crystallinity: Marine 
biological waste have been found to have higher 
calcium carbonate (CaCO3) content, resulting in 
higher purity and better crystallinity of the 
synthesized HAp [6]–[8], [11]. 

d) More sustainable and environmentally friendly: The 
use of marine biological waste as a calcium source is 
more sustainable and environmentally friendly 
compared to the mining and processing of limestone 
or other geological minerals. Contribute to reducing 
environmental impact by converting waste into value-
added biomaterials and moving global society towards 
zero waste [12]–[14]. 

e) Low cost: The use of marine biological waste as a 
calcium source is relatively inexpensive compared to 
other sources. Clamshells are a readily available and 
abundant resource and do not require significant 
processing or transportation costs. Additionally, the 
use of marine biological waste as a precursor is a 
sustainable and environmentally friendly approach to 
HAp synthesis, as they are a waste product of the 
seafood industry and can be obtained at low cost [1], 
[13]–[15]. 

 
Hydrothermal synthesis is a method of single-

crystal synthesis that relies on the solubility of minerals in 
hot water under high pressure. Crystal growth during the 
synthesis process occurs in a steel pressure vessel called 
an autoclave, where nutrients are supplied along with 
water [16], [17]. Since it can form HAp with high 
crystallinity, the hydrothermal approach is frequently 
utilized in the HAp production process. Parameters in the 
hydrothermal process, such as pH, holding time, and 
temperature, greatly determine crystallinity, crystal size, 

morphology, and the amount of impurities in the resulting 
HAp [18]-[21]. Research on the hydrothermal temperature 
effect concerning the HAp characterization produced has 
been extensively studied in previous studies. Onoda et al. 
(2016) compared the synthetic characteristics of HAp 
made from corbicula shells and commercial calcium 
carbonate (CaCO3) employing the hydrothermal 
technique. In this investigation, hydrothermal was 
conducted for 1, 3, and 6 hours at varying temperatures of 
120°C, 140°C, 160°C, as well as 180°C. The HAp peak 
produced by commercial CaCO3 samples had a higher 
intensity, according to the findings of the X-ray diffraction 
(XRD) test than the HAp peak of the corbicula shells 
samples [22].  

Therefore, high purity and crystallinity HAp may 
be created by synthesizing it with precipitated calcium 
carbonate (PCC) from recycled seashells [6], [23]. Aziz et 
al. also utilize hydrothermal techniques for the synthesis of 
HAp from PCC extracted from Anadara granosa shells. 
The hydrothermal reaction was conducted in an autoclave 
for 16 to 32 hours at 140°C, 160°C as well as 180°C. Note 
that the best HAp was achieved at 140°C temperature with 
a 16-hour holding time. XRD test findings indicated the 
nano-sized pure HAp formation has high crystallinity and 
uniform size distribution [23]. The HAp synthesis 
employing 1.73 g H3PO4 as well as 5.905 g Ca(NO3)2 
4H2O by hydrothermal method with a temperature of 140- 
220°C for 1-12 hours has been studied by Zhu et al. The 
hydrothermal process performed for 8 hours at 200°C 
produced the best quality HAp [24].  

The potential for HAp applications in Indonesia 
is tremendously wide, considering the increasing amount 
of people with bone diseases [21]. However, the limited 
number of domestic HAp producers causes high imports. 
Other than that, the total imports of HAp in 2018, 2019, 
and 2020 were 980.73 tons, 734.92 tons, and 631.76 tons, 
with a total import value of 5,708.035 (US$) [25]. The use 
of precipitated calcium carbonate (PCC) from green 
mussel shells with a predominance of vaterite crystal 
phase as a raw material for the synthesis of HA by the 
hydrothermal method has not been studied extensively. 
Vaterite is the most unstable polymorph of calcium 
carbonate with a hexagonal crystal structure that can be 
used as a precursor for the synthesis of hydroxyapatite. 
Vaterite is utilized in biomaterial applications including 
abrasives, bone substitutes, and drug delivery systems. To 
enhance the creation of carbonate apatite, porous 
structures, and pure vaterite are favored in the 
development of bone substitutes [26]. According to a 
study conducted by Tanaka et al., the remodeling of 
carbonate apatite into new bone was accelerated when 
vaterite was utilized as a precursor as compared to calcite. 
Based on their findings, vaterite may be a more suitable 
precursor than calcite for the production of carbonate 
apatite artificial bone [27]. Therefore, this study will 
investigate the process of synthesizing HAp using PCC 
with a predominance of vaterite crystal phase as the base 
material from green mussel shells at a variety of 
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hydrothermal temperatures (140°C, 160°C, as well as 
180°C) for 14 hours. 
 
MATERIALS AND METHODS 

The precipitated calcium carbonate (PCC) from 
green mussel shells in this study was obtained from the 
Center for Bio Mechanics, Bio Material, Mechatronics, 
and Bio Signal Processing (CBIOM3S), the Diponegoro 
University, Semarang, Indonesia. The chemical 
composition of the PCC is shown in Table-1 [28], [29]. 
  

Table-1. PCC chemical composition of green 
mussel shells. 

 

Element Composition (wt.%) 

C 14.11 

O 52.41 

Ca 33.48 

Total 100 

 
Figure-1 depicts the results of the Rietveld 

analysis performed on the XRD diffractogram of the PCC 
utilized in this investigation using the Highscore Plus 
version 3.0e software. The crystal phase contained in PCC 
from green mussel shells is vaterite, aragonite, as well as 
calcite. Vaterite has a weight percentage (%), a crystallite 
size of 91.2%, and 34 nm with a monoclinic crystal 
system. Meanwhile, aragonite and calcite had weight 
percentages (%) of 3.9% and 4.9%, respectively. 
 

 
 

Figure-1. XRD Patterns of PCC from green mussel shells. 
 

The analytical reagent (AR) grade diammonium 
hydrogen phosphate ((NH4)2HPO4) and ammonium 
hydroxide (NH4OH) produced by Merck were used as 
initial precursors for obtaining hydroxyapatite (HAp) in 
this study. The experimental setup is shown in Figure-2. 
The synthesis of HAp was conducted by mixing 
(NH4)2HPO4 and PCC at a 1.67 Ca/P molar ratio (5 g of 
PCC and 3.96 g of (NH4)2HPO4) and then added NH4OH 
25% (Merck) to produce a mixed pH of 12. The solution 
was stirred utilizing a magnetic stirrer for 30 minutes at 
rpm and temperature of 300 rpm and 30°C. Consequently, 
the synthesis process using the hydrothermal method was 
carried out for 14 hours of 120°C, 140°C, as well as 160°C 
temperature variations. 

 

 
 

Figure-2. Set-up experiment of hydroxyapatite synthesis. 
 

After the hydrothermal process was complete, the 
precursors produced were washed utilizing distilled water, 
which was then filtered utilizing Whatman paper no. 42. 
The residue produced after the filtration process is dried in 
an oven for 2 hours at 110℃ to form the final product. 
Moreover, the final product's characterization was 
obtained using Fourier transforms infrared spectroscopy 
(FTIR), scanning electron microscopy (SEM), and X-ray 
diffraction (XRD) tests. XRD testing was carried out to 
analyze the phase contained in HAp using the Shimadzu 
XRD-7000. Note that the test results were analyzed using 
the Rietveld method with HighScore Plus software version 
3.0e from PANalytical X'Pert, Cambridge, United 

Kingdom, to determine the crystal system, crystal size, and 
weight percentage (%). The diffraction line profiles 
description at Rietveld refinement was accomplished by 
employing the pseudo-Voigt function. Apart from that, the 
crystal sizes of the samples were calculated using The 
Williamson-Hall method [30]. The FTIR method was 
employed to distinguish the material's functional groups 
incorporated as well as to determine the molecular chain 
orientation in the HAp. In addition, the structural changes 
caused by the processing procedure, such as stretching or 
bending of the functional groups in the polymer, might be 
assessed using FTIR spectra.  
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Utilizing a Spectrum Two FTIR Spectrometer 
(USA), the functional groups in the HAp were detected, 
with the range of each spectrum being 400 to 4000 cm-1. 
The Spectrum 10 ESTM™ software was employed to 
conduct the spectral correction of FTIR spectra. 
Additionally, the samples were observed morphologically 
utilizing an SEM (JSM-6510 Series Scanning Electron 
Microscope, Japan) at an accelerating voltage of 15 kV 
with a magnification of 15000x [31], [32]. 
 
RESULTS AND DISCUSSIONS 

Figure-3 shows the X-ray diffraction (XRD) 
patterns for each hydroxyapatite (HAp) sample at various 
hydrothermal temperature conditions. According to Joint 
Committee of Powder Diffraction Standards (JCPDS) 
number 09-0432, all hydrothermal temperature 
variations demonstrated the dominance of HAp crystals. 
Other than that, calcium carbonate (CaCO3) as an impurity 
was still found in all samples, which proved that not all 
CaCO3 was converted to HAp, which was also found in 
previous research [33]–[37]. 
 

 
 

Figure-3. The samples' XRD patterns after being 
exposed to various hydrothermal temperatures. 

 
Figures 4-6 show the Rietveld analysis findings 

employing the HighScore Plus software relying on XRD 
achieved from the test findings. Figure-4 depicts the XRD 
pattern on a powder synthesized by hydrothermal method 
for 14 hours at 120°C. Meanwhile, the XRD pattern 
illustrates that the hexagonal HAp phase was created with 
a 31.5 nm crystallite size as well as a 97.4% weight 
percentage. Nevertheless, the aragonite, calcite, and 
vaterite phases were still found at a weight percentage of 
1.4%, 0.3%, and 0.8% at 120°C. In the hydrothermal 
process carried out at a temperature of 120oC, the total 
CaCO3 (aragonite, calcite, and vaterite) as an impurity was 
2.6%. 
 

 
 

Figure-4. XRD pattern of samples exposed to 
hydrothermal temperatures of 120°C. 

 
Figure-5 depicts the XRD pattern on a powder 

synthesized by hydrothermal method for 14 hours at 
140°C. The XRD pattern illustrates that the hexagonal 
HAp phase was created with a 40.1 nm crystallite size as 
well as a 97.8% weight percentage. Nevertheless, the 
aragonite, calcite, and vaterite phases were still found at a 
weight percentage of 0.7%, 0.3%, and 1.2% at 140°C. In 
the hydrothermal process at a 140°C temperature, the total 
amount of CaCO3 (aragonite, calcite, and vaterite) as an 
impurity was 2.2%. Note that this amount is lower than the 
impurity content produced in hydrothermal temperatures 
of 120°C. 
 

 
 

Figure-5. XRD pattern of samples exposed to 
hydrothermal temperatures of 140°C. 

 

The XRD pattern on a powder that has been 
synthesized by hydrothermal method for 14 hours at 
160°C is depicted in Figure-6. The hexagonal HAp phase 
was produced with a 46.4 nm crystallite size as well as a 
99.3% weight percentage (%), as illustrated in the XRD 
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pattern. Nevertheless, the aragonite, calcite, and vaterite 
phases were still found at a weight percentage of 0.3%, 
0.3%, and 0.1% at 160°C. In the hydrothermal process 
carried out at a 160°C temperature, the total amount of 
CaCO3 (aragonite, calcite, and vaterite) as an impurity was 
0.7%. This amount is the lowest compared to the impurity 
content produced in other hydrothermal temperature 
variations. The research findings prove that HAp is formed 
at all variations of hydrothermal temperature. However, a 
second phase is still being formed. In this study, the HAp 
phase diffraction peaks were observed at 2θ of 25.77°, 
31.81°, 32.12°, 34.01°, 39.97°, 46.74°, and 49.38°. The 
study's findings are consistent with the literature [38].  
 

 
 

Figure-6. XRD pattern of samples exposed to 
hydrothermal temperatures of 160°C. 

 
The hydrothermal temperature effect on the 

crystallite sizes, as well as weight percentage (%) with 
respect to the HAp formed, is shown in Figure-7. Sharper 
HAp peak intensities and increased crystallinity resulted 
from the hydrothermal temperature rise. Moreover, the 
hydrothermal temperature rise caused the diffraction peaks 
of the CaCO3 (aragonite, vaterite, and calcite) to decrease. 
As the hydrothermal temperature functions, the peak 
intensity of the HAp diffraction peaks becomes greater or 
sharper. This proposed that the crystallinity (%) of the 
HAp also increased. The sizes of the crystallites also grew, 
as was documented in other research [38]–[40]. 
 

 
 

Figure-7. The hydrothermal temperature effect the 
crystallite size and weight percentage (%) of 

hydroxyapatite formed. 
 

These research findings show that the greater the 
hydrothermal temperature used, the greater the weight 
percentage (%) of HAp is formed, having lower impurity 
content. The findings of this research depict that the 
greater the hydrothermal temperature utilized, the greater 
the weight percentage of HAp formed, and thus, the lower 
the impurity content [24], [30], [38]–[41]. The research 
findings demonstrated that the HAp crystallite size 
increased by increasing hydrothermal temperature. The 
hydrothermal process performed at temperatures of 120°C, 
140°C, as well as 160°C formed HAp with crystallite sizes 
(nm) of 31.5, 40.1, and 46.4. Since the smaller apatite 
crystals have more activity when they bind with one 
another and develop down the C axis, the greater 
hydrothermal temperature promotes the creation of bigger 
crystals. The outcome of this investigation is consistent 
with those of the sources cited [39], [40]. The results of 
research conducted by Tkalčec et al. showed that large 
lattice strains were found in samples that were 
hydrothermal at lower temperatures. This is due to the 
incorporation of carbonate into the original apatite 
structure, which prevents crystallite growth. As the 
carbonate is removed with increasing hydrothermal 
temperature, the lattice strain becomes almost negligible, 
thereby promoting further crystal growth and causing an 
increase in crystallite size in the resulting hydroxyapatite 
[42]. Additionally, the HAp crystal system created in this 
research was unaffected by a rise in the hydrothermal 
temperature. 
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Figure-8. FTIR spectrums of the samples were exposed to different hydrothermal temperatures. 
 

The Fourier transforms infrared spectroscopy 
(FTIR) test findings are illustrated in Figure 8. The peaks 
at 3570-2600 cm-1 showed the characteristic of hydroxyl (-
OH) groups in nanoapatite crystals. Note that the 
appearance of peaks was in the range 1156-1000 cm-1 and 
600-560 cm-1 because of the asymmetric stretching (υ2) 
and asymmetric bending (υ3) at PO4

3- (phosphate group), 
which indicated the presence of free organic matter of 
HAp.  

Meanwhile, the CO3
2- presence is determined by 

the asymmetric bending vibration (υ2) presence in the 
range of 1460-1418 cm-1 [43], [44]. In the HAp produced 
by the hydrothermal method at a temperature of 120°C, 
the presence of -OH, PO4

3-, and CO3
2- were indicated by 

the presence of peaks at 3567.04, 1038.94, 567.78, and 
1456.18 cm-1. The presence of -OH, PO4

3-, and CO3
2- in 

HAp produced by the hydrothermal method at a 
temperature of 140°C was indicated by the presence of 
peaks at 3566.66, 1042, 569.39, and 1423.95 cm-1. 
Meanwhile, for HAp produced by the hydrothermal 
method at a temperature of 160°C, the presence of -OH, 
PO4

3-, and CO3
2- was indicated by the presence of peaks at 

3572.6, 1035.23, 565.12, and 1457.88 cm-1.  
The intensity of the peaks indicating the 

characteristics of the hydroxyl groups (-OH) in 
nanoapatite crystals decreased with increasing 
hydrothermal temperature. The research results obtained 
by Ryu et al. showed that the decrease in the peak of the 
hydroxyl group (-OH) in the apatite nanocrystals occurred 
due to the evaporation of water. The higher the 
hydrothermal temperature used, the more water 
evaporation will occur [45]. As the hydrothermal 
temperature rises, the intensity of the peaks showing the 
presence of hydroxyl groups in nanoapatite crystals 
decreases. The hydroxyl groups become more mobile and 
reactive as a result of the high temperature and pressure, 

leading to their dissociation and/or removal from the 
crystal lattice. This can lead to a drop in the total number 
of hydroxyl groups in the nanoapatite crystals, which is 
represented by a decrease in the intensity of the associated 
FTIR peaks. The decrease in intensity of the peaks 
reflecting the features of hydroxyl groups in nanoapatite 
crystals as the hydrothermal temperature increases are the 
result of the thermal decomposition of these groups under 
high temperature and pressure conditions [40], [46]. 

The higher the hydrothermal temperature 
employed, the sharper the peak at PO4

3- and the peak at 
CO3

2- disappeared. This is because when the hydrothermal 
temperature increases, the conditions become more 
aggressive and the nanoapatite crystal structure becomes 
more uniform. This leads to the formation of a sharper 
peak at PO4

3- because the phosphate groups in the crystal 
lattice grow denser and more homogeneous. At the same 
time, the CO3

2- peak disappeared as a result of the 
carbonate groups being removed from the crystal structure 
due to the high temperature. This indicates that the 
crystallinity of HAp is getting better, and the impurity 
content is getting smaller [42], [46]. In a study by 
Ebrahimi et al., the degree of crystallinity and intensity of 
the peak in the HAp increased as the temperature of the 
hydrothermal process increased [46]. 

Figure-9 (a-c) compares the HAp morphology 
synthesized by the hydrothermal method. At all variations 
in hydrothermal temperature, the resulting HAp has an 
irregular shape. In addition, the HAp particles mostly 
agglomerated due to the existence of water molecules that 
the drying process was unable to remove from the sample 
[47]. The findings of this study are consistent with those of 
prior findings [7], [23], [47]. Using seashells in HAp will 
produce irregular, nearly spherical, flat plates and rod-like 
morphology [7], [47]. 
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure-9. SEM images of samples exposed to various 
hydrothermal temperatures (a) 120℃, (b) 140℃,  

and (c) 160℃ under 15.000 magnifications. 
CONCLUSIONS 

The hydrothermal method has been employed 
with success at all temperature variations to synthesize 
hydroxyapatite (HAp) from green mussel shells utilizing 
precipitated calcium carbonate (PCC). In this study, the 
HAp produced in all variations has a hexagonal crystal 
system. The hydrothermal temperature affected the weight 
percentage (%), crystallite size, morphology, and the 
amount of impurities (%) in the resulting HAp. Other than 
that, the greater the hydrothermal temperature, the greater 
the weight percentage (%), while the larger the crystallite 
size in the HAp, the smaller the amount of impurities. The 
best results in this study were obtained at the hydrothermal 
temperature variation of 160℃. In this variation, the HAp 
produced has a crystallite size, weight percentage (%), and 
total impurities (%) of 46.4 nm, 99.3%, and 0.7%. Overall, 
the HAp produced in this study has an irregular 
morphology in all variations. 
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