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ABSTRACT

The utilization of shell-derived hydroxyapatite (HA) as a sustainable biomaterial has gained increasing 
attention however, comparative studies involving different shell sources and synthesis conditions remain limited. 
This study investigated the effects of shell source, reaction pH and sintering treatment on the structural, 
compositional and morphological properties of HA synthesized from Corbicula Fluminea and Pholas Orientalis 
shells using a chemical precipitation method. HA samples were prepared at pH 10 and pH 11, with and without 
sintering at 500°C and characterized using Fourier Transform Infrared (FTIR) spectroscopy, X-ray Diffraction 
(XRD), Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-ray (EDX) 
spectroscopy. FTIR analysis confirmed the successful formation of HA and revealed stronger carbonate 
substitution in Pholas Orientalis-derived samples, indicating the presence of type-B carbonated HA. XRD 
results showed that all synthesized samples exhibited the characteristic hexagonal HA phase with crystallite 
sizes ranging from 4.20 to 15.47 nm. HA derived from Pholas Orientalis exhibited slightly lower crystallinity 
(41.70%) compared to Corbicula Fluminea-derived HA (44.95%). FESEM observations demonstrated that 
increasing the synthesis pH from 10 to 11 produced finer and more homogeneous particles, while sintering promoted 
particle densification and crystal growth. EDX analysis revealed Ca/P ratios of 1.42-1.51 for Corbicula Fluminea-
derived HA and 1.59-2.13 for Pholas Orientalis-derived HA. The findings indicate that shell source and synthesis 
parameters significantly influence HA characteristics and can be tailored to develop sustainable biomaterials for 
bone tissue engineering and other biomedical applications.
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INTRODUCTION

Hydroxyapatite (HA) with the molecular formula of 
Ca10(PO4)6(OH)2 (Bernache-Assollant et al. 2003) 
crystallizes in a hexagonal system under the P63/m space 
group. The lattice constants of HA for a = b = 0.9418 nm 
and c = 0.6884 nm (Guerfi et al. 2024) with a stoichiometric 
Ca/P molar ratio of 1.67 (Zhang et al. 2022). HA constitutes 
the predominant inorganic phase in the mineralized matrix 
of human bone tissue. HA, especially in nanostructured 
(nHA) form also has wide applications such as bone tissue 
engineering (Fendi et al. 2024), in dental and oral health 
(Tao et al. 2022), coatings for biomedical implants (Awasthi 
et al. 2021) and drug and therapeutic delivery (Lubojański 

et al. 2024). Few methods in synthesizing HA such as 
hydrothermal (Karalkeviciene et al. 2023), alkaline 
hydrolysis (Etinosa et al. 2024), emulsion, sonochemical 
and combustion/pyrolysis (Alam et al. 2024) but the 
chemical precipitation method possesses practicality and 
the ability to produce HA at the nanoscale (Hassanein et 
al. 2024; Wu et al. 2023). In line with the Sustainable 
Development Goals (SDGs), a critical review emphasizes 
the production of biomaterials through green chemistry 
methods utilizing waste materials, crops or by-products 
from the food industry (Bontempi et al. 2021). Hence, 
researchers have focused on natural resources to synthesize 
biomaterials including the nHA. Some of the natural 
resources such as eggshells (Noviyanti et al. 2020), fish 



3174

bone (Jindapon et al. 2023), snail shells (Ahmed et al. 2022) 
and seashells from marine sources (Seyhan et al. 2022). 
Among all the materials listed above, calcium carbonate 
(CaCO3) is the primary chemical compound extracted as 
it is abundantly present in these natural resources (Aditya 
et al. 2021; Owuamanam & Cree 2020; Torres et al. 2024). 
However, there are also a few trace elements that exist in 
stated natural resources other than CaCO3 such as 
magnesium (Mg), sodium (Na) and strontium (Sr) (Hussin 
et al. 2022). A few clams in Malaysia such as Corbicula 
Fluminea and Pholas Orientalis shells showed trace 
elements such as Sr besides being rich with CaCO3. 
Corbicula Fluminea widely known as the Asian or Asiatic 
clam is a freshwater bivalve mollusk species originally 
found in Eastern Asia (Sousa et al. 2008). Pholas 
Orientalis, also known as the angelwing clam, is a marine 
bivalve mollusk belonging to the Pholadidae family. It is 
commonly found along the coastal areas of Southeast Asia, 
including Malaysia (Ho et al. 2024).

Corbicula Fluminea and Pholas Orientalis shells are 
both rich sources of CaCO3 however, they differ in form, 
impurity content, and crystal morphology. The predominant 
polymorph in Corbicula Fluminea shells is aragonite, 
whereas Pholas Orientalis shells primarily consist of 
calcite (Huang & Zhang 2022). Consequently, synthesizing 
HA from different CaCO3 sources results in distinct 
structural and compositional characteristics. Previous 
studies (Benataya et al. 2020; Golubevas et al. 2020), have 
shown that the incorporation of other ions such as carbonate 
(CO3²

-) into the HA lattice markedly influences its crystal 
structure, morphology and surface area. In addition, the 
crystallinity of HA is affected by the pH of the reaction 
mixture during synthesis. For instance, (Kalpana & 
Nagalakshmi 2023) reported an increase in crystallinity 
when the pH was raised from pH10 to pH11 (Lee et al. 
2020; Sánchez-Campos et al. 2021). Furthermore, the 
sintering process plays a critical role in determining HA 
crystallinity with higher sintering temperatures leading to 
greater crystalline order (Hossain et al. 2021; Trzaskowska 
et al. 2023).

Crucially, the researcher (Wu et al. 2024) has 
highlighted the significance of crystallinity in nHA 
whereby the higher crystallinity releases more Ca2+ ions. 
This in turn enhances cell mineralization, growth and 
differentiation.  The rod-like structure of HA particles also 
has a great influence on cell adhesion and proliferation. 
While the low crystallinity of nHA is reported to promote 
biological behavior when in contact with human 
mesenchymal stem cells (Ebrahimi et al. 2021). Research 
conducted by (Benataya et al. 2020) demonstrated that an 
increase in crystallite size along with a corresponding rise 
in specific surface area promotes cell proliferation and 
enhances alkaline phosphatase activity. Both conditions 

portrayed positive indicators of osteogenic differentiation. 
In the mechanical aspect, higher crystallinity of HA 
possessed a better compression strength, Young’s modulus 
and fracture toughness which match the mechanical 
strength of cortical bone (Liang et al. 2024). Therefore, the 
crystallinity and morphology of HA particles play a crucial 
role in biomedical applications as both factors significantly 
influence the material’s bioactivity. To date, there is no 
comparative study that has been done to measure the 
structural and compositional properties of HA based on 
Corbicula Fluminea and Pholas Orientalis shells since the 
CaCO3 polymorphs are different for both species. The 
comparative interaction of both species at different pH 
values and the sintering process while synthesizing the HA 
is worth venturing into. Hence, this study is a comparative 
study that emphasizes several key aspects in evaluating 
the effects of CaCO3 source type (Corbicula Fluminea and 
Pholas Orienalis shells), reaction mixture pH (pH10 and 
pH 11), and sintering process (sintering at 500°C or without 
sintering) on the structural and compositional properties 
of synthesized HA. 

METHODOLOGY

SYNTHESIS OF HA POWDER

Corbicula Fluminea and Pholas Orientalis shells were 
collected and further purified. The shells were boiled using 
distilled water at 100°C to remove the dirt and flesh. The 
seashells were then dried in the oven at 100°C for 1hour 
followed by crushing them into powder form by using a 
grinder. Both compounds are CaCO3 and were transformed 
into calcium oxide (CaO) by heating at a temperature of 
1100°C with a rate of 10°C/min by using a furnace as 
described in Equation (1).

CaCO3(s)  CaO(s) + CO2(g) (1)

The product of CaO in the form of solid powder was 
then reacted with distilled water as in Equation (2). 
Specifically, 5g of CaO was reacted with 100ml of distilled 
water stirred under hot plate at a temperature of 45°C, 
which is the reaction temperature for 2hours. The product 
of this reaction is calcium hydroxide (Ca(OH)2).

CaO (s) + H2O (l)  Ca(OH)2 (aq) (2)

After 2hours, the mixture of Ca(OH)2 was reacted with 
2.8ml of phosphoric acid (H3PO4) under a titration process. 
During the titration process, the pH value was monitored 
and adjusted to pH10 and pH11 for both types of shells 
(Corbicula Fluminea and Pholas Orientalis shells) by 
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using ammonia solution (NH3). Herewith, the pH value is 
the manipulated variable of this research. The result of 
H3PO4 titration with Ca(OH)2 is HA as in Equation (3).

10Ca(OH)2 + 6H3PO4  Ca10(PO4)6(OH)2 + 18H2O               (3)

The HA gelatinous solution formed was aged 24hours 
at room temperature to allow for complete reaction. After 
24hours, the gelatinous solution was poured into a 
centrifuge tube with distilled water and mixed using a 
vortex mixer to wash the HA product. This process was 
repeated 3 times. After washing it, the precipitate formed 
at the bottom of the centrifuge tube was collected and dried 
in the oven at 110°C for 6hours. After the heating process, 
the cake formed was powdered using the mortar and pestle. 

Some of the HA powder form was then sintered at 500°C 
(manipulated variable) before undergoing characterization. 
The sintering temperature of 500°C was selected based on 
previous studies demonstrating that heat treatment at this 
temperature improves hydroxyapatite crystallinity, 
promotes crystal growth and particle densification. Also, 
it facilitates the removal of residual impurities without 
significant phase decomposition. Furthermore, 500°C has 
been reported as a suitable temperature for investigating 
the combined effects of pH and thermal treatment on the 
structural and morphological properties of hydroxyapatite 
(Rodríguez-Lugo et al. 2018; Trzaskowska et al. 2023). 
All the samples were prepared with different parameters 
regarding different variables of manipulation as stated in 
Table 1 for sampling purposes.

TABLE 1. Samples labelling and synthesis parameters
Sample Types of shells pH value Sintering process
HA1 Corbicula Fluminea 10 No sintering process
HA2 Sintering at 500°C
HA3 11 No sintering process
HA4 Sintering at 500°C
HA5 Pholas Orientalis 10 No sintering process
HA6 Sintering at 500°C
HA7 11 No sintering process
HA8 Sintering at 500°C

CHARACTERIZATION

FOURIER TRANSFORM INFRARED (FTIR) 
SPECTROSCOPY

FTIR analysis was conducted to identify the functional 
groups present in the HA powders and confirm HA 
formation. The study was carried out using a Perkin Elmer 
Spectrum 65 FTIR spectrometer, operating within the 
frequency range of 400cm-¹ to 4000cm-¹.

X-RAY DIFFRACTION (XRD) SPECTROSCOPY

The phases and crystallographic structures of the 
synthesized samples were determined using X-ray 
diffraction (XRD) analysis with a Bruker D2 Phaser 
diffractometer. The HA powder was compacted into an 
XRD sample holder before scanning for sample preparation. 
The analysis was conducted over a 2θ range of 10° to 90°, 
with a step size of 0.1° and a scan rate of 5°/min. The 
resulting XRD patterns were compared against standard 
powder diffraction files using X’Pert HighScore Plus 
software (version 2.2.5). The degree of crystalline phase 
which represents the fraction of the crystalline phase was 
calculated using Equation (4).

Crystallinity phase, XC = 1- (4)

Xc represents the fraction of the crystalline phase, I300 
refers to the intensity of the (300) reflection, and V112/300 
indicates the intensity of the hollow between the (112) and  
(300) diffraction peaks. The crystallite size (Xs) in the
direction perpendicular to the crystal plane was estimated
using Scherrer’s formula, as shown in Equation (5).

Crystallite size, XS = (5)

Xs refers to the crystallite size in nanometres (nm), 
while λ is the wavelength of the monochromatic X-ray 
beam, which is 0.15406 nm for CuKα radiation. β, which 
is equivalent to FWHM stands for the full width at half 
maximum of the selected diffraction peak measured in 
radians. For the crystallite size calculation, the diffraction 
peak at 2θ = 25.88° corresponding to the (002) plane was 
chosen because it is sharper and well-separated from nearby 
peaks. Meanwhile, the hexagonal lattice parameters of HA 
is associated with Equation (6).
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(6)

FIELD EMISSION SCANNING ELECTRON 
MICROSCOPY (FESEM) & ENERGY DISPERSIVE 

X-RAY (EDX) SPECTROSCOPY

The morphologies of the samples were characterized by a 
field emission scanning electron microscope, Hitachi with 
an excitation voltage of 15kV. Before FESEM observation, 
the sample was prepared by dispersing the powders on a 
double-sided carbon tape mounted on the aluminum sample 
holder. Then the sample was coated with a thin Platinum 
(Pt) layer before observing under FESEM. The elemental 
composition of the samples was analyzed by using EDX 
which determined the atomic percentage (at%) and mass 
percentage (wt%) of each element. The elements Ca, P, C 
and O were evaluated and six surface scan graphs were 
obtained for each sample.

RESULTS AND DISCUSSION

FTIR ANALYSIS

Table 2 tabulates the wavenumber of the respective 
functional group with the vibration mode and Figure 1 
shows the FTIR spectrum for all HA samples. All the 
samples showed the phosphate (PO4

3-) functional groups 
which are the crucial functional groups for the HA lattice 
structure. The stretching mode of the hydroxyl (OH-) 
functional group was also found in all HA samples, 
confirming the stoichiometric HA structures. CO3

2- 

functional groups were found in all the HA samples but 
were different in terms of intensity. Analyzing the peaks 
from HA1 to HA8, the peaks at 960cm-1 and 1020cm-1 
showed a progressively intensified peak suggesting the 
sample has better crystallinity or better phase purity. The 
peak splitting within 1020cm-1 - 1090cm-1 is getting 
obvious especially for the HA5, HA6, HA7 and HA8 
samples. This suggests more than one of the PO4

3- structures 
exists due to the presence of the secondary phase.

Analyzing the FTIR spectrum based on the different 
sources of CaCO3 (Corbicula Fluminea and Pholas 
Orientalis shells), HA5, HA6, HA7 and HA8 which is 
based on Pholas Orientalis shell showed a higher intensity 
of CO3

2- peaks at 870cm-1 and 1410cm-1 to 1450cm-1 
compared to HA1, HA2, HA3 and HA4 (HA based 
Corbicula Fluminea shell). Both types of HA which are 
based on different sources of CaCO3 (Corbicula Fluminea 
and Pholas Orientalis shells) presented at CO3

2- peaks but 
these peaks are more prominent in HA based on Pholas 

Orientalis shell. These peaks portrayed the PO4
3- which 

was substituted by CO3
2- in the HA structure (Mohd Noor 

et al. 2020). Hence, it is suggested that the HA samples 
from Pholas Orientalis shell are more likely to be classified 
as type-B carbonated HA. The carbonated HA type-B 
closely resembles the biological apatite of bone tissue 
which is composed of 4-6% carbonate by weight (Liu et 
al. 2021).

TABLE 2. Functional groups present in HA samples
Wavenumber 
(cm-1)

Vibration mode Functional 
group

Reference

960 v1 symmetric 
stretching

Phosphate 
(PO4

3-)
(Ebrahimi et 
al. 2021)

1020-1090 v3 asymmetric 
stretching

Phosphate 
(PO4

3-)
(Ebrahimi et 
al. 2021)

3570 stretching 
mode

Hydroxyl 
(OH-)

(Ebrahimi et 
al. 2021)

870 out of plane 
bending v2

Carbonate 
(CO3

2-)
(Liang et al. 
2024)

1410-1465 asymmetric 
stretching v3

Carbonate 
(CO3

2-)
(Liang et al. 
2024)

FIGURE 1. FTIR spectrum for synthesized HA

Assessing the significance of different pH values in 
synthesizing HA for both types of CaCO3 sources 
(Corbicula Fluminea and Pholas Orientalis shell), it 
showed a similar trend. Samples that were synthesized at 
pH10 are HA1, HA2, HA5 and HA6. While samples that 
were synthesized at pH11 are HA3, HA4, HA7 and HA8. 
HA samples that were synthesized at pH11 showed a slight 
increase in PO4

3- peak sharpness at wavelengths 1020cm-1 
to 1090cm-1. The increasingly sharp PO4

3- peaks depict that 
the peaks have greater crystallinity with lesser substitution 
of CO3

2- ions. The lesser CO3
2- ions in the HA lattice are 

confirmed by the CO3
2- peaks at 870cm-1 and 1450cm-1 

being nearly absent at pH11. Theoretically, at higher pH 
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levels, fewer free CO3²
- ions are present because carbon 

dioxide (CO²) from the surroundings interacts less with the 
synthesis solution, as CO² becomes less soluble at elevated 
pH (Nowicki et al. 2022).

Scrutinizing the significance of sintering effects, 
regardless of the HA based on CaCO3 sources (Corbicula 
Fluminea and Pholas Orientalis shells), samples that were 
sintered at 500°C (HA2, HA4, HA6 and HA8) showed a 
sharper and more intense PO4

3- peak which can be found 
at 1020cm-1 – 1090cm-1. On the other hand, CO3²

- peaks at 
870cm-1 and 1450cm-1 especially for HA2 and HA4 
samples showed a decrement trend. It also noted that there 
is a slight appearance or sharpening of OH- functional group 
peak at 3570cm-1 for the sintered samples.

XRD ANALYSIS

The XRD pattern in Figure 2 shows the diffraction profiles 
of the synthesized HA samples within the measurement 
range of 10° < 2θ < 60°. The diffraction peaks observed at 
2θ values of 25.90°, 31.77°, 32.90°, 32.19°, 34.05°, 39.82°, 
46.71°, 49.49°, and 53.20° correspond to the (002), (211), 
(112), (300), (202), (310), (222), (213), and (004) 
crystallographic planes of HA respectively in agreement 
with PDF 01-074-0565. The absence of significant 
secondary phase peaks indicates that all synthesized 
samples predominantly consisted of the hexagonal HA 
phase. Notably, although HA8 exhibited a relatively high 
Ca/P ratio of 2.13 according to EDX analysis (analysed in 
the next subtopic), no distinct diffraction peaks 
corresponding to secondary calcium-containing phases 
such as CaO or CaCO3 were detected. This suggests that 
any excess calcium species were either present below the 
detection limit of XRD or existed as non-crystalline/
calcium-rich regions without forming a separate crystalline 
phase. Table 3 summarizes the lattice parameters, crystallite 
sizes, and crystallinity values obtained from the XRD 
analysis.

Comparing the HA samples synthesized from different 
CaCO3 sources, HA derived from Corbicula Fluminea 
shells (HA1–HA4) exhibited crystallinity values ranging 
from 38.03% to 51.10%, with an average crystallinity of 
44.95%. In contrast, HA derived from Pholas Orientalis 
shells (HA5–HA8) showed crystallinity values between 
36.74% and 51.47%, with an average crystallinity of 
41.70%. These results indicate that both shell sources 
produced moderately crystalline HA with only slight 
differences in overall crystallinity. Meanwhile, the 
crystallite sizes of HA derived from Corbicula Fluminea 
shells ranged from 4.20nm to 15.47nm which were 
generally larger than those obtained from Pholas Orientalis 

shells (4.61nm to 7.82nm). The CaCO3 source therefore 
appears to exert a greater influence on crystallite growth 
than on the degree of crystallinity. This behaviour may be 
attributed to differences in shell microstructure, mineral 
arrangement, hierarchical architecture and precursor 
composition which influence nucleation and crystal growth 
during HA formation.

Based on the lattice parameters result, the a-lattice 
parameter for HA synthesized from Corbicula Fluminea 
shells ranged from 0.874nm to 0.902nm whereas the 
corresponding values for Pholas Orientalis shells ranged 
from 0.903nm to 0.904nm. Similarly, the c-lattice 
parameter ranged from 0.677nm to 0.687nm for Corbicula 
Fluminea-derived HA and from 0.680nm to 0.682nm for 
Pholas Orientalis-derived HA. On average, the lattice 
parameters of HA synthesized from Pholas Orientalis 
shells were slightly closer to the ideal hexagonal HA 
structure. The relatively larger deviation observed in some 
Corbicula Fluminea-derived samples particularly HA3, 
may be associated with CO3

2- substitution, crystallite size 
effects, crystal defects and structural disorder arising from 
the natural shell precursor.

A comparison between FTIR and XRD analyses 
reveals an interesting observation. FTIR results showed 
stronger CO3²

- absorption bands for HA synthesized from 
Pholas Orientalis shells, suggesting greater CO3

2- 
incorporation into the HA structure. Since CO3

2- substitution 
is commonly associated with reduced crystallinity due to 
lattice distortion, a lower crystallinity would normally be 
expected. However, the XRD results demonstrated that the 
Pholas Orientalis-derived HA maintained comparable 
crystallinity to the Corbicula Fluminea-derived samples. 
This apparent discrepancy can be explained by the different 
sensitivities of the two characterization techniques. FTIR 
is highly sensitive to vibrational modes of CO3

2- species, 
including surface-adsorbed and amorphous CO3

2- whereas 
XRD evaluates the long-range atomic ordering of the 
crystal lattice. Consequently, CO3

2- species detected by 
FTIR may not be present in sufficient quantities to 
significantly disrupt the crystalline HA framework detected 
by XRD.

The pH value also influenced the structural 
characteristics of the synthesized HA. Samples synthesized 
at pH10 (HA1, HA2, HA5, and HA6) exhibited an average 
crystallinity of 43.96%, while samples synthesized at pH11 
(HA3, HA4, HA7, and HA8) showed a slightly lower 
average crystallinity of 42.69%. Although the difference 
is relatively small, the results suggest that increasing the 
pH from pH10 to pH11 did not markedly improve 
crystallinity under the present synthesis conditions. In 
contrast, the average crystallite size increased from 5.48nm 
at pH10 to 8.03nm at pH11 indicating that a more alkaline 
environment promoted crystal growth. The a-lattice 
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parameter ranged from 0.901nm to 0.904nm and the 
c-lattice parameter from 0.677nm to 0.682nm for pH10
samples. For pH11 samples, the a-lattice parameter ranged
from 0.874nm to 0.904nm while the c-lattice parameter
ranged from 0.679nm to 0.687nm. Notably, HA3 (pH 11
without sintering) exhibited a contracted a-lattice parameter 
of 0.874nm, suggesting lattice distortion. This observation 
indicates that synthesis at higher pH may induce structural 
instability in the absence of subsequent heat treatment. The 
additional OH- ions present at higher alkalinity may
contribute to ionic disorder whereas thermal treatment
restores lattice stability and produces lattice parameters
closer to those of stoichiometric HA.

The crystallinity trends obtained from XRD are 
consistent with the FTIR findings. Samples exhibiting more 
pronounced CO3

2- substitution particularly type-B 
carbonated HA where CO3²

- ions substitute for PO4³
- ions 

generally showed slightly lower crystallinity because CO3
2- 

incorporation introduces structural disorder into the HA 
lattice. This effect was more evident in non-sintered 
samples and in samples synthesized at higher pH without 
thermal treatment. Conversely, the reduction of CO3

2- 
related features following heat treatment contributed to 
improved lattice ordering and enhanced crystallinity.

Examining the effect of sintering, all sintered samples 
(HA2, HA4, HA6, and HA8) exhibited higher crystallinity 
and larger crystallite sizes compared with their non-sintered 
counterparts. The average crystallinity increased from 
40.52% for non-sintered samples to 46.13% after sintering, 
while the average crystallite size increased from 4.53nm 
to 8.97nm. The enhancement in crystallinity can be 
attributed to thermally induced crystal growth, reduction 
of lattice defects and improved atomic ordering within the 
HA structure. The thermal energy supplied during sintering 
promotes densification and grain coalescence allowing 
smaller crystallites to combine into larger and more ordered 
crystal domains. This phenomenon was particularly evident 
in HA2 and HA8, which recorded the highest crystallinity 
values of 51.10% and 51.47%, respectively. Furthermore, 
the lattice parameters of the sintered samples approached 
the ideal HA values, with a-lattice parameters ranging from 
0.900nm to 0.904nm and c-lattice parameters close to 
0.680nm to 0.682nm.

The FTIR results further supported the XRD 
observations. Non-sintered samples displayed stronger 
CO3²

- absorption bands, whereas these bands weakened 
after sintering. Simultaneously, the PO4

3- and OH- 
absorption bands became sharper and more prominent 
indicating improved phase purity and crystallinity. Overall, 
the XRD analysis demonstrates that both shell-derived 
CaCO3 sources are suitable precursors for HA synthesis 
while the sintering process exerts the most significant 

influence on crystallite growth, lattice ordering and 
crystallinity enhancement.

FIGURE 2. XRD pattern for synthesized HA

TABLE 3. The XRD information of HA samples

Sample

Lattice 
parameter 

(nm)
Crystallite 

size, Xs 
(nm)

Crystallinity, Xc (%)

a c
HA1 0.901 0.677 4.681 46.14
HA2 0.902 0.680 7.926 51.10
HA3 0.874 0.687 4.204 38.03
HA4 0.900 0.679 15.468 44.52
HA5 0.903 0.680 4.644 41.16
HA6 0.904 0.682 4.683 37.44
HA7 0.904 0.680 4.608 36.74
HA8 0.903 0.681 7.822 51.47

FESEM ANALYSIS

The surface morphologies of the synthesized HA derived 
from Corbicula Fluminea and Pholas Orientalis shells 
under different synthesis conditions were examined using 
FESEM, as presented in Figure 3(a–h). All samples 
exhibited the characteristic rod-like or rice-like morphology 
associated with precipitation-derived HA. To quantitatively 
evaluate the morphological differences observed in the 
FESEM images, the lengths of 30 randomly selected 
particles were measured for each sample and the mean 
particle lengths together with their standard deviations are 
summarized in Table 4.

For the HA samples derived from Corbicula Fluminea 
shells (HA1–HA4), the non-sintered sample synthesized 
at pH10 (HA1) exhibited loosely packed particles with an 
average particle length of 174.568μm ± 23.139µm. After 
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sintering at 500°C (HA2), the average particle length 
decreased to 111.176μm ± 28.462µm accompanied by 
increased particle densification and grain fusion. Increasing 
the synthesis pH to pH11 without sintering (HA3) produced 
more uniformly distributed rod-like particles with an 
average length of 116.870μm ± 36.500µm. The combination 
of pH11 and sintering at 500°C (HA4) further reduced the 
average particle length to 95.046μm ± 31.258µm which 
indicates improved particle refinement and microstructural 
uniformity.

A similar trend was observed for HA derived from 
Pholas Orientalis shells (HA5–HA8). The non-sintered 
sample synthesized at pH 10 (HA5) exhibited an irregular 
morphology with an average particle length of 91.795μm 
± 21.879µm. Upon sintering at 500°C (HA6), crystal 
growth and particle coalescence became more apparent, 
resulting in a larger average particle length of 170.497μm 
± 31.007µm. When synthesized at pH11 without sintering 
(HA7), the smallest average particle length among all 
samples was obtained (72.159μm ± 21.581µm) indicating 
the formation of finer particles. After sintering at 500°C 
(HA8), the particle length increased to 121.212μm ± 

35.098µm, together with the development of a denser and 
more compact microstructure.

Overall, the quantitative particle size measurements 
support the qualitative FESEM observations. Increasing 
the synthesis pH from pH10 to pH11 generally reduced the 
average particle length for both shell sources. For example, 
particle length decreased by approximately 33.0% from 
HA1 to HA3 and by 21.4% from HA5 to HA7. The 
formation of finer particles at higher pH suggests that 
increased alkalinity enhanced nucleation kinetics, 
generating a greater number of nuclei and restricting 
excessive crystal growth. Furthermore, the lower average 
particle size observed for HA7 (72.159μm ± 21.581µm) 
compared with HA1 (174.568μm ± 23.139µm) confirms 
that higher pH favors the formation of finer HA particles. 
The relatively lower standard deviations observed for HA5 
and HA7 also indicate a narrower particle size distribution 
and improved particle homogeneity. These findings 
quantitatively validate the observed FESEM morphology 
and demonstrate that both pH and sintering conditions 
significantly influence the microstructural evolution of 
shell-derived HA.

(a) (b)

(c) (d)

continue...
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(e) (f)

(g) (h)

FIGURE 3. FESEM images for a) HA1, b) HA2, c) HA3, d) HA4, e) HA5, f) HA6, g) HA7 and h) HA8

TABLE 4. Average rod-like particle length measured from FESEM micrographs
Sample Average particle length (μm) Standard deviation (μm)

HA1 174.568 ± 23.139
HA2 111.176 ± 28.462
HA3 116.870 ± 36.500
HA4 95.046 ± 31.258
HA5 91.795 ± 21.879
HA6 170.497 ± 31.007
HA7 72.159 ± 21.581
HA8 121.212 ± 35.098

...cont.

EDX ANALYSIS

The Ca/P ratios of the synthesized HA samples varied with 
the CaCO3 source, pH value, and sintering condition as 
shown in Table 5. HA samples derived from Corbicula 
Fluminea shells exhibited Ca/P ratios ranging from 1.42 
to 1.51 which are consistently lower than the stoichiometric 
HA value of 1.67. These values indicate the formation of 

calcium-deficient HA. Such calcium deficiency is 
commonly associated with the partial substitution of PO4³

- 
groups by CO3²

- ions within the HA lattice. This 
interpretation is supported by the FTIR results which 
revealed CO3

2- absorption bands characteristic of B-type 
carbonated HA. Furthermore, the relatively low crystallinity 
observed in several Corbicula fluminea-derived samples 
by XRD suggests that carbonate incorporation increased 
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lattice disorder and reduced long-range crystal order.
In contrast, the Ca/P ratios of HA synthesized from 

Pholas Orientalis shells ranged from 1.59 to 2.13. Values 
exceeding the stoichiometric ratio of 1.67 suggest the 
presence of excess calcium or a deficiency of CO3

2-- during 
the synthesis process. The highest Ca/P ratio was observed 
for HA8 (2.13), which was synthesized at pH11 and 
subsequently sintered at 500°C. FTIR analysis of this 
sample showed relatively strong CO3

2- absorption bands 
together with weaker CO3

2- bands indicating possible CO3
2- 

substitution and reduced PO4
3- incorporation. However, 

despite the elevated Ca/P ratio, the XRD patterns did not 
show any identifiable diffraction peaks corresponding to 
secondary calcium-containing crystalline phases such as 
CaO or CaCO3. Instead, HA8 exhibited the highest 
crystallinity value (51.47%), suggesting that the HA crystal 
structure remained largely intact. Therefore, the elevated 
Ca/P ratio is more likely associated with localized calcium 
enrichment, phosphate deficiency or calcium-rich domains 

below the XRD detection limit rather than the formation 
of detectable secondary crystalline phases.

The effect of pH on the Ca/P ratio differed between 
the two shell sources. For HA derived from Corbicula 
Fluminea shells, increasing the pH from pH10 to pH11 
resulted in a moderate increase in the Ca/P ratio suggesting 
that a more alkaline environment promoted calcium 
incorporation or reduced PO4

3- incorporation during HA 
formation. A less pronounced trend was observed for 
Pholas Orientalis-derived HA. Nevertheless, the 
combination of pH11 and sintering at 500°C produced the 
highest Ca/P ratio in HA8. This increase may be attributed 
to partial PO4

3- loss during thermal treatment, resulting in 
a relatively calcium-rich composition. The corresponding 
XRD results indicate that this compositional change did 
not significantly compromise the crystallinity of the HA 
phase while FESEM observations revealed a denser and 
more compact microstructure after sintering.

TABLE 5. The Ca/P ratio of the HA samples
Sample HA1 HA2 HA3 HA4 HA5 HA6 HA7 HA8

Ca/P ratio 1.43 1.42 1.47 1.51 1.70 1.59 1.69 2.13

In detail, FESEM, XRD and EDX results collectively 
demonstrate that the synthesis parameters significantly 
influenced the structural, compositional and morphological 
properties of the synthesized HA. Samples exhibiting 
higher crystallinity generally showed more compact and 
refined microstructures after sintering. For example, HA2 
and HA8 exhibited the highest crystallinity values of 
51.10% and 51.47% respectively. While FESEM 
observations revealed denser particle arrangements and 
evidence of particle coalescence after thermal treatment. 
The increase in crystallinity is attributed to crystal growth 
and reduction of lattice defects during sintering, which 
simultaneously promotes particle densification and 
microstructural ordering (Trzaskowska et al. 2023; Aspera-
Werz et al. 2024).

A relationship was also observed between particle 
morphology and crystallite development. Samples 
synthesized at pH11 generally exhibited smaller and more 
homogeneous rod-like particles than those synthesized at 
pH10. The finer particles observed in HA3, HA4, HA7 and 
HA8 suggest that increased alkalinity enhanced nucleation 
kinetics resulting in the formation of a larger number of 
nuclei and restricting excessive particle growth. This trend 
is consistent with the XRD results where pH11 samples 
exhibited larger average crystallite sizes than pH10 samples 
indicating that particle refinement at the microscale did not 
necessarily correspond to smaller coherent crystalline 
domains at the nanoscale. Instead, crystal growth occurred 

within individual particles while maintaining an overall 
finer particle morphology.

The EDX results further support the structural 
observations. Samples derived from Corbicula Fluminea 
shells exhibited lower Ca/P ratios (1.42–1.51), indicating 
calcium-deficient HA. Calcium-deficient HA is commonly 
associated with CO3

2- substitution and a less ordered crystal 
structure which agrees with the FTIR results showing 
CO3

2- incorporation and the comparatively lower 
crystallinity observed in some samples. In contrast, HA 
derived from Pholas Orientalis shells exhibited higher 
Ca/P ratios (1.59 to 2.13) suggesting the presence of excess 
calcium-containing phases or PO4

3- deficiency. Interestingly, 
despite the higher CO3

2- absorption observed in FTIR 
spectra, the Pholas Orientalis-derived HA maintained 
moderate crystallinity indicating that the level of CO3

2- 
substitution was insufficient to significantly disrupt the 
long-range crystal order detected by XRD.

Collectively, the results suggest that crystallinity, 
morphology and composition are strongly interrelated. 
Sintering promoted crystal growth, lattice ordering and 
particle densification resulting in higher crystallinity and 
more compact morphologies. Meanwhile, variations in 
Ca/P ratio and CO3

2- substitution influenced the structural 
order of the HA lattice and consequently affected 
crystallinity. Therefore, the combined FESEM, FTIR, XRD 
and EDX analyses demonstrate that both shell source and 
synthesis conditions govern the evolution of HA through 
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interconnected morphological, compositional and 
crystallographic changes. These relationships are important 
because they ultimately determine the biological and 
mechanical performance of HA for biomedical applications 
particularly in bone tissue engineering where particle 
morphology, crystallinity and Ca/P ratio are key factors 
influencing bioactivity and osteogenic response (Wu et al. 
2024; Zhang et al. 2022).

CONCLUSION

HA synthesized from Corbicula Fluminea and Pholas 
Orientalis shells at different pH values (pH10 and pH11) 
and sintering conditions (without sintering and sintering 
at 500°C) was successfully characterized using FTIR, 
XRD, FESEM and EDX analyses. FTIR results confirmed 
HA formation and revealed stronger CO3

2- substitution in 
HA derived from Pholas Orientalis shells. XRD analysis 
demonstrated that all synthesized samples crystallized in 
the hexagonal HA phase, with crystallinity values ranging 
from 36.74% to 51.47%. FESEM observations showed that 
increasing pH generally produced finer and more 
homogeneous particles, while sintering promoted particle 
densification and crystal growth. EDX analysis further 
showed that the Ca/P ratios were influenced by the shell 
source and synthesis conditions.

These findings demonstrate that the shell source, 
reaction pH and sintering process significantly affect the 
structural, compositional and morphological characteristics 
of hydroxyapatite. Since crystallinity, particle morphology 
and Ca/P ratio are important parameters influencing the 
biological behaviour and performance of HA reported in 
previous studies (Wu et al. 2024; Zhang et al. 2022) the 
synthesized materials show promising characteristics for 
potential biomedical applications. However, the present 
study was limited to physicochemical characterization and 
no biological or mechanical evaluations were conducted. 
The re fo re ,  fu r the r  i nves t iga t ions  invo lv ing 
cytocompatibility, bioactivity, osteogenic response and 
mechanical performance are necessary before confirming 
the suitability of the synthesized HA for biomedical 
applications.
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