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Hydroxyapatite (HA) was synthesized from Chitala lopis Submittedy/Received 05 May 2025

(belida fish) bone waste as a sustainable and low-cost natural f\’ﬁf_.iﬁfevgfjj’ﬁig’%g”

source, and the effects of sintering temperature and First Available online 05 Aug 2025

atmosphere on its properties were evaluated. Bone powder Publication Date 01 Dec 2025

was sintered at 600—1000°C under open crucible (FBO) and

closed crucible (FBC) conditions. X-ray diffraction (XRD) and 'gf}f;';’;;:lty

Fourier-transform infrared spectroscopy (FTIR) confirmed HA Fish bone, '

formation, with crystallinity and crystal size increasing at Grain size,

higher temperatures. Scanning electron microscopy (SEM) Zﬁ;‘:ﬁg’pa“te’

revealed morphological evolution from porous, irregular
structures at lower temperatures to denser, more compact
morphologies at higher temperatures. FBO conditions
promoted larger crystallites and oriented growth, whereas
FBC enhanced densification and reduced porosity. X-ray
fluorescence (XRF) detected trace elements (Zn, Fe, Ti)
potentially beneficial for bioactivity. Findings indicate that
both sintering temperature and atmosphere significantly
influence HA purity, crystallinity, and morphology, enabling
property optimization for applications from porous
adsorbents to dense bone implant materials.
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1. INTRODUCTION

Hydroxyapatite (HA), with the chemical formula Ca10(POa4)s(OH), is a naturally occurring
mineral of the apatite family and is predominantly found in hard tissues such as bone and
teeth [1]. Among the various biomaterials in the apatite group, HA has emerged as a highly
promising candidate, particularly in bone tissue engineering [2] and dental applications [3]. It
is typically white to off-white and possesses a molecular weight of 502.31 g/mol, a Mohs
hardness of 5, and a density of approximately 3.16 g/cm?3 [4]. The material’s calcium-to-
phosphorus (Ca/P) ratio of 1.67 is considered ideal for promoting new bone growth, making
HA suitable for biomedical applications such as bone grafts and implants, especially in cases
involving trauma, tumors, or congenital disorders [5, 6]. HA is thermodynamically stable in its
crystalline form under physiological conditions and exhibits a composition closely resembling
that of natural bone mineral [7]. Owing to these characteristics, HA has garnered significant
attention in recent years, not only for biomedical purposes but also for applications in the
environmental and catalytic fields. In catalysis, HA has been employed in various chemical
reactions, including condensation, oxidation, and photocatalysis [8, 9]. Furthermore, in
environmental remediation, apatite-based materials have demonstrated effectiveness in
removing heavy metals, organic pollutants, and dyes from contaminated water and soil [10].
Recent developments have expanded the use of HA in broader environmental applications,
targeting the purification of air [11], soil [12, 13], and water [14, 15].

HA can be obtained from both natural and synthetic sources. In recent years, there has
been growing interest in the development of HA from natural materials due to their
compositional similarity to human bone. Naturally derived HA is typically non-stoichiometric
and contains trace elements such as Na*, Zn?*, Mg?*, K*, Si**, Ba?*, F-, and CO3%", which can
enhance its bioactivity and functionality in biomedical applications [16, 17]. Moreover, natural
HA exhibits high ion-exchange capacity and adsorption ability [17, 18], making it suitable for
various environmental and biomedical uses. Additionally, it is considered more
environmentally friendly [19], safer for biomedical applications, and more cost-effective
compared to synthetic alternatives [20, 21]. Natural sources of HA include waste derived from
animals such as cow bones [22], pig bones [23], camel bones [24], goat bones [25], sheep
bones [26], and fish bones [27], including their scales [28]. Other biological wastes, such as
eggshells [1], shellfish [29], crab shells [30], and snail shells [31], have also been explored as
alternative precursors for HA synthesis. The utilization of these bio-wastes not only provides
a sustainable route for HA production but also supports waste valorization and circular
economy practices. On the other hand, HA can also be synthesized from synthetic precursors
using chemical sources of calcium and phosphate [32, 33]. Although synthetic HA offers the
advantage of controlled morphology and purity tailored to specific applications [34-36], it is
generally more costly. To improve the environmental sustainability of synthetic HA
production, researchers have employed green templating agents derived from plant sources,
including roots, stems, and leaves [37].

Based on previous studies [38-41], this study focused on the synthesis of HA from fish
bones, which are an abundant and readily available biowaste. The use of fish bone as a raw
material offers advantages in terms of sustainability and cost-effectiveness, aligning with
efforts to utilize waste-derived resources in environmentally friendly applications [20, 42, 43].
Extraction of HA from fish bones in this research is carried out using the sintering method.
Sintering plays a crucial role in processing fish bone—derived HA, as it transforms raw bone
powder into a denser, more mechanically stable bioceramic suitable for biomedical and
environmental applications [44]. The primary advantage of sintering lies in the consolidation
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of HA particles through thermal treatment, which enhances mechanical strength, reduces
porosity, and improves the material's handling properties compared to its unsintered
counterpart [45]. This densification is achieved via atomic diffusion at elevated temperatures,
facilitating particle bonding and the formation of a robust crystalline structure.

Several factors significantly influence the sintering process and, consequently, the final
structural and morphological characteristics of HA. Among these, temperature is one of the
most critical parameters, as it directly affects the yield and crystallinity of the resulting HA.
Higher sintering temperatures generally promote particle compaction and grain growth,
leading to an increase in crystallinity, improved hardness, and reduced porosity [46].
However, excessively high temperatures can cause the decomposition of HA into secondary
calcium phosphate phases such as tricalcium phosphate (TCP), which may adversely affect its
bioactivity [47]. In addition to temperature, sintering time also plays a vital role. Sufficient
duration is necessary to allow for atomic diffusion, facilitating densification and phase purity.
However, prolonged sintering can result in undesirable grain coarsening and phase
transformations [48]. Another important factor is the sintering atmosphere, which can be
manipulated through open-cup (ambient air) or closed-cup (sealed) conditions. Open-cup
sintering is more commonly used, but it can cause the loss of volatile components or oxidation
at high temperatures. Conversely, closed-cup sintering can maintain a more controlled
atmosphere, thereby potentially minimising HA decomposition and influencing the final phase
composition and microstructure. Several studies have emphasised the importance of
optimising sintering parameters to tailor HA properties for specific applications, particularly
in bone. The novelty of this study lies in its comparative approach to evaluating the influence
of open-cup and closed-cup sintering atmospheres on the physicochemical characteristics and
morphology of HA derived from Chitala lopis bone, by systematically examining.

2. METHODS
2.1. Materials

The chemicals used for the preparation of HA include belida fish (Chitala lopis) bones
obtained from Amplang manufacturing waste in Samarinda, Indonesia; distilled water; and
technical-grade acetone (CsHgO) in 1 L packaging.

2.2. Synthesis of Hydroxyapatite (HA)

Fish bone waste is separated from other waste, washed, and cleaned by boiling it in water
for 1 hour to facilitate the removal of organic substances and fats adhering to its surface [49,
50]. The clean bones are dried in an oven at 60°C for 48 hours. The dried bones are soaked in
acetone for 3 x 24 hours, with the solvent replaced every 24 hours, to reduce any remaining
organic matter still adhering to them. Figure 1a and Figure 1b show the difference between
dried fish bones before and after washing with acetone. The clean bones were then washed
with distilled water until the wash water reached neutral pH. The bones were dried, ground
using a blender, and sieved through a 100-mesh sieve [51]. The resulting powder is considered
crude HA (FB). To increase the HA content, a purification step is performed by sintering FB in
a furnace at 600—1000°C for 4 hours, with a heating rate of 5°C/minute [52]. The samples
before and after sintering exhibited colour differences, as shown in Figure 1c. FB was sintered
under different temperature conditions (600—1000°C) and sintered with an open crucible
(FBO) and a closed crucible (FBC). The samples were then coded as shown in Table 1. Based
on Table 1, it is evident that the sintering method caused a decrease in sample mass due to
the evaporation of organic matter.
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Figure 1. (a) Coarse fish bone, (b) fish bone after soaking in acetone, and (c) color difference
of fish bone powder before sintering and after sintering.

Table 1. HA code of sintering results.

Sample Mass Sintering Sintering Sintering Mass Yield Color after
Code before condition  temperature time (h) after (%) sintering
sintering (°C) sintering
(g) (g)
FB - - - - - - Pale yellow
FBO-600 20.0084 Open 600 4 11.4067 57.01 Light brown
FBO-700 20.0155 Open 700 4 10.9787 54.85  Grayish white
FBO-800 20.0016 Open 800 4 10.9707 54.85  Grayish white
FBO-900 20.0026 Open 900 4 10.9382 54.68 White
FBO-1000 20.0039 Open 1000 4 10.9058 54.52  White
FBC-600 20.0079 Closed 600 4 11.3661 56.81  Grayish brown
FBC-700 20.0046 Closed 700 4 11.3684 56.83  Black with a
little white

FBC-800 20.0009 Closed 800 4 11.1619 55.81 White
FBC-900 20.0003 Closed 900 4 11.0061 55.03  White
FBC-1000 20.0020 Closed 1000 4 10.9482 54.74  White

2.3. Characterizations

Thermogravimetric analysis (TGA) curves of the samples were obtained on a Thermo plus
(TG-DTA8120, Rigaku) with a heating rate of 10°C/min. To determine the functional groups of
the sample, characterization was carried out using Fourier-transform infrared spectroscopy
(FTIR). The FTIR analysis was conducted using an IRPrestige-21, Shimadzu. The results are
presented as transmittance spectra over a wavelength range of 400-4000 cm™. The samples
were characterized using powder X-ray diffraction (XRD, X’Pert Pro, PanAnalytical). Data were
collected from 26 = 8° to 65° at room temperature. To confirm the crystal structure, the
Debye—Scherrer method was applied by analyzing the diffraction patterns at specific 26° and
their corresponding intensities. The crystallite size (D) was calculated using the Scherrer
equation, as shown in Equation 1, where K is the Scherrer constant (typically 0.9), A is the X-
ray wavelength (1.5406 A for Cu Ka radiation), B is the full width at half maximum (FWHM) of
the diffraction peak in radians, and 0 is the Bragg angle. Furthermore, the degree of
crystallinity can be estimated using Equation 2, where Ac is the area under the crystalline
peaks and At is the total area (crystalline + amorphous) of the diffraction pattern. Analysis of
the diffraction peaks obtained for HA was performed by comparing the results with standard
reference data from the ICSD database for phase identification [53]. The elemental
composition of the samples was analyzed using X-ray fluorescence spectrometry (XRF). The
morphology of the samples was measured using a scanning electron microscope (SEM,
TM3030 Plus, Hitachi, Tokyo, Japan).
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3. RESULTS AND DISCUSSION
3.1. Visual Observation and Thermal Behavior

The sintering process of fish bone powder is carried out at various temperatures (600—
1000°C) for 4 hours to convert organic material into crystalline hydroxyapatite (HA). The visual
changes shown in Figure 2 indicate that the temperature and conditions of the crucible during
the sintering process greatly affect the HA produced. At lower temperatures (600—700°C), the
samples appear dark or black, indicating the presence of residual organic material. As the
sintering temperature increased above 700°C, a significant change in color was observed—
the samples became progressively whiter, signifying more complete removal of organic
components and the formation of purer HA. The whitest appearance was observed at the
highest sintering temperatures (800-1000°C), suggesting that higher temperatures facilitate
a greater degree of HA crystallization and purity. This observation aligns with prior reports
[54-56], where high organic content (>30%) in fish bones contributes to coloration and odor,
both eliminated upon thermal treatment. The degradation of these organics during sintering
results in a cleaner inorganic matrix and the progressive development of the HA phase.

Figure 2. Color change of samples (a) FB, (b) FBO-600, (c) FBO-700, (d) FBO-800, (e) FBO-900,
(f) FBO-1000, (g) FBC-600, (h) FBC-700, (i) FBC-800, (j) FBC-900, and (k) FBC-1000.

The experimental results showed that high-temperature treatment effectively removed
most of the residual organic matter in the samples, as evidenced by changes in colour and
odour, as well as a reduction in mass of approximately 45%. Thermogravimetric analysis (TGA)
confirmed this transformation process. Figure 3a shows the TGA profile of raw fish bone,
indicating three main stages of mass loss: (i) water evaporation between 25-200°C (~8%), (ii)
decomposition of organic material (protein, lipids, and collagen) between 200-550°C (32.5%),
and (iii) de-hydroxylation of HA between 550—-800°C (~2%). This phenomenon aligns with the
research conducted by previous study [25]. The remaining material after this stage primarily
consists of inorganic components, hydroxyapatite, along with other thermally stable inorganic
constituents. In conclusion, the TGA results indicate that fish bone powder contains absorbed
water, a significant amount of organic compounds (estimated at approximately 32% of the
initial mass), and thermally stable inorganic phases, hydroxyapatite. These results indicate
that sintering above 700°C is crucial for effectively removing organic material and enhancing
the purity of HA from Chitala lopis fish bones. FTIR spectra of the raw fish bone powder (FB)
in Figure 3b showed the presence of both organic and inorganic functional groups. The broad
absorption at 3000-3800 cm™ corresponds to O—H stretching vibrations, while the bands at
2924 and 2853 cm™ are attributed to aliphatic —CH> stretching. Carbonyl groups (C=0) were
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detected at 1650 and 1460 cm™, and phosphate (PO4>") vibrations were observed at around
1090 cm™. These findings confirm that the raw fish bone comprises both organic matter and
HA components [57].
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Figure 3. (a) TGA and (b) FTIR spectra of fish bone before calcination (FB).
3.2. Functional Group Analysis

The FTIR spectrum of sintered FB is shown in Figure 4. Based on Figure 4, the asymmetric
stretching lines of phosphate (PO43") at 1030-1090 cm™, symmetric stretching around 960
cm™, and bending vibrations at 560—600 cm™ are clearly identified in all samples [58]. A small
absorption peak around 1450 cm™ indicates the presence of carbonate groups in the samples
before and after burning. Additionally, a minor OH— OH-vibration peak was observed near 630
cm™t [34]. This FTIR spectrum confirms the formation of HA under both open (FBO) and closed
(FBC) sintering conditions, as indicated by the presence of characteristic absorption bands
corresponding to hydroxyl (OH-), phosphate (PO437), and carbonate (CO3%") functional groups.
The intensity and sharpness of the OH— and PO43" peaks increase with higher sintering
temperatures, particularly in the FBO sample, indicating enhanced crystallinity and phase
purity under open conditions. The carbonate band in the 1420-1460 cm™ range is more
prominent in closed-sintered (FBC) samples, indicating that limited gas exchange in a closed
environment can lead to CO, accumulation, thereby promoting the replacement of some
phosphate or hydroxyl groups by carbonate ions in the HA lattice. Conversely, open sintering
(FBO) allows for better air circulation around the sample, facilitating the release of CO,
generated from the decomposition of carbonates and organic matter. This continuous gas
exchange promotes more complete decomposition of carbon-containing species.
Additionally, residual carbon in samples sintered in open crucibles is more likely to oxidise
into CO; in the presence of atmospheric oxygen and then be released, minimising carbonate
formation and enhancing HA purity.
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Figure 4. FTIR spectra of (a) FBO and (b) FBC with varying sintering temperatures.
3.3. Structural Identification

The XRD patterns of fish bone before and after sintering are shown in Figure 5. The sintered
samples were indexed to the hexagonal hydroxyapatite (HA) phase (JCPDS No. 09-0432), with
prominent diffraction peaks observed at 26 = 25.8° (002), 31.7° (211), 32.1° (112), and 32.8°
(300), among others. All samples exhibited a hexagonal crystal structure with a P63/m space
group. The calcined samples showed the presence of both HA and B-tricalcium phosphate (B-
TCP) phases under both sintering conditions [58]. The unsintered fish bone (FB) exhibited an
amorphous pattern, which progressively transitioned to sharper and more intense peaks with
increasing calcination temperature, indicating improved crystallinity. At lower sintering
temperatures (600°C and 700°C), broader peaks were observed, whereas higher
temperatures (900°C and 1000°C) produced sharper and more distinct peaks. As shown in
Figure 5a and Figure 5b, FBO-600 still exhibited an amorphous pattern, while FBO-700 began
to show sharp peaks, indicating enhanced crystallinity. Further increases in temperature (from
700°C to 1000°C) did not result in significant changes in the XRD patterns for the FBO samples,
suggesting that crystallinity was largely achieved by 700°C.

Similarly, as seen in Figure 5c¢ and Figure 5d, the FBC samples followed a trend comparable
to that of the FBO series. However, under closed sintering conditions, FBC-700 still displayed
relatively amorphous peaks, with high crystallinity only becoming evident at 800°C (FBC-800).
Open-cup sintering appeared to promote the formation of more crystalline HA, while the
closed-cup condition exhibited a delayed phase transformation, especially at lower
temperatures. Crystallinity significantly influences the mechanical properties of ceramics for
biomedical applications. Higher crystallinity is favorable for load-bearing implants, while
lower crystallinity supports bone regeneration and enhanced biodegradability [59].
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Figure 5. XRD pattern of (a,b) FBO and (c,d) FBC samples at varying sintering temperatures.

In addition to the HA phase, small amounts of tetracalcium phosphate (TTCP, Ca10(PO4)s0)
and B-tricalcium phosphate (B-TCP, Ca3(P0Oa)2) were observed in the XRD patterns of samples
at various sintering temperatures. These phases typically emerge at elevated sintering
temperatures due to the dehydration and thermal decomposition of HA. Moreover, an
imbalance in the Ca/P ratio can also contribute to the formation of TTCP and B-TCP [60, 61].
The decomposition of HA into TCP is represented by Equation 3.

Ca10(P04)6(OH)2 = 3Caz(P04); + CaO + H,0 (3)

The variation in crystallite size and crystallinity percentage of the samples at different
calcination temperatures is shown in Figure 6. The crystallite size was estimated using the
Scherrer equation based on the full width at half maximum (FWHM) of the main diffraction
peak (Equation 1). The crystallite size increased with rising calcination temperature, reaching
a maximum at 900°C for FBO samples and at 800°C for FBC samples, before slightly decreasing.
For the FBO samples, crystallite sizes ranged from 23.9 to 75.2 nm, while for the FBC samples,
they ranged from 19.3 to 69.4 nm. The crystallite size of FBO samples tended to be larger than
that of FBC samples at the same temperature, indicating enhanced crystal growth under open
sintering conditions. Furthermore, the increasing crystallinity with temperature was
consistent with the FTIR and XRD observations.
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Figure 6. (a) Crystallite size and (b) crystallinity of FBO and FBC samples with varying
sintering temperatures.

Table 2 presents the crystal properties of all samples. HighScore Plus software (PANalytical
version 3.0.5) was used in conjunction with the Inorganic Crystal Structure Database (ICSD) to
perform Rietveld refinement, while a shifted polynomial function coefficient was applied to
fit the background [62]. The lattice parameters of HA remained consistent across all
calcination temperatures, confirming the formation of a stable HA phase. Nevertheless, slight
differences in unit cell volume were observed due to variations in calcination conditions. FBO
samples exhibited slightly larger unit cell volumes (~1 A3) than FBC samples at all calcination
temperatures.

Subsequently, the lattice strain (€) was evaluated using the Williamson—Hall method
(Equation 4) based on the (002) plane of HA [63]. Dislocation density was calculated using
Equation 5, where § is the dislocation density (m™2) and D is the crystallite size (m). The specific
surface area (SSA) was then determined using the Sauter equation (Equation 6), defined as

the crystal surface area (SA) per unit mass, where p is the crystal density (g/m?3) [64].
Bcos6

" (4)
5= i (5)
SSA = o (6)

As shown in Table 2, with increasing temperature and crystallite size, both FBO and FBC
samples exhibited lower dislocation density and lattice strain at higher temperatures,
indicating a reduction in lattice defect concentrations. These intrinsic values reflect the
number of dislocations in the material; hence, lower values indicate better material quality.
The strain of each sample may vary due to various crystal defects such as interstitials,
vacancies, dislocations, and layer fractures, which contribute to different levels of strain in the
crystal [64]. Moreover, SSA is a crucial material property in surface-related reactions such as
adsorption and sensing [65]. In this study, HA samples sintered at lower temperatures
exhibited the highest SSA values, which gradually decreased with increasing sintering
temperature.
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Table 2. Crystal properties of FBO and FBC.

Lattice parameter Crystal strain/e 14 -a SSA
Sample code a=b(A) A VR (107%)° 6 (10*m™) (m?/g)°
FB - - - 1.45 17.58 -
FBO-600 9.4258(15) 6.8900(12) 530.14 1.45 17.49 79.66
FBO-700 9.4252(7) 6.8838(6) 529.59 0.55 2.49 30.03
FBO-800 9.4293(2) 6.8835(2) 530.03 0.47 1.80 25.58
FBO-900 9.4279(2) 6.8827(2) 529.81 0.46 1.77 25.31
FBO-1000 9.4271(2) 6.8854(2) 529.93 0.49 1.97 26.77
FBC-600 9.4154(7) 6.8836(6) 528.48 1.80 26.83 98.97
FBC-700 9.4184(1) 6.8831(1) 528.77 1.17 11.30 64.24
FBC-800 9.4185(1) 6.8827(1) 528.73 0.50 2.08 27.55
FBC-900 9.4180(1) 6.8831(1) 528.73 0.52 2.29 28.93
FBC-1000 9.4185(1) 6.8843(1) 528.88 0.55 2.50 30.22

calculated using Williamson-Hall method from (002) peak of HA, bcalculated using Sauter’s method from
(002) peak of HA.

3.4. Elemental Analysis

The atomic weight percentages of elements present in the samples at various calcination
temperatures were determined by X-ray fluorescence (XRF) analysis and are presented in
Table 3. The results show that the samples not only consist of major components such as
calcium (Ca) and phosphorus (P), but also contain trace elements, including aluminum (Al),
potassium (K), iron (Fe), zinc (Zn), and titanium (Ti) in the synthesized HA.

Table 3 shows in Ca/P ratios for FBO samples calcined at 600°C to 1000°C were 3.26, 3.24,
3.20, 3.19, and 3.16, respectively. For the FBC samples, the Ca/P ratios from 600°C to 1000°C
were 3.34, 3.26, 3.16, 3.14, and 3.13, respectively. The decreasing trend in the Ca/P ratio with
increasing calcination temperature may be attributed to the loss of water and hydroxyl groups
from the crystal structure at elevated temperatures. A similar trend has also been observed
by previous research groups [58]. It is worth noting that the ideal Ca/P ratio of stoichiometric
hydroxyapatite is 1.67. The significantly higher Ca/P ratios observed in this study may indicate
the formation of additional calcium phosphate phases, such as tetracalcium phosphate
(TTCP), as confirmed by the XRD results.

In addition, the presence of trace elements such as Fe, Zn, Ti, Al, and K may also influence
the physicochemical and biological properties of the synthesized HA. For instance, Zn?* is
known to enhance osteogenic activity and can contribute to improved bioactivity and
antibacterial performance of HA-based biomaterials [66]. Fe contamination, often derived
from processing equipment or raw material impurities, may influence the color and redox
properties of the material [67]. Titanium and aluminum, though present in minor amounts,
can potentially affect thermal stability and grain boundary behavior during sintering [68].
Potassium (K*), typically associated with biological systems, may influence ionic conductivity
and also indicate partial substitution within the HA lattice [69]. While these elements appear
in trace quantities, their presence may subtly modify the structural or functional properties
of HA, and therefore, their effects warrant further investigation in biomedical or
environmental applications.
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Table 3. Elemental composition of FBO and FBC.

Wt (%)
Element FBO- FBO- FBO- FBO- FBO- FBC- FBC- FBC- FBC- FBC-
600 700 800 900 1000 600 700 800 900 1000
Ca 78.87 78.98 78.81 79.13 79.10 79.60 78.84 78.89 79.00 78.92
P 18.67 18.82 19.01 19.14 19.36 18.41 18.67 19.27 19.43 19.44
Al 1.56 0.91 1.43 1.21 1.15 1.32 1.18 1.30 1.32 1.41
K 0.53 0.50 0.38 0.30 0.21 0.56 0.51 0.47 0.19 0.18
Fe 0.21 0.64 0.20 0.08 0.06 0.02 0.02 0.02 0.03 0.02
Zn 0.10 0.08 0.10 0.09 0.06 0.06 0.06 0.04 0.01 0.01
Ti 0.02 0.03 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.01
Ca/P ratio 3.26 3.24 3.20 3.19 3.16 3.34 3.26 3.16 3.14 3.13

3.5. Morphological Identification

The surface morphology of HA synthesized from fish bone at various temperatures and
sintering conditions was observed using SEM, as shown in Figure 7. Under open sintering
conditions (FBO), increasing the temperature from 800°C to 1000°C resulted in significant
morphological changes. The FBO-800 sample exhibited a relatively rough and porous surface
with randomly distributed plate-like structures. The particles began to agglomerate but still
retained their shapes, leaving numerous gaps and pores. At 900°C (FBO-900), the morphology
appeared more ordered, dominated by overlapping plate-like structures, similar to the results
reported by other study [70]. Particle agglomeration was more pronounced, although surface
porosity remained visible. At 1000°C (FBO-1000), the surface became denser with stronger
particle agglomeration, forming larger and more oriented structures. Some regions exhibited
clearer and more regular crystal growth resembling rods, while others retained fewer plate-
like structures. Overall, surface porosity was reduced compared to samples sintered at lower
temperatures.

In contrast, samples sintered under closed crucible conditions (FBC) displayed a different
morphological trend. At 800°C (FBC-800), the morphology was dominated by very fine,
agglomerated particles forming small clusters. The surface appeared more granular and less
porous than FBO-800. At 900°C (FBC-900), a mixture of agglomerated fine particles and a
limited number of larger plate-like structures was observed. Although similar in structure to
FBO-900, FBC-900 exhibited a higher density of fine particles and more intense agglomeration,
resulting in reduced porosity. At 1000°C (FBC-1000), the surface morphology became
relatively uniform, with strongly agglomerated particles forming a dense structure. Some
areas began to exhibit plate-like features, although the overall structure indicated significant
particle fusion and substantial porosity reduction.

A direct comparison between FBO and FBC samples at the same sintering temperatures
highlights the influence of atmospheric conditions on particle morphology. At 800°C, FBO-800
displayed a rougher and more porous surface with visible remnants of the original bone
structure (plates), indicating that calcination and initial crystallization were more dominant
under open conditions, thus preserving porosity. In contrast, FBC-800 showed finer particles
with tighter agglomeration, producing a more granular and less porous surface. This may be
attributed to limited gas exchange under closed conditions, which promoted the formation of
smaller particles and tighter agglomerates. At 900°C, both samples exhibited growth of plate-
like structures; however, FBC-900 contained a higher density of agglomerated fine particles in
combination with plate-like structures, while FBO-900 appeared more homogeneous in its
plate morphology. At 1000°C, both conditions yielded significantly denser materials. FBO-
1000 showed oriented rod-like crystal growth with strong agglomeration, whereas FBC-1000
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appeared highly dense and uniform with intense particle fusion, suggesting the most effective
sintering among all samples. This may be due to the closed environment retaining more vapor
or transient liquid phases, thereby promoting maximum densification.

Figure 7. SEM image samples of the surfaces of (a) FBO-800, (b) FBO-900, (c) FBO-1000, (d)
FBC-800, (e) FBC-900, and (f) FBC-1000.

In summary, increasing the sintering temperature from 800 °C to 1000 °C under both open
and closed crucible conditions led to: (i) increased particle agglomeration, with particles
forming larger clusters; (ii) morphological evolution from irregular or granular structures to
more compact and oriented plate- or rod-like structures; and (iii) decreased surface porosity
due to particle fusion and agglomeration. The key differences between FBO and FBC samples
at the same temperature were mainly in the degree of agglomeration/densification and the
types of structures formed. Closed sintering conditions (FBC) generally promoted more
effective agglomeration and densification, resulting in denser and less porous materials
compared to open sintering (FBO).

4. Conclusion

This study successfully synthesized hydroxyapatite (HA) from the bones of belida fish
(Chitala lopis), a species abundant in Indonesian waters and commonly found as waste from
local amplang production in Samarinda. Using a sintering method under two different
atmospheres—open crucible (FBO) and closed crucible (FBC)—at temperatures ranging from
600°C to 1000°C, the influence of sintering conditions on the structural, morphological, and
physicochemical properties of HA was thoroughly investigated. The results demonstrated that
increasing sintering temperature improved the crystallinity and grain growth of HA, confirmed
by XRD and FTIR analyses, with optimal crystallinity observed around 900°C for open sintering
(FBO) and 800°C for closed sintering (FBC). SEM imaging revealed a clear evolution in
morphology, with higher temperatures promoting particle agglomeration and densification,
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while open sintering facilitated oriented crystal growth and larger crystallites. In contrast,
closed sintering enhanced densification and reduced porosity, producing denser HA
structures.

Trace elements such as Al, Fe, Zn, Ti, and K were detected in minor quantities, highlighting
the natural complexity of HA derived from Chitala lopis bone and suggesting potential impacts
on its bioactivity. These findings not only provide insight into optimizing sintering parameters
for fish bone-derived HA but also contribute novel data on hydroxyapatite synthesized
specifically from Chitala lopis bones, an underexplored natural resource. This work supports
the sustainable valorization of fishery waste into high-value biomaterials with potential
applications in biomedicine and environmental remediation.
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