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Introduction

Nanohydroxyapatite (Caio(PO4)s(OH)2) has received special attention in the fields of materials
and medicine due to its superior bioactive, biocompatible, and osteoconductive properties that
resemble the hard tissues of the human body [1,2,3]. The synthesis of HAp from limestone into
a relevant topic for development, considering its very abundant availability, very low cost,
and environmentally friendly characteristics [4,5]. Nanohydroxyapatite has superior
biological properties because its chemical composition is very close to that of body tissues [6,7],
and its functionality can be enhanced through doping processes with various elements [8,9,10].
In the medical field, HAp is widely used applied in the manufacture of bone and dental
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implants [11,12], where its biological properties allow for better control and high efficiency in
clinical applications [13,14].

Various research was conducted in improve the effectiveness and efficiency of HAp materials.
Research by [15] synthesized Caio(PO4)s(OH): from ale-ale shells through a double stirring
precipitation method with a crystallinity of 90.12% and identification of phosphate groups at
wave numbers 1092.02; 1038.29; and 571.71 cm™, although the morphology showed
agglomeration. Research by [16] used bovine bone (Bos taurus) as a precursor of HAp through
calcination at 900 °C for 6 hours, which resulted in 95% crystallinity and OH", PO+*", and COs?>
functional groups. Meanwhile, research by [17] utilized Pahae limestone, North Sumatra, as
the basic material for HAp synthesis. FTIR results identified PO+~ (580.32 and 1131.96 cm™),
CaO (1657.106 cm™), COs2" (1400.08 cm™), and OH™ (3412.48 cm™), while XRD characterization
showed the highest intensity peak on the (211) plane, with lattice parameters a = b = 9.4232 A
and ¢ = 6.8833 A. SEM morphology at 2500x magnification showed the presence of HAp
particle agglomeration.

The synthesis method and parameters plays a crucial role in getting the size, morphology, and
crystallinity of HAp. These parameters directly affect the properties of Caio(POs4)s(OH)2
synthesized from limestone. Commonly used methods include sol-gel, hydrothermal,
emulsion, precipitation, and flux methods [18]. This research uses precipitation techniques
because it is relatively simple, economical, and efficient in obtaining Caio(PO4)s(OH). powder
from natural materials [19], and is known to be able to produce nano-sized particles with
relatively uniform morphological control [20].

Limestone is a natural source rich in calcium carbonate (CaCOs), which after calcination at a
temperature of 800°C will decompose into calcium oxide (CaO), the main precursor in
synthesizing HAp. One of the areas with abundant limestone reserves is Bukit Jimbaran,
Badung-Bali, which is dominated by CaCO; and CaO. Geologically, Bukit Jimbaran is a
Tertiary-aged coastal tropical karst area, composed of reefs, marl, and fossils. Analysis shows
that Bukit Jimbaran limestone has very high CaO purity (>95%) with small impurities such as
Mg and Si, which act as natural doping in the HAp structure. The presence of this natural
doping is important because it can increase bioactivity and thermal stability [21].

Although there has been much research on HAp synthesis from biominerals such as shells,
cow bones, and Pahae limestone, to date there has been no research specifically utilizing Bukit
Jimbaran limestone as a precursor. In fact, its unique geological properties produce a more
regular calcite crystal structure, potentially producing HAp with higher crystallinity and a
more uniform crystal size distribution than other sources. Thus, this research offers novelty
through the use of Bukit Jimbaran limestone as a natural calcium source for HAp synthesis,
while also providing a scientific contribution to the development of biomaterials based on local
resources.

Experimental Method

This study used a precipitation method, with the main material being pure white limestone
from Bukit Jimbaran, Bali, as a calcium precursor. The reagents used were: (1)
ammonia/NH«OH (Merck, Germany, p.a. grade > 25%); (2) phosphoric acid/HsPO. (Merck,
Germany, 85%); (3) aquabidest (Brataco, Indonesia) as a solvent; and (4) aquadest (Brataco,
Indonesia) for washing samples and equipment. All materials were used directly without
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turther purification. The selection of chemicals with high purity was intended to maintain the
reproducibility of the results.

The equipment used in the research included: (1) drying oven (Kirin, Indonesia); (2)
calcination furnace (FB1410M-33, USA); (3) magnetic stirrer (IKA C-MAG HS7, Germany); (4)
pH meter (Hanna Instruments HI2211, Romania); and (5) agate mortar (ISOLAB, Germany).
In addition, the characterization tools used included: (1) XRF (PANalytical Minipal 4,
Netherlands); (2) XRD (Bruker D6 PHASER, Germany); (3) FTIR (Shimadzu IR Prestige-21,
Japan); and (4) SEM-EDX (Thermo Scientific Axia ChemiSEM, USA). The HAp synthesis
process using precipitation technique is described in detail in five stages as follows.

Preparation of calcium precursor by grinding Bukit Jimbaran limestone into powder, then
calcining at 850°C for 4 hours to remove organic compounds and produce CaO. The
temperature of 850°C was chosen because it is in the optimum range of decomposition of
CaCO:s into CaO without causing excessive sintering that can reduce the reactivity of CaO.
Next, the calcined powder was characterized using XRF to determine the content of CaO and
impurities.

CaCO3 » Ca0 + CO, 1 (1)

The Ca(OH): mixture was prepared by mixing 12.46 grams of calcined CaO into 100 mL of
aquabidest, stirring at 250 rpm for 1 hour.

Ca0 + H,0 - Ca(OH), )

Hydroxyapatite (Hap) synthesis was carried out by mixing Ca(OH): solution (100 mL) into
100 mL of 1.333 M HsPOa solution (the result of 85% HsPOs dilution) while stirring at 250 rpm
for 1 hour. The synthesis was continued at 60°C for 2 hours, with the pH of the mixture kept
constant at pH 10 using NH4OH. The choice of pH 10 was based on a report [38] that these
moderately alkaline conditions support the hydroxyapatite phase at a Ca/P ratio approaching
stoichiometry of 1.67.

10Ca(OH), + 6H3P0, = Cayo(P0,)s(0H), + 18H,0 3)

The final stage includes settling the mixture for 24 hours, filtering, washing three times with
distilled water, then dried in an oven at 110°C for 2 hours. The dried precipitate was then
sintered at 900°C for 2 hours to increase crystallinity.

Characterization of Hap products was carried out using FTIR to identify functional groups
(PO+*, CaO, COs?, OH"); XRD to determine the crystal structure, lattice parameters, crystallite
size, and crystallinity; and SEM-EDX to analyze particle morphology and elemental
composition. In the XRD analysis, crystallite size is calculated using the Scherrer equation [31]
and the percentage of crystallinity using the Landi method [32].

K2
b= B cos@ (4)

X.(%) = 100 x [1 - M] )

I300
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The flow of implementation of nanohydroxyapatite synthesis research is briefly presented in
Figure 1.

Start Preparation of Tools Stoichiometric Precursor Prerequisite Analysis Calcination of Limestone
= and Materials Calculations Grinding with XRF Test Powder (CaCOj)

!

Dropped NH,OH 25%to keep A mixture of Ca(OH), was dropped with CaO powder is mixed with 100mL Weighing 12.46 grams of
the pH of the mixture at 10 100mL of 85% 1.333 M H,;PO, solution H,0 (T=60°C, and t=4 hours) CaO

!

Deposition of HAp mixture with H The HAp precipitate was washed H Dried at T=110°C and H Sintering with T=900°C and t=2

t=24 hours 3 times and filtered t=2 hours hours

XRD Test

SEM-EDX Test

HAp Product Characterization

Finished H Conclusion H Data Analysis

FTIR Test

Figure 1. Flowchart of the Research Procedures

Result and Discussion

To ensure the success of the synthesis of nanohydroxyapatite from Bukit Jimbaran limestone,
analysis was carried out using XRF, FTIR, XRD, and SEM-EDX. XRF analysis to determine the
purity of the CaO content in limestone, the main precursor. The XRF test results for the Bukit
Jimbaran limestone powder are shown in Table 1.

Table 1. XRF Test Results of Bukit Jimbaran Limestone Powder

Element CaO FexO3 CuO  LuOs
Percentage of Jimbaran Limestone Elements (%) 99.62 0.16 0.036 0.18
Percentage of Cikembar Limestone (%) [22] 55.84 0.45 - -
Percentage of Leang-Leang Limestone (%) [23] 54.23 0.441 - -

The XRF results indicate a CaO content of 99.62%, with very low impurity content (Fe-Os, CuO,
and Lu:0s). This purity is significantly higher than that of limestone from Cikembar (55.84%)
[22] and the Leang-Leang area (54.23%) [23]. The high CaO content of the Bukit Jimbaran
limestone is an important and beneficial factor because it facilitates the formation of the HAp
phase and increases the product's crystallinity [24,25].

FTIR analysis to identify the typical functional groups of nanohydroxyapatite, through the
identification of HAp compound groups, namely PO+*", CaO, COs?, and OH", as shown in
Figure 2.
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Figure 2. HAp Wave Number of Bukit Jimbaran Limestone

Figure 2 shows the FTIR spectrum of HAp synthesized from Bukit Jimbaran limestone. Strong
absorption bands at 1066 cm™* and 588 cm™ are seen, which are associated with the stretching
and bending vibration modes of the phosphate group (PO+*), respectively, indicating the
formation of a typical hydroxyapatite structure. A broad absorption at 3412 cm™ indicates
hydroxyl group stretching (O-H stretching), while the band at 1651 cm™ indicates H-O-H
bending originating from a small amount of bound water or the presence of minor CaO. In
addition, the band at 1437 cm™ indicates the presence of a carbonate group (COs?). The
presence of this band is a strong indication that carbonate substitution has occurred in the
HAp lattice. Based on its position and intensity, the band around 1437 cm™ indicates a type B
carbonate, which is the substitution of COs* ions to replace phosphate groups (PO4+").
However, the appearance of a weak absorption around 3412 cm™ associated with O-H
stretching and a slight shift in the position of the carbonate band indicates the presence of a
type A carbonate component, where COs2™ ions replace hydroxyl groups (OH"). Thus, these
FTIR results confirm the formation of a mixed type A and type B carbonate apatite (A-B-type
carbonate apatite). The presence of both types of carbonate is often found in HAp synthesized
from calcium carbonate precursors due to the carbonate-rich reaction conditions
[26][27][28][29]. This carbonate-substitution structure is biomimetic, resembling natural bone
mineral, and enhances the bioactivity and osteoconductivity of the material. To ensure that the
carbonate bands were not the result of CO: adsorption from the air, the Ca/P ratio analysis
from the EDX results was used as a reference. The Ca/P value approaching the stoichiometry
of 1.67 confirmed that the detected carbonate was part of the apatite crystal structure, not
surface contamination [30][31]. Therefore, the FTIR results supported by EDX data confirmed
that the Bukit Jimbaran limestone HAp was formed as a mixed type carbonate apatite (A-B
type carbonate apatite) with a dominance of type B [32].
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Table 2. Comparison of Wavenumbers of HAp from Bukit Jimbaran Limestone and HAp
from Limestone

Identification of Chemical Hydro%yaPahte from HAp Derived from Limestone
. . Bukit Jimbaran
Functional Groups in . [27]
HAp Limestone
Wavenumber (cm?)

Phosphate (P03 ™) 588.288; 1066.635 580.32;1131.96
Calcium Oxide (CaO) 1651.06 1657.106

Carbonate (C037) 1436.967 1400.08

Hydroxyl (OH") 3412.057 3412.48

XRD analysis to confirm the crystal structure, crystal size, and degree of crystallinity. The next
X-ray diffraction pattern is presented in Figure 3.
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Figure 3. HAp Diffractogram of Jimbaran Limestone

The XRD pattern (Figure 3) shows the presence of several main crystalline phases, namely
hydroxyapatite (HAp), calcium carbonate (CaCO:s), and type A carbonate apatite (AKA). The
characteristic peaks of HAp were observed at angles 20 = 25.283°, 28.111°, 28.948°, 31.668°,
32.172°, 32.800°, 39.183°, 43.787°, 44.291°, 46.660°, and 48.863°, which correspond to the (hkl)
planes (201), (102), (210), (211), (112), (300), (212), (113), (400), (222), and (320) based on JCPDS
reference data No. 09-0432 for the compound Caio(PO4)s(OH).. In addition to the main HAp
phase, additional peaks were also detected at 20 = 21.118°, 26.263°, 27.341°, 33.188°, 38.546°,
41.341°, 42.232°, 48.486° which correspond to the hkl planes (110), (111), (021), (012), (022),
(211), (220), (041) identified as the CaCOs phase (JCPDS No. 05-0453) as well as the type A
carbonate apatite (AKA) peak (JCPDS No. 35-0180) with 20 = 21.587°, 22.618°, 30.469°, 33.819°,
35.075° and hkl planes (131), (041), (061), (340), (052). The presence of CaCOs may originate
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from the residual calcium carbonate that is not fully reacted or from the recarbonation of CaO
during the synthesis process [33]. The presence of the carbonate peak indicates that carbonate
ions (COs?") have participated in the formation of the crystal structure, replacing some of the
phosphate (PO.*") and hydroxyl (OH") groups in the HAp lattice. The mixed type carbonate
apatite phase (A-B-type carbonate apatite) is formed due to carbonate substitution at both the
phosphate position (B-type) and the hydroxyl position (A-type). This finding is in line with
the FTIR results (Figure 2), which show a characteristic COs2™ absorption band at 1437 cm™
and an O-H stretch at 3412 cm™ confirming the presence of double carbonate substitution. The
presence of this mixed apatite structure shows biomimetic properties that resemble natural
bone minerals, thus potentially increasing the bioactivity of the material [34][35][36][37]. From

Scherrer's calculations, the average crystal size was 8.70 nm. Meanwhile, the percentage of
crystallinity calculated by the Landi method reached 92.88%. High crystallinity indicates that
the HAp phase is perfectly formed due to the purity of the precursor, while the very small
crystal size increases the surface area, which has an impact on increasing bioactivity and
osteointegration [38]. The lattice parameters of Bukit Jimbaran limestone HAp area =b =9.45
A and ¢ = 6.85 A, which indicate a hexagonal crystal structure. This value is in line with
research [39], that the HAp crystal size is 97.7 nm with lattice parameters a = b = 9.4232 A and
c = 6.8833 A confirming a hexagonal crystal structure. More details, a comparison of lattice
parameters is shown in table 3.

Table 3. Comparison of HAp Lattice Parameters of Jimbaran Limestone with JCPDS-090432

Lattice Parameters
Sample Name a=b (A) ) Crystal Structure
Jimbaran Limestone HAp 9.45 6.85 Hexagonal
JCPDS (09-0432 Reference 9.418 6.884 Hexagonal

Morphological analysis and elemental composition using SEM-EDX at 1500 magnification
shows the surface morphology of Bukit Jimbaran limestone HAp particles that are clumped or
agglomerated. This finding is in line with research [40], which states that hydroxyapatite
crystals form agglomerates caused by the rate of precipitation that causes particles to collide
before they are surface stable and the effects of the oven and sintering processes. For mitigation
in further studies, an approach was carried out through spray-drying and controlling the rate
of reagent addition to reduce supersaturation during precipitation [35].
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Figure 5. Distribution of HAp Elements in Jimbaran Limestone

EDX analysis (Figure 5) revealed a homogeneous elemental distribution dominated by Ca, P,
O as shown in Table 4. The Ca/P ratio based on atomic percent (At.%) was 1.76, which is close
to the ideal stoichiometric value of 1.67. The ratio of synthetic HAp was slightly higher due to
the presence of minor CaCO; or residual CaO phases [41,42]. In addition, magnesium (Mg)
and silicon (Si) elements were identified in small scale (<0.5%), where their presence is
considered as natural doping that supports bioactivity without disturbing the main structure
of HAp [28,29]

Table 4. Elements of Nanohydroxyapatite from Jimbaran-Bali Limestone

Element Line At.% Wt % Net Counts At.% Error Wt. % Error

C K 13.4 7.7 38 457 0.1 0.1
o K 59.9 45.6 132 420 0.3 0.2
Mg K 0.4 0.5 3202 0.0 0.0
Si K 0.1 0.2 1108 0.0 0.0
P K 9.5 14.0 77 487 0.1 0.1
Ca K 16.7 32.0 71 879 0.1 0.2
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Conclusion

Nanohydroxyapatite (Caio(PO4)s(OH)2) was successfully synthesized by precipitation method
using Bukit Jimbaran limestone with very high CaO purity (CaO = 99.62% based on XRF).
FTIR analysis confirmed the functional groups of HAp, including B-type carbonate (COs?),
which is biomedically relevant because it mimics the structure of natural bone mineral. XRD
results showed a hexagonal crystal structure with lattice parameters a=b=9.45 A and ¢ = 6.85
A, and an average crystallite size of 8.70 nm with a crystallinity of 92.88%. SEM-EDX analysis
showed that the particles tended to agglomerate, but the distribution of Ca, P, and O elements
was homogeneous and in accordance with the stoichiometry of HAp. More broadly, this study
confirms the potential of Bukit Jimbaran limestone, Bali, as a high-quality local resource for
producing competitive, economically viable HAp for biomedical applications, particularly
bone implants. These results have an impact on the development of locally sourced
biomaterials to support the independence of the healthcare industry in Indonesia. However,
this study still has limitations in the form of particle agglomeration, the absence of quantitative
particle size distribution (PSA) analysis, and the absence of further biological testing.
Therefore, future research needs to focus on synthesis optimization strategies (including
controlling the precipitation rate, adjusting the stirring speed, and applying spray drying) to
reduce agglomeration, as well as conducting in vitro/in vivo testing to evaluate the bioactivity
and biocompatibility of the material.
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