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Abstract. Hydroxyapatite (HAp, Caio(POs)s(OH)) is a primary
constituent of bones and teeth. It has also been widely developed as a
promising adsorbent for removing heavy metals. In this study, Pb(II)
removal was achieved via adsorption using HAp. Quail eggshell waste
served as the calcium source for HAp synthesis, while NH4sH>PO4
provided the phosphate source. A microwave-assisted method was
used to improve time and energy efficiency and obtain high-purity,
homogeneous HAp. This study optimizes Pb(IT) removal parameters
using the batch adsorption method. Characterization of HAp before
and after Pb(II) ion adsorption was performed using XRF, XRD, and
SEM-EDX. HAp was successfully synthesized with a Ca/P molar
ratio of 1.69. The study determined that optimal Pb(II) removal

Keywords : occurred at pH 5, with a concentration of 1100 mg/L and a contact
Quail egg shell waste, time of 60 minutes, yielding an adsorption capacity of 499.334 mg/g
hydroxyapatite, and removal efficiency of 90.788%. The Langmuir isotherm model
Pb(II) metal ion, and the PSO kinetic model described the Pb(II) removal process. The
mlcrowgve-assmted, material was tested on water samples from the Batang Arau River
adsorption estuary, specifically near the Siti Nurbaya Bridge, achieving a removal
efficiency of 89.86%. Producing HAp from quail eggshell waste using
the microwave-assisted method proved effective for the adsorption of
Pb(ID).
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1. Introduction

Heavy metal pollution in aquatic environments has become a major global issue with the potential to
harm aquatic ecosystems and human health. Lead (Pb) is one of the heavy metals most frequently
found in the environment. Lead cannot be naturally degraded, is found in relatively low
concentrations, and is toxic to the human body when exposure exceeds optimal limits [1]. Based on
Government Regulation No. 22 of 2021, the permissible quality standard threshold for lead (Pb)
content in water bodies is 0.05 mg/L [2]. Adsorption, ion exchange, membrane filtration, and
precipitation are among the many techniques developed to address high Pb levels in the environment.
Because of its practical application, low operating cost, high activity, and efficiency, adsorption is
thought to be the most promising method [3].

Hydroxyapatite (HAp) is a frequently used adsorbent, as it has become a key component in
adsorption methods for treating hazardous water pollutants, including Pb?>* metal ions [4]. Because of
its high stability, ion-exchange capacity, environmental friendliness, low cost, and large specific
surface area, HAp is often used for heavy metal removal from water [5]. The main building blocks of
HAp are phosphate and calcium. Natural or artificial sources provide the calcium raw ingredients used
to create HAp; fish bones, seashells, and eggshells are among the natural calcium sources [6].

The year-on-year rise in quail egg output causes a rise in quail eggshell waste. The demand for
quail eggs as a protein source for the general public motivates this rise in output [7]. Direct disposal of
quail eggshell waste into the environment affects visual beauty, raises trash volume, and may pose a
contamination risk from environmental microbial activity [8]. One alternative use of this trash is to use
its calcium content, especially calcium carbonate (CaCQj3), also known as calcite, which makes up 95—
97% of the shell [9]. The CaCOs derived from quail eggshells can be used for the synthesis of HAp
[10].

Several methods exist for HAp synthesis, including solid-state reaction, mechanochemical
synthesis, solution combustion, pyrolysis, sol-gel, microemulsion, hydrothermal, and microwave-
assisted synthesis [11]. Drawbacks associated with other methods include long reaction times, high
chemical consumption, and the risk of introducing impurities into the final product. Additionally, Alif
et al. previously employed the sol-gel method to synthesize HAp from quail eggshells for Pb(II)
adsorption; however, this method has drawbacks, such as long synthesis times and the need to control
pH and reaction temperature [12]. Therefore, this study uses the microwave method for HAp
synthesis. Microwave-assisted synthesis is an efficient technique because it accelerates the reaction,
reducing the time required compared with other methods. The application of microwave energy
during thermal treatment can yield fine, homogeneous HAp with high purity [13]. The microwave
method offers several advantages over other synthesis techniques, including ease of operation and
environmental friendliness [6].

Furthermore, the microwave-assisted method utilizes microwave radiation to facilitate the
formation of more distinct and uniform porous structures, thereby significantly enhancing the
material's adsorption capacity [14]. This is because microwave radiation can accelerate HAp synthesis
through direct interaction between microwave electromagnetic radiation and polar solvent molecules
in the reaction medium, particularly water molecules. This interaction facilitates the absorption of
radiation by polar water molecules, thereby providing sufficient energy to support rapid and
homogeneous calcium phosphate nucleation and subsequent HAp crystal growth, in contrast to the
slower nucleation process associated with conventional methods[15]. The rapid heating and
crystallization process may also contribute to the formation of a porous structure in the synthesized
HAp [16].

This study aims to synthesize HAp from quail eggshell waste using a microwave-assisted method,
to evaluate HAp's capacity to adsorb Pb(II) ions as a solution to heavy metal pollution, and to analyze
the characteristics of the HAp before and after adsorption with XRF, XRD, and SEM-EDX. Unlike
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the earlier study, this study also implemented optimal conditions for Pb(II) adsorption by HAp,
evaluated using estuarine water samples from the Batang Arau River near the Siti Nurbaya Bridge.

2. Experimental Section

2.1 Materials

The materials used in this study were commercial quail eggshells, Ammonium dihydrogen phosphate
(NH4H,POy), nitric acid (HNOs3), sodium hydroxide (NaOH), lead nitrate (Pb(INO3),), and deionized
water. All chemicals used were obtained from Merck. The tools used in this study were a microwave
(Multiwave 5000, Anton Paar), oven (LabTech), AAS (Shimadzu AA-7000F), furnace, analytical
balance, glassware (Pyrex), blender, 200 mesh sieve (74 um), rotary shaker (Edmund Buhler 7400
Tubingen), pH meter, hot plate and magnetic stirrer, magnetic bar, mortar and pestle, XRF (Epsilon
3XL, PANalytical), XRD (D8 Advance, Bruker), and SEM (JEOL JSM-6510).

2.2 Research Procedure

2.2.1 Quail Eggshell Sample Preparation

Quail eggshells were washed under running water and soaked in 0.1 M HNOj;. The samples were then
rinsed and dried. Once dry, the quail eggshells were blended into a powder [17]. Subsequently, the
quail eggshell powder was sieved using a 200-mesh sieve and calcined for 5 hours at 900°C in a furnace
[18].

2.2.2 HAp Synthesis via the Microwave-Assisted Method

HAp was synthesized using a microwave-assisted method, employing calcined quail eggshells (CaO)
as the calcium source and ammonium dihydrogen phosphate (NH4sH>PQO,) as the phosphate source.
Using a mortar and pestle, 4.0000 g of CaO and 4.7966 g of NHH,PO, were mixed and
ground, then dissolved in deionized water [14]. The mixture was stirred for 5 minutes, then placed in
a microwave and heated at 200°C with an output of 1800 W and a frequency of 2.45 GHz for 5
minutes. The product of synthesis was later filtered to get a precipitate [19]. The precipitate then went
into an oven to dry for three hours at 105°C [20].

2.2.3 Determination of Optimum Conditions for Pb(II) Ion Adsorption by HAp

To determination of optimum condition for Pb(II) adsorption by HAp, the pH of the Pb(II)
solution was changed (3, 4, 5, 6, 7, and 8), the initial Pb(I) concentration was changed (100
mg/L to 1300 mg/L), and the contact time was changed (15, 30, 45, 60, 75, and 90 minutes). In a 100
mL Erlenmeyer flask, 50 mL of Pb(Il) solution was prepared. Adding 0.1 M HNO; or 0.1 M
NaOH changed the solutions' starting pH. Then, every solution was mixed with 0.1 g of HAp
and stirred with a shaker at 200 rpm. Finally, each solution was filtered, and the
residual lead concentration in the solution was determined using AAS [12].

2.2.4 Determination of Adsorption Isotherm and Kinetics Models for Pb(I) Ion Adsorption by
HAp

The adsorption isotherm model for Pb(II) uptake by HAp was fitted to the Langmuir and Freundlich
equations. The Langmuir isotherm equation was derived by plotting Ce versus C./q., while the
Freundlich isotherm equation was obtained by plotting In g. versus In C.. An R? value close to 1
indicates a suitable adsorption isotherm model. Adsorption kinetics were investigated using Pseudo-
First-Order (PFO) and Pseudo-Second-Order (PSO) models, based on calculated adsorption capacities
derived from contact-time variation data during HAp adsorption. The PFO kinetic equation was
obtained from a plot of In (q. — q¢) versus t, whereas the PSO kinetic equation was derived from a plot
of t/q; versus t. An R? value close to 1 indicates a suitable kinetic model [21].
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2.2.5 Application of Optimum Conditions for Pb(I) Ion Adsorption by HAp in Estuary Water
Samples

The application of optimum conditions for Pb(II) adsorption by HAp was evaluated using estuary
water samples from the Batang Arau River near the Siti Nurbaya Bridge. The estuary water samples
were prepared in accordance with the procedures outlined in SNI 06-6989.8-2004. The initial Pb
concentration of the prepared water sample was measured. The pH of the water sample was adjusted
to the optimum level, then the sample was mixed with 0.1 g of HAp in a 100 mL Erlenmeyer flask.
The mixture was agitated using a shaker at 200 rpm for the optimum duration. Finally, the solution
was filtered, and the residual Pb concentration was measured using AAS [12].

2.2.6 HAp Characterization
Characterization of HAp before and after Pb(II) ion uptake was performed using XRF, XRD, and
SEM-EDX to compare the characteristics of the adsorbent following the adsorption process.

Quail Eggshell sample preparation

HAp Synthesis via the Microwave-assisted method

Determination of optimum adsorption conditions

Determination of adsorption isotherm and kinetics
models

Application of optimum adsorption conditions

HAp Characterization

Result

Figure 1. Research Flowchart

3. Results and Discussion

3.1 Analysis of Optimal Conditions for Pb(IT) Ion Adsorption by HAp

pH represents a crucial factor in assessing the ability of ions to be adsorbed from water solutions. This
is linked to how hydrogen ions compete with active sites on the surface of the adsorbent. The pH level
can influence the charge on the adsorbent's surface as well as the extent of ionization occurring there
[22].
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Figure 2. Optimum pH plot
(Cp=20mg/L; V=50 mL; adsorbent mass = 0.1 g; t = 60 min; stirring speed = 200 rpm)

Based on Figure 2, the adsorption capacity (q.) and removal efficiency (%R) values were lower at
pH 3 and 4. This is attributed to competition between H* ions and Pb(II) metal ions for active sites on
the HAp surface (such as PO4*~ and OH") [23]. At pH 5, the g. and %R values reached their optimum,;
thus, pH 5 is considered the optimal pH for Pb(II) ion adsorption by HAp. However, as the pH
increased further to the 68 range, a decline in q. and %R values was observed. This is because rising
pH increases the concentration of OH™ ions in solution, which tend to coordinate with Pb(II) ions to
form a white Pb(OH), precipitate.

The formation of this precipitate reduces the amount of free Pb?* ions available to interact with
the adsorbent's active sites, thereby decreasing q.. The change in pH also causes several ionic forms,
including PbOH", Pb,OH?**, Pb(OH),*", and Pb(OH);~, to show up in the solution [24]. At alkaline
or higher pH levels (pH 6-8), a significant decrease in Pb(II) metal ion concentration in the solution
occurs compared to more acidic conditions; this is attributed to adsorption processes at the material's
active sites and may be due to the potential formation of Pb(OH), precipitates at higher pH values.
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Figure 3. Optimum initial concentration plot
(pH = 5; V = 50 mL; adsorbent mass = 0.1 g; t = 60 min; stirring speed = 200 rpm)
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According to Figure 3, the g. value rises from 100 mg/L to 1100 mg/L as the starting Pb(II)
metal ion concentration (Cop) increases. This is mostly driven by the larger concentration gradient
between the solution phase and the adsorbent surface, which serves as the primary driving force for
the transfer of metal ions from the liquid phase to the solid surface. More metal ions become available
to engage with the active sites on the HAp surface as the concentration of Pb** ions in solution
increases; this causes . to increase [25].

However, this increase does not continue indefinitely; once the initial concentration reaches
1100 mg/L, the ge value begins to decline. This decrease shows how few active sites there are on the
adsorbent surface. The mass of the adsorbent utilized is always 0.1 g; hence, there is a maximum
limit on the amount of Pb?* ions that may be successfully adsorbed [26]. Because the active sites of the
adsorbent are saturated, more Pb(II) ions remain in the solution when they are taken up by Pb(II)
metal ions. This phenomenon indicates that, at that moment, adsorption has reached its saturation
capacity. Thus, the percentage removal (%R) of HAp decreases with increasing initial Pb(II)
concentration (Co). This happens because, at excessive concentrations, the amount of Pb?* ions in the
solution surpasses the capacity of the accessible active sites; the adsorbent surface saturates and is no

longer able to bind the remaining metal ions, thereby lowering the %R automatically [27].
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Figure 4. Contact time plot
(pH =5; V=50 mL; Cy = 1100 mg/L; adsorbent mass = 0.1 g; stirring speed = 200 rpm)

One factor influencing adsorption capacity, among others, is contact time. The rate of reaction,
that is, how quickly a species' concentration varies with time, is connected to contact time. The contact
time is used to get the best stirring time during the batch process such that the adsorbent
can absorb metal ions to the greatest degree. The longer the contact time, the more adsorbate is
adsorbed. Long contact times enable greater adsorption of adsorbate molecules and diffusion [28].
The values of g. and %R rose notably during the 15-60 minutes contact time range, as seen in Figure
4. The high Cy of Pb(II) metal ions in the solution causes this phenomenon since it increased
the frequency of successful collisions between the Pb(II) ions and the active sites on the adsorbent
surface. Therefore, the absorption of Pb(II) ions was quick, as many active sites were
still accessible and readily available for the Pb(II) ions.

However, the values of g and %R began to decline once the optimal contact time of 60 minutes
was reached. This may indicate the establishment of a dynamic adsorption-desorption equilibrium
after 60 minutes. This behavior suggests that the surface sites have become saturated and the
adsorption rate has decreased due to the limited availability of active sites. Furthermore, partial
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desorption or redistribution of Pb(II) metal ions on the adsorbent surface may occur, contributing to
the observed decrease in adsorption capacity [29].

Table 1. Pb adsorption capacity results of HAp using different Ca precursors and synthesis methods

Ca source HAp synthesis method qe (mg/g) Reference
Golden apple snail shell Sol-gel 123.460 [20]
Chicken eggshell Precipitation 129.100 [30]
Chicken eggshell Hydrothermal 94.300 [31]
Beef bone Calcination 152.600 [32]
Quail eggshell Sol-gel 285.930 [12]
Quail eggshell Microwave-assisted 499.334 This study

The results of the comparison with other HAp samples are presented in Table 1. Based on the
data regarding optimum pH, optimum concentration, and optimum contact time for Pb(II) ion
adsorption by HAp obtained from previous results, the optimum conditions for Pb(II) adsorption by
HAp were determined. The adsorption capacity of 499.334 mg/g achieved by HAp in this study
demonstrates that the microwave method is not only time- and energy-efficient but also effective in
producing HAp with a notably high adsorption capacity compared to other synthesis methods and
calcium precursors.

3.2 Analysis of Isotherm and Kinetics Models for Pb(II) Ion Adsorption by Hap

Figure 5 and Table 2 show the correlation coefficient (R?) values for the Langmuir and Freundlich
isotherms. Based on the R? values, it can be concluded that the adsorption by HAp follows the
Langmuir isotherm model; the R? value of 0.9981, close to 1, indicates that the Langmuir model is
highly suitable for describing the adsorption of Pb(II) metal ions by HAp. The Langmuir model
assumes that the uptake of Pb(II) metal ions occurs on the homogeneous surface of HAp via
monolayer adsorption and involves uniform adsorption [31]. Langmuir
model suggests that certain active sites on the adsorbent surface scale with its surface area [33].

30
Freundlich Isotherm Langmuir Isotherm
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Figure 5. Adsorption isotherm graph (Freundlich and Langmuir)
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Table 2. Isotherm model parameters for Pb(II) Ion Adsorption by HAp
Isotherm model Equation Parameters Result
am (mg g™") 434.7826
Langmuir _ KL Ce Ki (L mg?) 1.0000
= Tv
I+K. Ce R? 0.9981
Kr 0.0128
Freundlich q = Kr CM0 n 0.4309
R? 0.6806

Figure 6 shows the linear plot of t versus In(qe—q;) for the PFO model and the linear plot of t versus
t/q: for the PSO model.

6 0.25
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sk ?
L]
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Figure 6. Adsorption kinetics graph (PFO and PSO)

Table 3 shows that the R? value for the PSO model is closer to 1 than that of the PFO model. This
indicates that Pb(IT) adsorption by HAp follows the PSO kinetic model, implying that chemisorption
is the dominant mechanism. In fact, the chemisorption process confirms the involvement of surface
functional groups (OH™, PO,*7) on HAp [29].

Table 3. Kinetic model parameters for Pb(II) Ion Adsorption by HAp

Kinetic model Equation Parameters Result
K, (min™) 0.0134

Pseudo First Order In(q,-q,)=1In q kit Qe calc (mg g) 142.5225
R2 0.2488
K, (mg g'min ') 0.0027

Pseudo Second Order t_ 1.t qe calc (mg g') 416.6670
q kd; g R? 0.9556
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3.3 Results of Applying Optimum Conditions for Pb(IT) Adsorption by HAp to Water Samples

The selection of this location was based on various scientific considerations and environmental
aspects. Notably, the site is strategically positioned to receive runoff and discharges from diverse
human activities, including vessel traffic, tourism, and domestic waste disposal, as well as potential
impacts from industrial waste along the riverbanks. The accumulation of waste from these various
sources can lead to elevated levels of heavy metals, such as Pb(Il), in the estuarine waters.
Furthermore, the area holds significant ecological and social value, making water quality monitoring
there crucial.

Consequently, tests were conducted using HAp as an eco-friendly adsorbent to reduce heavy
metal contamination; the material was tested directly on river water from the site to evaluate its
effectiveness under real-world conditions. The optimal conditions employed in these tests were a pH
of 5 and a contact time of 60 minutes. The initial Pb(II) ion concentration (Cp) in the water sample
was 0.8628 mg/L, while the concentration after the adsorption process (C.) decreased to 0.0875 mg/L.
Based on the difference between Cqy and Ce, the Pb(II) removal efficiency of the HAp adsorbent was
calculated and reported in the final column as %R (removal), yielding 89.86%. This result
demonstrates that HAp possesses very high efficiency in adsorbing Pb(II) ions from contaminated
river water, even under actual environmental conditions. The results of applying these optimal
conditions to the estuarine water sample are presented in Table 4 below.

Table 4. Results of applying optimum conditions for Pb(II) metal adsorption by HAp to
water samples

pH Contact time C, (mg/L) C. (mg/L) %R
Pb(ID) 5 60 min 0.8628 0.0875 89.86%

3.4 Analysis of HAp Characterization

XRF analysis was conducted before and after Pb(II) uptake to compare the chemical composition of
HAp and to determine whether Pb(IT) metal ions had been successfully adsorbed. Table 7 presents the
XRF analysis results before Pb(IT) uptake, revealing the presence of CaO and P,Os, the primary
components of HAp, with a Ca/P molar ratio of 1.69; this value closely approximates the theoretical
ratio of 1.67 for stoichiometric HAp, a material characterized by high stability and insolubility [34].
Although the ideal value was not reached, the ratio indicates that the HAp structure was well formed.
Following Pb(II) uptake, a decrease in CaO and P,Os content was observed, alongside the appearance
of PbO (65.067%) in the HAp. These findings confirm that Pb(II) uptake by HAp occurred and that
an ion exchange between Ca** and Pb** took place [35].

Table 4. XRF results of HAp before and after Pb(II) adsorption

Component Composition (%)
(Oxide) Before adsorption After adsorption
CaO 62.728 16.999
P05 37.116 17.206
PbO - 65.067
Ca/P ratio 1.69

http://www.eksakta.ppj.unp.ac.id/index.php/eksakta
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Based on Figure 7, the XRD pattern of HAp synthesized from quail eggshell waste matches the
standard HAp pattern (ICDD 00-009-0432), corresponding to a hexagonal HAp structure [36]. The
alignment of the peak positions with the standard indicates that the HAp was successfully synthesized.
The characteristic peaks of HAp appear at 20 values of 25.8°, 31.8°, 32.2°, 32.9°, 34.1°, 39.8°, 46.7°,
and 49.5°, corresponding to the HAp crystal planes (002), (211), (112), (300), (202), (130), (222), and
(213) [37]. Additionally, an impurity in the form of aragonite (CaCOs3) appears in the HAp at a 26
angle of 24°.

After adsorption, new peaks emerged, indicating the formation of new phases when compared
against the standard patterns of two reference compounds: Hydroxypyromorphite (Pb1o(PO4)s(OH),)
(ICDD 01-087-2477) and Lead Phosphate (Pb3(PO4);) (ICDD 00-025-1394). This demonstrates that
the XRD pattern observed after Pb(II) ion adsorption matches the diffraction patterns of these
standards [38]. These results indicate that a reaction occurred between Pb(II) ions and the phosphate
groups in HAp resulting in the formation of more stable new compounds, such as
Hydroxypyromorphite and Lead Phosphate [39].

HAp after adsorption

Intensity (a.u)

® Ca,(PO,)s(OH),
Standard x Pb,,(PO,),(OH),
A Pb,(PO

4)2

10 15 20 25 30 35 40 45 50 55 60 65 70
2 theta (°)

Figure 7. XRD diffraction pattern before and after adsorption

In addition to the emergence of a new phase, several characteristic HAp peaks exhibited a slight
decrease in intensity following adsorption. This reduction in intensity reinforces the indication that
Pb?* ions undergo an ion exchange mechanism with Ca?" ions within the HAp structure. This
substitution occurs because metal ions have a strong affinity for functional groups on the HAp surface,
such as hydroxyl and phosphate groups. The ion exchange results in lattice parameter defects because
the ionic radius of Pb2* (+1.19 A) is larger than that of Ca?* (£1.00 A) [40]. The occurrence of this ion
exchange mechanism aligns with the adsorption data fitted to the Langmuir isotherm model; this
indicates that the ion exchange between Pb?* ions and Ca?* cations in the HAp structure proceeds
stoichiometrically at homogeneous active sites (monolayer), where each site specifically binds a single
ion without interactions between the adsorbed molecules.
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Figure 8. SEM micrgrph of HAp: a. before adsorption and b. after adsorption.

Figure 8 a shows that the morphology of HAp synthesized via the microwave-assisted method
consists of small, irregularly shaped particles with a strong tendency toward agglomeration or
aggregation. This phenomenon is driven by high surface reactivity and surface energy, alongside van
der Waals forces and hydrogen bonding between HAp particles [41]. In SEM analysis, this
agglomeration manifests as the formation of massive structures and dense, bulky multi-layered
aggregates [42]. Such aggregation has significant negative consequences, including poor dispersion in
water, a drastic reduction in specific surface area, and the blocking of active binding sites, which
ultimately limit the HAp's adsorption performance regarding pollutants [43].

Figure 8 b. shows the micrograph of HAp after Pb(IT) ion adsorption, revealing a drastic change
in surface morphology. The HAp surface appears rougher and irregular, forming new aggregates with
fibrous or needle-like structures; this indicates an interaction between Pb(II) ions and the surfaces of
HAp [44]. This is most likely attributable to the ionic substitution of Ca?* by Pb** within the HAp
lattice or the formation of a new, stable, and insoluble compound, such as hydroxylpyromorphite.
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Figure 9. EDX spectrum of HAp: a. before adsorption and b. after adsorption

EDX analysis serves to determine the elemental composition of a specific surface, complementing
the SEM micrograph results [42]. Figure 9 a shows that point 'a' exhibits a surface morphology
consisting of irregularly shaped particle agglomerates; this result is supported by the EDX spectrum,
which detected the primary elements oxygen (O), phosphorus (P), and calcium (Ca), the main
constituents of HAp. The relatively high peak intensities of Ca and P indicate the successful formation
of the HAp phase [45]. The EDX spectrum after adsorption of Pb(II) ions on Figure 9 b still displays
characteristic HAp peaks, such as those for Ca, P, and O. Additionally, signal peaks corresponding to
Pb elements, including Pb Ma and Pb Mf3, appear, confirming the successful adsorption of Pb?* ions
onto the HAp surface. The presence of Pb peaks in the EDX spectrum indicates that the adsorption
process proceeded effectively [46].
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4. Conclusion

Based on the research conducted, hydroxyapatite (HAp) was successfully synthesized from quail
eggshells using a microwave-assisted method and utilized as an adsorbent for Pb(II) metal ions.
Adsorption tests revealed that the synthesized HAp possessed high adsorption capability, achieving a
removal efficiency of 90.788% and a maximum adsorption capacity of 499.334 mg/g under optimal
conditions (pH 5, initial concentration of 1100 mg/L, and contact time of 60 minutes). The adsorption
process followed the Langmuir isotherm model, indicating monolayer adsorption on a homogeneous
surface, and Pseudo-Second-Order (PSO) kinetics, suggesting a chemisorption mechanism.
Furthermore, the HAp was successfully applied to real wastewater samples from the Batang Arau
River estuary (specifically near the Siti Nurbaya Bridge), achieving a removal efficiency of 89.86%.
Thus, HAp derived from quail eggshells demonstrates significant potential as an eco-friendly
adsorbent for removing heavy metal Pb(IT) ions from aquatic environments.
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