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Abstract

Increased industrial activity can result in the emission of pollutants into the environment, such as heavy metals, which are a significant
source of concern. A practical approach to reduce this problem is to utilize Pb metal adsorption. This study aims to synthesize HAp
from Bellamya javanica clam shells and characterize the HAp-Fe;O, composite as a Pb metal ion adsorbent. FTIR and XRD analysis
results showed the successful fabrication of the composite, resulting in a crystal dimension of 7.63 nm and a crystallinity level of
84.80%. SEM characterization showed a porous structure with a particle size of 10.98 um. Adsorption studies of Pb(ll) ions showed
that the HAp-Fe;0, composite efficiently adsorbed Pb(ll) ions, with the adsorption efficiency increasing from 95.80% to 98.40%.
The adsorption isothermal model of the HAp-Fe;0, composite follows the Freundlich model with a 1/n value of 0.31and a Kr
value of 25.35 L/g. The adsorption kinetics study of the HAp-Fe;0,, composite follows the pseudo-second-order model with an R?
value of 1, and the thermodynamic study shows the Gibbs free energy is negative, which indicates that the adsorption process is
thermodynamically optimal and spontaneous. In addition, the enthalpy value is positive, indicating that the interaction between the
adsorbent and lead ions is endothermic, and the entropy is negative, indicating the reduction of random collisions of lead ions in the

solid (adsorbent) and aqueous solution during adsorption.
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1. INTRODUCTION

The growing industry in Indonesia can harm the environment.
One possible consequence is decreased water quality, mainly
due to heavy metal pollution caused by improper waste disposal.
Industries such as metals, electroplating, tanning, textiles, and
paints produce waste that contains various hazardous materials
that must be treated and disposed of in a specific way to avoid
environmental harm. Heavy metals are non-biodegradable,
toxic, and can accumulate biologically in the food chain, making
them highly harmful contaminants (Murmu et al., 2024). Cer-
tain metals, especially in high concentrations, are hazardous if
they contaminate water, soil, and air. One type of heavy metal
that is very dangerous is lead (Pb). Lead is naturally available
in metal ores and widespread volcanic grains (Yan et al., 2022).

Lead metal is classified as a highly toxic compound and is
carcinogenic to humans (Mielke et al., 2022). Lead is a silvery
grey, malleable metallic substance in a solid state characterized
by a melting temperature of 827.43 °C and a boiling tempera-
ture of 1740 °C. Lead’s hue can diminish when exposed to air

(Santucci and Scully, 2020). Lead is very soft and easy to form,
so it is easy to melt, shape, and roll. Adsorption is one of the
ways that can be done to overcome Pb heavy metal pollution be-
cause its ability to absorb makes adsorption one of the effective
methods to deal with heavy metal pollution (Vesali-Naseh et al.,
2021). Magnetite is a compound that can adsorb heavy metals.
Magnetite has the highest magnetic properties among other
transition metal oxides. However, due to its single property that
is still lacking in adsorbing Pb metal, according to EI-Dib et al.
(2020), magnetite can only adsorb Pb metal with an adsorption
efficiency of 80%, so magnetite needs to be composited with
one of the compounds that have better adsorption ability in
soaking Pb metal to improve physicochemical and mechanical
properties in soaking Pb metal, namely with hydroxyapatite
(Noh et al., 2019).

Originating from the monomer calcium apatite (Ca;o(PO,)
6(OH) ), hydroxyapatite is a type of calcium phosphate mineral
found in nature. Because of its high hydrophilicity, hydroxya-
patite can interact powerfully with polar and ionic molecules,
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including ions of heavy metals. It can trap Pb metal with an ad-
sorption efliciency of 89.78% (Wang et al., 2019). Hydroxyapa-
tite-based (HAp) adsorbents can help bind dyes, heavy metals,
and other pollutants. Because of its unique properties and
makeup, hydroxyapatite can exchange ions, has a restricted sol-
ubility in water, can withstand high temperatures, and is highly
attracted to various pollutants. The use of hydroxyapatite as a
sorbent is becoming more and more common for the removal
of multiple contaminants. If natural materials such as Bellamya
Jjavanica shells are used instead of the more common precursors
for calcium and phosphate, the cost of the adsorption process
may be reduced.

Belamya javanica is an Operculata species living in shal-
low waters. Waste from eating snail meat is called shells, and
it still needs to be known to utilize this waste commercially.
Many minerals, including calcium, are contained in this waste
(Ngouoko et al., 2022). Calcium carbonate binds to an organic
matrix, a complex protein secreted by the outer epithelium
of mollusks in the shell structure as calcite and aragonite crys-
tals. Bellamya javanica shell contains a lot of calcium carbonate.
Recent research has made significant progress in synthesizing
Hydroxyapatite-Iron oxide (HAp-FegO,) from the shells of
field snails, which shows the success of using natural materials
to support oxidation and calcium supply. Calcination of cal-
cium carbonate (CaCOg) in the shell produces CaO, the main
component of HAp. HAp-FegO, composites are synthesized
via coprecipitation and have applications in the environmental
and medical fields. Rich in calcium carbonate, the shells pro-
duce hydroxyapatite (HAp) mixed with magnetite (FegO,) to
improve the quality of adsorption and magnetic materials.

2. EXPERIMENTAL SECTION

2.1 Chemical and Instrument

The researchers used West Java rice snail shells to make the
composites. They also included additional chemicals, includ-
ing (NH4)2HPO4 (MCTCk), FCC124H20 (MCer), FCCI3.6H20
(Merck), NH,OH (Merck), HNOg (Merck), aquifer, NaOH
pellets (Merck), and Pb(NOg) ¢ (Merck). The researchers char-
acterized these materials using a variety of instruments, includ-
ing XRD (PANalytical Aeris Cu-Source), AAS-GFS (Thermo
Scientific iCE 8000 Series), FTIR (Hitachi 270-50), and SEM-
EDX (Hitachi SU-3500).

2.2 Preparation of Bellamya javanica Shells

The researchers removed the snail shells by cleaning them and
drying them in the sun for a day. This step aims to remove
the water content in the shells during the cleaning process.
Furthermore, the shells are ground using a mortar to become
powder (CaCQOyg) and sieved using a 100 mesh sieve to obtain
snail shell powder with an average particle size of 100 mesh.
The researchers ground the snail shells to a size of 100 mesh
and then fired them in a furnace at 1000 °C for 5 hours to obtain
CaO (Martinez et al., 2024). This process converts CaCOg

powder into CaO solid, as shown in the following reaction
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Equation 1:
CaCOg(s) = CaO(s) + COqy(g) (1)

In addition, FTIR was used to characterize the calcinated CaO
and ascertain the sample’s calcium concentration.

2.3 Synthesis of FegO,4

To synthesize FegOy, the researchers used 3.6780 g of FeCl,.4
H,O and mixed it with 10.0009 g of FeClg.6HoO in 150 mL
of distilled water. The researchers then added NH,OH to the
mixture until the pH of the solution reached ten and shook the
mix for ninety minutes at 90 degrees Celsius. After cooling the
mixture to room temperature, the researchers separated it from
the resulting solid by decantation and rinsing through a channel.
Various specimens were acquired and dried in a furnace for two
hours at 110 °C. The extracted magnetite specimens are then
subjected to FTIR analysis to determine the functional groups
present in the magnetite. The following reaction Equation 2
illustrates the production of FegOy:

2FeClg(aq) + FeClg(aq) + SNH,OH (aq)
— FegOy(s) + 4HoO(aq) + SNH,Cl(aq) )]

2.4 Synthesis of HAp-FegOy,

The synthesized magnetite is put into a chemical beaker con-
taining 100 mL of aquadest. A total of 2.964 grams of CaO
from calcination at 1000 °C, was mixed into a 0.8 M HNOg so-
lution and added to the synthetic FegO, mixture (Vahdat et al.,
2019). This mixture is stirred for 15 minutes. In this mixture,
diamonium hydrogen phosphate (NH,)oHPO, was added,
weighing as much as 8.1693 grams for the manufacture of
HAp 1000 which was dissolved with aqueous water until com-
pletely dissolved in 100 mL. Subsequently, the (NH,) gHPO,
that has been dissolved is gradually combined with both mix-
tures (at a Ca/P ratio of 1.67). Up to 30 milliliters of NH,OH
are dripped into this mixture. After two hours of heating at 90
°C, the mixture is cooled to room temperature. After being ex-
tracted from the solution, the solids are cleaned with aqueducts
to a pH of neutral. The composite obtained after filtration is
then heated at a temperature of 110 °C for 2 hours so that
pure hydroxyapatite-FegO, is obtained. The formation of the
HAp-FegO, composite is as shown in the following reaction
Equation 3:

10C&(NOg)2(dq) + 6(NH4)2HPO4(G(]) + FC304(S)
+ 8NH4OH(CI(]) - Calo(PO4) G(OH)Q(S) + F€304(S)
+20NH,(NO3) (aq) + 6H,O () 3)

2.5 Application of HAp-FegO, Composite as Metal Ion
Pb2+

The adsorption process was carried out by inserting 0.08 g of

HAp-Fe3O, composite into a solution of 2, 4, 6, and 8 ppm of

Pb(NOg) 4 as much as 10 mL with a pH of 6 and was carried

out with the addition of NaOH 0.01 M or HNO3 0.01 M and
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stirred at a speed of 200 rpm for 40 minutes using a vortex
(Vahdat et al., 2019). The solution is then separated from the
adsorbent and the absorbance is measured using AAS. The
concentration with the best adsorption power is characterized
by SEM to determine the size and quantity of Pb metal ions
that can be adsorbed. The percentage of degradation Pb(I)
ion will be calculated using the following Equation 4:
Efficiency (%) = G=C) x 100 )
Co
After 40 minutes of adsorption, the numbers Cy and C,,
respectively, indicate the concentrations of Pb(II) ions. We uti-
lized the Freundlich and Langmuir models Equations 5 and 6
to calculate the isotherm adsorption that was being investigated.
1 1 1 1
Qe KLQm % Ce " Qm (5)

1
LogQ, = LogKp x — + LogC, (6)
n

3. RESULT AND DISCUSSION

8.1 Bellamya javanica Shells CaO Powder

Bellamya javanica snail shells that have been converted into
CaCOg powder, then undergo a calcination process to produce
CaO. The term calcination refers to the thermal decomposition
of CaCOyg into CaO through exposure to high temperatures
to increase the value of dolomite and remove impurities by
producing various end products (Hafez et al., 2021). The
results of the calcination process show a change in color, a
transition from a tanned powder to a fine white powder.

The brown color of the calcined CaO powder indicates that
there are still organic compounds in the shell. The transition
from brown to white color change arises from a reaction involv-
ing the decomposition of CaCOg compounds into CaO during
the calcination process (Diningsih and Rohmawati, 2022). Heat
treatment in the calcination process is essential for breaking
chemical bonds leading to a state where the bonds become less
rigid, allowing atoms to move freely and eventually causing
the bonds to break (Saikumari et al., 2021). The weight of
Bellamya javanica snail shell powder before and after calcination
can be seen in Table 1.

The calcined shell undergoes weight reduction and discol-
oration. The weight loss is the result of the release of filler
components such as COq gas, HyO, and organic substances
present in the shell of the Bellamya javanica. Color change is
associated with modifications in the composition of the filler
components that occur during the calcination process. This
phenomenon is in line with the findings of Saikumari et al.
(2021), in which calcium carbonate compounds heated at 1000
°C turn into white calcium oxide compounds. The release of
COy brought on by exposure to high temperatures results in
this change.

FTIR (Fourier Transform Infrared) analysis is used to de-
termine the chemical’s Ca functional group following the pro-
duction of CaO compounds (Figure 1). The Ca—O functional
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group emerged at the top with a wave number of 586 cm™!,

according to FTIR analysis. The presence of a CO42" function
group at a peak of 1431 em™! and an O—H function group at a
peak with a wave number of 3640 cm™! suggests that the calcina-
tion products retain CaCOg and CaO, despite their propensity
to convert to Ca(OH) 4. Because CaO has hygroscopic proper-
ties, CaO compounds that convert to hydroxide compounds are
thought to be extremely practical (Mohamed et al., 2021). Hy-
droxide compounds are formed when CaO compounds react
with the surrounding air because they tend to absorb moisture
from the atmosphere (Feng et al., 2023). This finding suggests
that the snail shell, which is utilized as a precursor to calcium
in the creation of hydroxyapatite (HAp), may find application
in other processes. Figure 1 shows the functionality clusters
that were found within the FTIR spectrum.
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Figure 1. FTIR Spectrum of CaO

To confirm the crystalline phase of the resultant CaO, the
calcined CaO precursors were additionally submitted to XRD
(X-ray diffraction) examination (Figure 2). The XRD analysis
results showed that the diffraction pattern of CaO changed to
display Ca(OH), as demonstrated by the peaks that matched
in the sample and the reference. Ca(OH) 4 crystalline phase was
identified by verilying XRD peaks using JCPDS data No. 01-
072-0156. The results at an angle of 20 33.9884 with a factual
intensity of 100%; 47.0180 with a factual intensity of 40.10%;
50.7369 with a factual intensity of 25.3%; and 54.2133 with a
factual intensity of 18.7% all fit the high-intensity XRD pattern
of Ca(OH)q4. A crystal size of 14.087 nm with a crystallinity of
69.87407% was also obtained based on the findings of the XRD
Difractogram Ca(OH) .

3.2 HAp-FezgO,4 Composite

Researchers used a coprecipitation approach to synthesize
HAp-FegO, composites due to its ease of use and the ten-
dency of iron salts to bind to hydroxyapatite in solution (Matei
etal,, 2017). Amolar ratio 1:1 was used in the HAp and FegO,
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Table 1. Percentage Reduction in CaCOg Powder Weight before and after Calcination

Calcination CaCOg Weight CaO Weight CaO weight  Weight  Weight
Temperature  After Calcination  After Calcination  after 7 days Loss  Reduction
(C) (8) (®) (8) (8) (®)
1000 19.3320 10.5484 14.1142 8.7836  45.43855
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Figure 2. XRD Patterns of CaO

composite method to ensure significant end products (Mushtaq
etal., 2021). The iron solution, containing FeClg as the Fed*
source and FeCly as the Fe?* source, was combined with CaO
from field snail shells and (NH,) sHPO, as the hydroxyapatite
source to prepare the composites. The researchers chose the
Fe source for utilization due to its high solubility in water.

Moreover, the FeClg and FeCly solutions show robust elec-
trolyte characteristics that facilitate the solutes’ breakdown into
ions and the appropriate production of FegO,. During process-
ing, Researchers add NH,OH solution to the combination as a
precursor in the Hydroxyapatite (HAp) composite with an iron
solution. This process lasts for two hours at a temperature of 90
°C while continuously stirring. Adding the NH,OH solution
to the mixture containing the iron solution and HAp causes a
brownish-black precipitate, indicating the successful creation
of the hydroxyapatite-magnetite composite.

Temperature is a critical component that affects the for-
mation process during the synthesis and manufacture of com-
posites. Applying a temperature of 90 °C can consequently
create dull remains, powers the chemical responses that happen
amid the amalgamation of magnetite. Raising the temperature
produces suflicient active vitality to induce past the actuation
vitality resistance and animates the response rate (Biedrzycka
et al., 2021). The nearness of dark particles connected with
attractive areas subjectively depicts the HAp-FegO, composite.
This dark composite store is waterproof and will float toward it
when near a gorgeous field. The dark acceleration delivered in

© 2025 The Authors.
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Figure 3. FTIR Spectrum of A) CaO B) FegO, C)
HAp-FegO, composite

this examination contained magnetite (FegO,). Afterward, rins-
ing the composite deposits with an aqueous solution eliminates
contaminants in the form of Cl” ions. Moreover, the rinsing
procedure helps to align the pH with the aqueous, which has a
pH of roughly 7. The composite residues are dried in an oven
warmed to 110 °C for two hours after rinsing.

3.3 IR Spectrum Composite of HAp-FegO,
The hydroxyapatite and magnetite composites were analyzed
to get data on the composite structure through a few character-
izations. The FTIR range can survey the victory of segregating
hydroxyapatite from Bellamya javanica shells and synthesizing
HAp-FegO, composites in this ponder. This method is es-
sential for detecting the functional groups in the specimen.
Figure 3 illustrates the FTIR analysis of magnetite, hydroxyap-
atite obtained from Bellamya javanica shells, and HAp-FegO,
composites. According to the findings of the FTIR analysis
of the HAp-Fe3O, composites, the presence of O—H absorp-
tion bands from the hydroxyl (OH") group at a peak of 3410
em!, the phosphate (PO,3") group indicated by the presence
of P—O vibration at peaks of 1082 em™! and 601 cm™!, and
the CO3%" group at a peak of 1882 cm™! demonstrated the
hydroxyapatite content.

The solid retention of Gracious and PO,? bunches infers
the creation of hydroxyapatite gems. Be that as it may, the
nearness of CO3%" bunches proposes that the calcium source
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confined from Bellamya javanica shells contains CaCQOg, which
needs to change to CaO. A hydrated O—H bunch illustrates the
victory of composite amalgamation, with H—O—H vibration
recognized at a wave number of 1631 em™ for HAp-Fe30,
composites. These hydrated O-H groups are formed during
the composite manufacturing process and are present in the
HAp-FegO, composite due to the involvement of water (Vah-
dat et al., 2019). The hydrated O—H groups further indicate
the success of the composite synthesis, with H-=O—H vibra-
tions detected at a wave number of 1631 em™! for the HAp-
FegO, composite. These hydrated O—H groups are formed
during the composite manufacturing process and are present
in the HAp-FegO, composite due to the involvement of water
(Vahdat et al., 2019).

Furthermore, the appearance of the Fe—O functional group
at peaks 567 ecm™! and 565 cm™! indicates the presence of
magnetite concentration. The appearance of the H-O—H
functional group at peak 1625 cm™ indicates O—H hydration
to the FegO, surface. The number of waves in the magnetite
functional group indicates a shift in the HAp-FegO, composite.
These findings indicate that the FTIR spectrum indicates the
presence of compositional interactions between magnetite and
hydroxyapatite (Radon et al., 2017).

3.4 XRD Patterns of Hap-Fe3O4 Composite

X-ray diffraction (XRD) analysis identified and confirmed the
crystal structure of the specimen by comparing its composition
with the 20 value reported in the literature. JCPDS 00-019-
0629 is the FegO, phase used in this study, while the standard
literature is the hydroxyapatite phase. JCPDS 04-00-09-32.
This XRD investigation involved HAp-FegO, composites. Fig-
ure 4 shows the diffractograms from the XRD study.

Intensity (a.u)

JCPDS 00-019-0629

JCPDS 04-00-09-32

1 T
30 40 50 60
20 (deg.)

Figure 4. XRD Patterns of HAp-FegO, composite H) HAp
M) Magnetite

The analysis identified the results of the diffractogram by
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matching the data obtained at the diffraction peaks at the an-
gle of 20. The peak of diffraction formed with the maximum
intensity representing hydroxyapatite is at an angle of 26 =
81.971°%; 25.937°; and 46.741° corresponding to the Miller in-
dex at an angle of 20 = 31.774°; 25.879°%; and 46.713°. These
findings corroborate Sneha et al. (2016), who observed the de-
velopment of hydroxyapatite in the diffractogram at an angle of
20 = 31.76°. The results demonstrate that hydroxyapatite does
indeed form in composite materials. Meanwhile, the diffrac-
tion pattern formed for the maximum intensity representing
FegOy is at an angle of 20 = 35.755°%; 62.993°; and 30.290°
corresponding to the Miller index at an angle of 20 = 35.423°;
62.516°; and 80.095°. The synthesis produced a HAp-FegO,
composite.

This research analyzed the compound abundance with a
diffraction angle of 26 and crystal structure, as well as the di-
mensions of crystals and the proportion of crystalline content in
composite specimens using XRD evaluation. The HAp-FegO,
composite’s crystal sizes and crystalline content percentage
were measured at 7.63125 nm and 84.7879%, respectively.
Based on these results, we can conclude that the HAp-FegO,
composite has a small crystal size and comparatively high crys-
tallinity %. Vesali-Nasch et al. (2021) discovered that the HAp-
FegO,4 composite had a crystal size of 14.1 nm, as measured
in this study. Lubis et al. (2020) noted that a nanomaterial’s
hardness and tensile strength often improve with increasing
surface area as its size decreases. The more important surface
zones of the HAp-FegO, composites increase their adsorption
capacity and make them stronger adsorbents. According to
Fatima et al. (2024), a better proportion of regular structured
gemstones in the test is associated with subsequent crystallinity
levels, which results in a higher basic normality level in the
HAp-FegO, composites used in this study.

3.5 SEM-EDX Morphology of HAp-Fe3O, Composite
The study utilized SEM-EDX to portray the HAp-FegO, com-
posite test. SEM assessed the test’s morphology and particle
size, while EDX determined the elemental composition and
validated the composite’s Pb content and Ca/P ratio before
and after the material was adsorbed (Akhlaghinia et al., 2019).
The image was taken with a voltage of 15 kV, particle sizes
of 20 and 50 um, and a magnification of 1000x. Images of
the surface morphology of the HAp-FegO,4 composites both
before and following adsorption are displayed in Figure 5.
The pre-adsorption composite SEM image of HAp-FegOy
showed a uniform shape. The HAp-Fe3O, composite, which
was synthesized before adsorption, appears to be made up of
granular or solid-shaped particles, with the FegO, morphol-
ogy shaped like a tetragonal cubic with a long rod-like shape
surrounded by small hydroxyapatite grains, according to Fig-
ure Ha surface morphology. This hydroxyapatite has irregular
grains and a porous structure, typically having an agglomer-
ation or clump-like appearance (Abidin et al., 2020). The
composite, composed of tiny particles and pores, is an adsor-
bent. When the particles come together, they form solids, but
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Figure 5. SEM Morphology Composite HAp-FegO, a) before b) after Adsorption

0222 (::o

Surface HAp-magnatite

Surface HAp-magnatite

Figure 6. Illustration of Multilayer Exchange of Ca®" and Pb?*
Ion Cations

their morphology remains apparent. Image] and the Root soft-
ware confirmed the approximate measurement of 10.984 yum
for the composite’s molecules. Smaller molecules have more
amazing surface ranges, which enable strong metal adsorption.

The HAp-FegO, composite SEM image results after ad-
sorption showed a non-uniform morphology. The surface
morphology in Figure 5b shows that the HAp-FegO,4 com-
posite synthesized after adsorption appears to be composed of
granular/shape agglomerates. The particles combine to form
agglomerated solids whose morphology is less obvious. The
denser morphological changes and tighter particle sizes in the
composites after adsorption suggest that the composite surfaces
containing hydroxy groups on the hydroxyapatite surfaces allow
for solid interactions between heavy metal ions and hydroxya-
patite (Akhlaghinia et al., 2019). According to this research,
hydroxyapatite is a very effective way to remove heavy metal
ions from solutions. Metal adsorption onto Hydroxyapatite
(HAp) can be ascribed to different components, including the
substitution of metal particles with calcium particles (Ca®*), the
arrangement of metal-phosphate complexes, and chemical in-
tuitive with hydroxyl bunches on the HAp surface (Yang et al.,
2021). Moreover, ionic exchange with Pb ions with a 2+ charge

© 2025 The Authors.

Table 2. Elemental Content in HAp-FegO, Composite Samples
from EDX

Sample Content  Weight (%) Ca/P
Ca 15.52
HAp-FC304 P 7.86 1.53
Before Adsorption Fe 45.59 ’
O 31.03
Ca 9.74
HAp-FC304 P 604
After Adsorption Fe 30.69 1.25
O 49.02
Pb 4.51

can increase hydroxyapatite’s adsorption capability.

Since calcium ions in hydroxyapatite have a 2+ charge, they
can exchange with other ions of similar charge, especially 2+.
Particles in HAp-FegO, composites usually have tiny diam-
eters. By entering the HAp network, FegO, can affect the
development and morphology of particles during the amalga-
mation process. Furthermore, the expansion of Fe30O4 may
affect the system’s molecule estimate dispersion. Littler par-
ticles are delivered in general due to the interaction between
Fe3O, and HAp, which can improve uniform molecule scat-
tering. After adsorption, the components Pb and Ca, P, Fe,
and O were present in the sample, according to the EDX re-
sults in Table 2 Oxygen (O) 81.03%, Phosphorus (P) 7.86%,
Calcium (Ca) 15.52%, and Iron (Fe) 45.59% for composites
before adsorption and Oxygen (O) 49.02%, Phosphorus (P)
6.04%, Calcium (Ca) 9.74%, Iron (Fe) 80.69%, and Lead (Pb)
4.51% for composites after adsorption.

The results of the EDX examination found the elemental
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Figure 7. a) Adsorption Capacity Curve b) Efficiency Curve of HAp-FegO, Composite Against Pb Metal lons

composition of the magnetite and hydroxyapatite materials.
The EDX examination revealed that the composites’ Ca/P pro-
portion was 1.25 after adsorption and 1.53 before adsorption.
The distinction in stoichiometric moles between the phospho-
rus (P) and calcium (Ca) atoms within the hydroxyapatite crys-
tal lattice is made clear by this comparison of Ca/P ratios. The
study’s Ca/P ratio, which shows the formation of hydroxyap-
atite compound, is reasonably equivalent to the 1.67 standard
Ca/P ratio (Yang et al., 2021).

Table 2 indicates that both before and after adsorption, the
composite Ca/P ratio falls. Due to Pb?* having the same charge
as Ca®*, Pb%* ions can replace Ca?" ions in the hydroxyapatite
structure when the composite absorbs Pb metal. Furthermore,
Pb2* jons can substitute Ca%* ions in the crystal lattice or molec-
ular structure without severely distorting it due to the compa-
rable ion sizes of Ca®* (114 pm) and Pb%* (188 pm) (Figure
6). The addition of Pb metal mass increases the total mass of
the composite. The Ca/P concentration will drop relative to
the increase in mass if insufficient Ca or P is added to make
up for it. The interaction of Pb metal with the composites can
change the structure, composition, and even the redistribution
of the constituent parts of HAp-FegO, composites. Calcium
(Ca) and phosphorus (P) levels in the composite material may
decrease. The interaction represented by reaction Equation
7 involves the exchange of Ca®* jons at the Hydroxyapatite
(HAp) surface with Pb?" ions.

Cayo(PO,) (OH)y + XPb** —CaygPby(PO,) (OH)
+ XCa® (7)
3.6 Adsorption of HAp-Fe3O, Composite

Adsorption includes HAp-FegO, composite adsorbents to a
lead ion-containing arrangement (II). Once the adsorption

© 2025 The Authors.

process wraps up, the liquid and its adsorbent are isolated. Fur-
thermore, AAS measured the Pb(II) metal particles absorbed
by the composite adsorbent. Agreeing with the procedure
portrayed within the think about by Vahdat et al. (2019), the
exploratory settings included an adsorbent mass of 0.03 grams
at pH 6, an arrangement volume of 10 mL, and a concentration
extend of 2-8 ppm (in increases of 2). Adsorption happens in a
bunch framework with a vortex gadget, blending the adsorbent
and adsorbate for 40 minutes at 200 rpm at room temperature
(25 °C). Figure 7 shows the lead(II) metal particle adsorption
measurements on the HAp-FegO, composite.

Figure 7a shows lead(II) metal particle concentrations be-
tween 2 and 8 parts per million, appearing in the adsorption
capacity. The concentration of lead(I) metal particles in a
fluid arrangement improves an adsorbent’s capacity to adsorb
lead(IT) metal. Mohammadi Aghdam et al. (2018) claim that
an increment in the number of purge pores within the com-
posite adsorbents is the reason. Figure 7a illustrates the peak
adsorption capacity of the HAp-FegO, composite adsorbent at
two ppm. This capability increases up to an eight-ppm concen-
tration. These results demonstrate how successfully lead(II)
metal ions are captured by the adsorbent at high concentrations.
A plausible rationale for the consistent increase in adsorption
at elevated doses could be a reduction in it.

The following result is based on the adsorption efficiency
shown in Figure 7b, where an increase in solution concentration
from 2 ppm to 8 ppm causes the adsorption efficiency to im-
prove from 95.80% to 98.40%. The findings demonstrated that
the HAp-FegO, composite was effective at capturing lead(I1)
ions in solution since it enhanced the adsorption effectiveness
of the metal ions as the solution’s concentration increased (Shi
etal., 2021). Lead ion adsorption efliciency can be increased
by up to 8 ppm using HAp-FegO, composites. Lead ion ad-
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Figure 8. Adsorption Isothermal Curve a) Langmuir b) Freundlich

sorption efliciency can be increased by up to 8 ppm using
HAp-FegO, composites. The interconnectivity of adsorbent
pores or a drop in the concentration of metal ions in an aqueous
solution for adsorption in composite pores may be responsible
for the adsorption efficiency fixed at large adsorbent concen-
trations. Thus, with concentrations between 2 and 8 parts per
million, eight parts per million implies the optimal lead ion
removal threshold.

The results of adsorption efficiency, when compared to
previous studies that used various sources of hydroxyapatite,
showed better results with a greater efficiency percentage. The
high adsorption efliciency indicates that the adsorbent can at-
tract and retain adsorbates from the solution. The HAp-FegO,
composite adsorbent derived from tuft shells has many active
sites or a large surface area for interaction with adsorbates.
Therefore, using this tutu shell-based HAp-Fe3O, composite
as an adsorbent for handling heavy metal waste, especially lead
(Pb), is feasible. The adsorption efficiency results from previous
studies and this study are presented in Table 3.

Table 3. Comparison of % Adsorption Efficiency of HAp-FegO,
Composites from Various Sources Hydroxyapatite Against Pb
Metal Tons

HAp Source Efficiency (%) Reference
Ca(NO)3.4HyO 89.00 Hui et al. (2021)
Chicken Bones 95.74 Vahdat et al. (2019)
Beef Bones 74.20 Salsabila et al. (2023)
Bellamya javanica 98.40 This Research
Shell
© 2025 The Authors.

3.7 Adsorption Isoterm

An isothermal show looks at how the fluid and strong stages
harmonize. Adsorption isotherms encourage a distant, much
better, more robust, and improved understanding of the ad-
sorption component between the adsorbent surface and the
adsorbate arrangement. Since ionic or covalent associations
are shaped amid chemical responses, homogeneous adsorbent
surfaces ordinarily retain adsorbate materials at their best lay-
ers. The concept of monolayer adsorption is explained via
the Langmuir isotherm (Al-Ghouti and Da’ana, 2020). The
Langmuir isothermal model has shown utility for homoge-
neous single-layer adsorption processes in several situations
(Ng et al., 2017). Conversely, the physical adsorption process
takes place on what is known as Freundlich isotherms, which
are heterogeneous adsorbent surfaces (Wang and Guo, 2020).
Both Freundlich and Langmuir isotherms are present in most
HAp-FegO, composites; however, one is usually more promi-
nent.

The 40-minute Pb(II) ion adsorption experimental data
were fitted to isothermal linear equations using the HAp-FegOy
composite to determine the intrinsic parameters of the Fre-
undlich and Langmuir isotherms. Figures 8a and 8b present
the results graphically. The values of K and Q,, for the Lang-
muir isotherm are shown in Table 4 and were derived from the
slope of the linearity plot of 1/C, vs 1/Q, in Figure 8a. The
values of Kr and 1/n from the linear plot of log Q, against log
C, in Figure 8b, which depicts the Freundlich isotherm, are
also listed in Table 4. The linearity plot shown in Figure 8
indicates that the Langmuir equation yields superior outcomes
to the Freundlich isotherm.

The results of the adsorption equilibrium analysis indicate
that the Freundlich plot has a determination coeflicient of R? =
0.96069, while the Langmuir plot suggests a significant connec-
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Table 4. [sothermal Constants of HAp-FegO, Composite Adsorption on Pb(II) Ions

Langmuir Isotherm

Freundlich Isotherm

Qm KL RL RQ
3.0197 -0.1524

n 1/n Kr R?

-1.9097 0.9846 3.2478 0.3097 25.3518 0.9607

Table 5. The Kinetic Parameters for the Pb Ion Adsorption Process Using HAp-FegO, Adsorbent

Adsorbent  Q, exp (mg/g) Models
PFO Q, calc (mg/g)  0.0023
Kj (min’!) 0.0407
R? 0.8851
HAp-Fe;0, 4.9977 PSO Qe calc (mg/g)  4.9980
K9 (g/mg.min) 29.7480
R? 1

tion with the experimental data, with R? = 0.98461. However,
a negative Kj, value was noted for the Langmuir isotherm, in-
dicating that the interaction could not be clarified when the
HAp-FegO, adsorbent adsorbed Pb(II) ions. The Freundlich
isotherm is a more appropriate choice when modeling the equi-
librium of Pb(II) ion adsorption using HAp-FegO, adsorbents.
The maximum adsorption capacity indicates the highest
number of molecules the surface can adsorb. In contrast, the
Langmuir constant (K;,) parameter value characterizes the in-
tensity of contact between the adsorbent molecules and the
solid surface (Ng et al., 2017). Meanwhile, the adsorption in-
tensity and capacity, or non-linearity, regarding the adsorbate
at low concentrations are indicated by the Freundlich isotherm
model’s n and Ky parameter values (Vahdat et al., 2019).
Therefore, the HAp-FesO, composite surface has hetero-
geneous active sites for the adsorption of Pb(II) ions, which
allows multilayer adsorption. Further evidence that the adsorp-

© 2025 The Authors.

tion mechanism is a sequential process on the adsorbent surface
comes from using the Freundlich isotherm in this study (Abidin
et al., 2020). The Freundlich isotherm numbers between 1
and 10 are considered favorable for adsorption, according to
Atkins et al. (2018). In addition, the adsorbent is in a good
position when the 1/n ratio is less than one. This number
indicates a strong adsorbent-adsorbate contact that keeps the
adsorbate from separating from the adsorbent surface. The
current study shows that the HAp-FegO, composite is very
effective as an adsorbent in the adsorption process of Pb(I1)
ions, as evidenced by the n value of 8.248 and the 1/n value of
0.308. This contact between the adsorbent and the adsorbate
ensures an efficient adsorption process.

The discoveries outlined in Table 4 demonstrate that the
Ky esteem, the most reduced relative adsorption capacity of
adsorbents inferred from this examination, is 25.851 L/g. This
perception underscores the power and viability of adsorption.
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Table 6. The Thermodynamic Parameters for the Pb Ion Adsorption Process Using HAp-FegO, Adsorbent

Adsorbent T(EK) AG’(KJ/mol) AH® (KJ/mol) AS’ (K]/mol)
298.15 -1.2010

HAp-Fez0, g?g}g }gg}?j 3.3084 4.0394
3338.15 -1.3424

In essence, at equilibrium, there is a tendency for many chemi-
cals to be adsorbent per unit mass of adsorbents. The notably
favorable values of 1/n and Ky demonstrate the exceptional
efficiency of the HAp-FegO, composite adsorbent, suggesting
its viability as an eco-friendly option for adsorbing Pb(II) ions.

8.8 Kinetic and Thermodynamic Study

Adsorption kinetics determine the controlling mechanisms of
adsorption processes, such as surface adsorption, chemical re-
actions, and penetration mechanisms. Several models have
been used in the past to study adsorption kinetics. This study
used the first-order and second-order kinetic models to in-
vestigate the adsorption kinetic behavior of Pb metal ions us-
ing HAp-Fe3O, composite. Pseudo-first-order (PFO) and
pseudo-second-order (PSO) models were used to analyze the
adsorption kinetics

The experimental adsorption data were fitted to the kinet-
ics and isotherm models to gain useful knowledge about the
adsorption process and behavior. The resulting lines of both
kinetic models are shown in Figure 9, and the corresponding
variables are specified in Table 5. Based on the kinetic results
obtained, the PSO model provides a better fit to the exper-
imental data, as indicated by the higher R? value compared
to the PFO model. The Q, values calculated using the PSO
model are also closer to the experimental values. PSO indicates
a chemical process and assumes that the adsorption rate de-
pends on the square of the amount of adsorbate on the surface,
and Pb?* ions chemically bind to the active sites of the HAp-
FegO, composite. This indicates a strong interaction between
the metal ions and the composite surface. This process may
involve electron transfer or covalent bond formation between
Pb?* and functional groups on the composite material surface.

The experimental adsorption data were fitted to the kinetics
and isotherm models to gain useful knowledge about the ad-
sorption process in this study to evaluate the process behavior,
we investigated thermodynamic parameters such as enthalpy
(AH®), entropy (AS°), and Gibbs free energy (AG®). The values
of AH® and AS° were determined from the slope and intercept
of the InKD vs 1/T curve (Figure 10), and their values are
shown in Table 6.

The Gibbs free energy calculated for the lead ion adsorbent
is negative, indicating that it is thermodynamically optimal and
spontaneous. In addition, the AH® value is positive, indicating
that the interaction between the adsorbent and lead ions is
endothermic. It also indicates that the adsorption process of
lead metal using the adsorbent is physical because AH” is less

© 2025 The Authors.

than 40 KJ/mol. The sum of AS’ is negative for the lead ion
adsorption process, indicating reduced random collisions of
lead ions in the solid (adsorbent) and aqueous solution during
adsorption.
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Figure 10. The plot of In KD versus 1/T for adsorption of
Pb(1I) by the HAp-FegO,4

4. CONCLUSIONS

HAp-FegO,4 composites can be synthesized from Bellamya ja-
vanica snail shells and magnetite as base materials. The pres-
ence of hydroxyapatite and magnetite was confirmed through
FTIR, XRD, and SEM-EDX characterization, which detected
calcium, phosphate, iron, and oxygen in the composite sam-
ples. The abundant calcium content is the primary precursor in
HAp synthesis, while the plentiful iron content is the primary
magnetite precursor. The composite sample’s phrase, crystal
size, and Ca/P ratio were also determined. The adsorption
capacity and efliciency of HAp-FegO, composites in absorbing
Pb(II) ions show that as the solution concentration increases,
both the adsorption capacity and efliciency increase. Isother-
mal adsorption of HAp-FegO,4 composite adsorbents follows
the Freundlich isothermal equation, indicating a multilayer
adsorption process. This adsorption process is highly prof-
itable because the adsorbate adheres firmly to the adsorbent
surface, ensuring optimal adsorption performance. A kinetic
study of the process found that pseudo-second-order kinetic
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models have the potential to describe the kinetic behavior of
the adsorption process. Thermodynamic parameters such as
enthalpy, entropy, and Gibbs free energy were also studied,
and found that the adsorption of lead ions using the adsorbent
is endothermal and spontaneous.
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