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Abstract: This research aimed to develop hydroxyapatite/Co-doped-ZnFe,Os with a mole ratio of
Co:Zn of 0.1:0.9 (HA /Coo.1ZnosFe2Os) nanocomposites by hydrothermal method using waste from
Pensi clam shells as a calcium source for the synthesis of hydroxyapatite. Nanocomposites were
applied to remediate organic contaminants and metal ions in water. Various characterization
methods confirmed the successful fabrication of HA /Coo.1ZnosFe,Os magnetic nanocomposite. X-ray
diffraction (XRD) pattern showed distinct peaks indicating the formation of nanocomposite, and no
impurities were observed. Fourier Transform Infrared (FTIR) analysis shows the absorption bands at
wave numbers 482 cm? and 534 cm, signifying the existence of M-O vibrations for the octahedral
and tetrahedral sides of the ferrite contained in the nanocomposite. Nanocomposites exhibit
superparamagnetic behavior, with a saturation magnetization ranging from 0.64 to 2.047 emu/g. The
energy gap values in the visible light spectrum are between 2.25 and 2.4 eV. Brunauer-Emmett-Teller
(BET) method was used to determine the specific surface area of nanocomposites, producing 32.01
m?/g for those with a HA: Coo.1Zno9Fe>Osratio of 16:4. The composite exhibited 92.51% Cd(II) metal
ions adsorption and 98.65% dye degradation. These magnetic nanocomposites have the potential to
serve as an efficient and environmentally friendly sorbent for Cd(Il) ions and as a catalyst for
wastewater dye degradation.
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1. Introduction

Industrial waste is progressively a significant source of water pollution. Various industries such
as printing, textiles, chemicals, electronics, pharmaceuticals, and machinery manufacturing
contaminate water bodies. Chemicals, electronics, and pharmaceuticals are also contributing factors
in this contamination process (Desalegn et al., 2020). These industries contribute to many
contaminants, such as dyes, heavy metals, phenols, herbicides, insecticides, and medications,
leaking into the aquatic environment as byproducts without adequate treatment (Elgarahy et al.,
2021). The pollutants pose significant threats to human health and aquatic organisms (Tamjidi et al.,
2019). According to results, many methods have been used to address the issue of water
environmental pollution, including coagulation, membrane processes, activated carbon adsorption,
ozonation, adsorption, microbial breakdown, and electrochemical removal, (Handayani et al., 2024;
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Madkhali et al., 2023; Karamah et al., 2019). The major limitations of each method include the
difficulty in sludge formation, high chemical usage, increased operational costs, and the potential
transfer of pollutants between stages. According to environmentalists and research carried out
recently, there is a growing interest in wastewater pollution caused by dyes and heavy metal ions
(Kartika et al., 2023), as this is a severe environmental concern in both developed and developing
countries. Various synthesized materials have been utilized to reduce the environmental impacts of
water pollutants. This includes the use of catalysts to degrade dyes and adsorbent materials to
extract metal ions (Rahmayeni et al., 2023). Herndndez used Eichhornia crassipes as an adsorbent to
eliminate methyl orange and methylene blue from residual solutions (Hernandez et al., 2022). Yue
et al. synthesized a cellulose-based adsorbent designed for the removal of both anionic and cationic
dyes (Yueetal., 2019). Ubando et al. have explored microalgae as a viable and sustainable biosorbent
for the removal of heavy metals in wastewater treatment processes (Ubando et al., 2021).

Hydroxyapatite, with the molecular formula Ca;o(PO4)s(OH),, possesses excellent
biocompatibility and bioactivity, along with a high adsorption capacity and a large surface area,
making it suitable for both dye removal and metal ion adsorption. (Supriyono et al., 2023). Because
it is more affordable and natural, made from natural materials like bone, limestone, and shells,
hydroxyapatite is the preferable material for some purposes such as dental implants, drug delivery,
cosmetics, etc. (Rimus et al., 2024; Supriyono et al., 2023). However, due to its difficulty separating
from the liquid, utilizing hydroxyapatite alone is less economical. Therefore, it is necessary to
modify hydroxyapatite to work more optimally, adsorb dyes in the visible light area, and can be
separated from the liquid. Then, it can be reused to make the following process more efficient.
Combining spinel ferrite nanoparticles (MFe,Os) with hydroxyapatite is a viable option (Sery et al.,
2021).

Recently, ferrite spinel-based materials and their composites have been extensively studied and
used as water dye degradation catalysts. Spinel ferrites featuring one metallic ion in the formula
M(II)FexO4 such as CoFe;Os, NiFe;Os, CuFeOs, and ZnFe;O,, exhibit remarkable magnetic
properties (Ganesan et al., 2024, Rahmayeni et al., 2021). At the nanoscale, these spinel ferrites
showed exceptional physical and chemical characteristics which renders them suitable for a range
of applications, such as supercapacitors, semiconductors, catalysts, and cathode for olid oxide fuel
cells (Fatah et al., 2023). The combination of spinel ferrite (MFe>Os) compounds with hydroxyapatite
creates composites that have improved characteristics over their original form. Nanocomposites of
spinel ferrite with hydroxyapatite have been synthesized according to various reports. A novel
magnetic Zn/HAP /MgFe,O4 nanocomposite was effectively produced in three stages and used as
a catalyst for the degradation of malachite green dye (Das and Dhar, 2020a). A zinc ferrite
nanocomposite encapsulated in hydroxyapatite was synthesized for the removal of cadmium (II)
from aqueous solutions. The results showed that the composite could eliminate 89.6% of Cd(II) ions
from the solutions under optimal reaction conditions (Das and Dhar, 2020b). A novel magnetic
nanocomposite, containing Sn(Il)-incorporated hydroxyapatite (HAp) embedded in nickel ferrite
(NiFe,O,@-HAp-Sn?*), has been successfully produced using a simple method. Nanocomposite
displayed exceptional photocatalytic efficiency in removing rhodamine B dye (Das et al., 2021). A
bentonite/CoFe,O,/hydroxyapatite composite has been created to adsorb Pb(Il) from wastewater
(Desalegn et al., 2020). Zinc ferrite/hydroxyapatite ceramic with nano-sized grains was fabricated
through a solid-state reaction process using chicken eggshells and was selected to be a calcium
source for synthesizing HAp had been conducted. The research on the CuFe,O,@hydroxyapatite
composite for the environmental remediation of certain heavy metal ions was also carried out by
Sery et al. (2021) and Ibrahim et al. (2020).

ZnFe;O, is one of the spinel ferrite materials that can be mixed with hydroxyapatite. These
nanoparticles are stable spinel ferrite materials with low magnetic properties. To improve magnetic
properties, doping spinel ferrite with metal ions such as cobalt and others can be applied. According
to Padhan et al. (2019), doping spinel ferrite with metal elements can improve magnetic
characteristics, enabling it to be more strongly attracted to external magnetic fields (Padhan et al.,
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2023). Gémez et al. synthesized Co?* doped ZnFe,O, with ratios ranging from x = 0.0 to 1.0 using
the co-precipitation method. The introduction of Co?* doping at a ratio of x = 0.1 enhanced the
magnetic properties of ZnFe;O,, transitioning it from paramagnetic to superparamagnetic (Gomez
et al.,, 2018). In this research, a green synthesis method was introduced to create nanocomposite
consisting of hydroxyapatite and Co-doped ZnFe;Os with a mole ratio of Co:Zn of 0.1:0.9
(HA /Co0.1Zng9Fe>Os). The food waste of Pensi clam shells (Corbicula moltkiana) is utilized as a
calcium carbonate source for hydroxyapatite synthesis. These Pensi clam shells were collected from
Lake Singkarak in West Sumatra. Their high calcium content makes them a viable calcium oxide
(CaO) source for producing hydroxyapatite (Panda et al., 2021). Nanocomposites were synthesized
using the hydrothermal method due to the simplicity of synthesis with gambir leaf extract as the
medium. This extract, abundant in secondary metabolite compounds, acts as a capping agent
(Labanni et al., 2019). These compounds prevent particle agglomeration by regulating particle
growth and reducing particles' surface energy (Rahmayeni et al.,, 2022; Javed et al., 2020). It is
expected that the resulting nanocomposites could function as an adsorbent and photocatalyst. The
ability of HA /Coo.1ZnosFe;Osnanocomposites to adsorb Cd(Il) metal ions in water was determined.
Heavy metal ion Cd(Il) in water is often produced from automotive and battery waste (Lei et al,,
2019). The photocatalytic performance of the synthesized nanocomposites was analyzed by
evaluating their capacity to degrade direct red 81 dye. Direct red 81 (C20H19N5Na20sS2), commonly
found in textile industry wastewater, is notoriously difficult to decompose naturally (Hassaan et al.,
2022; Dehghani et al., 2018). In this research, various parameters related to photocatalytic and
adsorption processes were investigated. This involved determining the optimal catalyst amount,
contact time, and concentrations of dyes or metal ions to evaluate the remediation efficiency of the
synthesized nanocomposite in removing dyes and metal ions from wastewater.

2. Methods

2.1. Materials
In this research, the materials used were purchased from Merck and included CdCL.H-O,
(NH4):HPO4, HNO3, Zn(NOs3)2.4H>O, Co(NO3)2.6H2O, Fe(NO3);.9H,O and NaOH. Additionally,
deionized water and NHsOH were used, and Direct Red 81 (C20H19N5Na>OsS,) served as the model
dye for the experiments obtained from a textile factory in West Sumatra. Pensi (Corbicula molkiana)
clam shells were collected from Lake Singkarak in West Sumatra, Indonesia, while gambir leaf was
sourced from the agricultural fields of the Faculty of Agriculture at Andalas University.

2.2. Extraction process of gambir leaf

Leaf of Gambir (Uncaria gambir Roxb.) was collected from the experimental garden located at
the Faculty of Agriculture, Andalas University. The fresh leaf was carefully washed several times
to eliminate dust and impurities. The leaf was then shade-dried at room temperature for about 5
days. Once fully dried, the leaf was ground into a fine powder using a grinder and stored in a sterile
container. For the extract preparation, 10 grams of gambir leaf powder were combined with 100 mL
of distilled water and stirred at 60°C for 2 hours. After stirring, the solution was filtered, and the
resulting filtrate was kept in a refrigerator until it was needed for the synthesis of nanocomposites
(Labanni et al., 2019).

2.3. Synthesis of hydroxyapatite (HA) from Pensi clam shells

Pensi (Corbicula moltkiana) clam shells were collected from Singkarak Lake in West Sumatera
and processed according to methods established by previous research. Initially, shells were washed
with water and dried at 110°C. Shells were then ground into a fine powder using a Fritsch
Pulverisette 16 grinder, and the powder was calcined at 900°C for 5 hours to produce CaO. X-ray
fluorescence (XRF) analysis was carried out to evaluate the elemental composition of Pensi clam
shells. The extracted CaO was used as a precursor to produce hydroxyapatite. The procedure used
in the previous research was modified to synthesize hydroxyapatite. A total of 4.2 grams of finely
calcined CaO powder, obtained from Pensi clam shells, was dissolved in 75 mL of 2M nitric acid
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(HNQO3). The resulting solution was stirred at 85°C and filtered. Subsequently, 250 mL of 0.18 M
ammonium hydrogen phosphate ((NHi):HPO,) was added to the mixture in a dropwise manner,
while it was agitated at a speed of 500 rpm and maintained at a temperature of 110°C. pH of the
solution was raised to 11 by adding NH4OH, and the mixture was constantly agitated for 5 hours.
The precipitate and filtrate were separated after letting the produced white sol settle for the
following day. The powder was heated for 5 hours at 110°C in an oven and then calcined for 3 hours
at 800°C. The obtained hydroxyapatite sample was characterized using a variety of methods. The
following equations represent the theoretical reactions involved in the synthesis of hydroxyapatite
(Rahmayeni et al., 2023; Labanni et al., 2020).

CaCO; — CaO + CO, (1)
CaO + 2HNO; — Ca(NO3)2 + HO (2)
10Ca(NO3)2 + 6(NH4)3PO4 + 2NH,OH — Calo(PO4)6(OH)2 + 20NH4NO; (3)

2.4. Synthesis of Co-doped ZnFe>O; with a mole ratio of Co:Zn of 0.1:0.9 (Cop.12110.9Fe20;)

Coo.1Zn¢.9Fe;O4 nanoparticles were synthesized through the hydrothermal method using
gambir leaf extract as a capping agent. For the synthesis, 8.079 g of Fe(NO3)3-9H,0, 2.353 g of
Zn(NO3),-6H,0, and 0.291 g of Co(NOs), were dissolved in 40 mL of a mixture comprising distilled
water and gambir leaf extract in a 35:5 mL ratio. This solution was stirred at 500 rpm using a
magnetic stirrer for 1 hour, after which 2M NaOH was added to adjust pH to 12. The resulting
suspension was placed in an autoclave and heated at 180°C for 3 hours. The precipitate was filtered,
washed with distilled water until pH became neutral, dried at 110°C for 3 hours, and then ground
to a fine powder. The obtained Coo.1ZnosFe Os powder was characterized using various instruments
and subsequently used in the synthesis of nanocomposites (Rahmayeni et al., 2023).

2.5.Synthesis of HA /Cop.121n0.9Fe:0y

HA /Co0.1ZnosFe;Os nanocomposites were synthesized using the hydrothermal method. The
procedure is as follows: First, HA and Coo.1ZnosFe;Os were mixed with a mole ratio of Co and Zn
(0.1: 0.9) in 40 mL of gambir leaf extract and distilled water with a ratio of 5:35. The mixture was
stirred until homogeneous for 30 minutes, then pH was adjusted to 12 by adding 2 M NaOH. The
mixture's temperature was maintained in the range of 70°C — 80°C. Furthermore, the resulting
suspension was heated at 180°C for 3 hours in an autoclave. The resulting brown precipitate was
then filtered and washed with distilled water until a neutral pH of 7 was achieved. Furthermore,
the precipitate was calcined at 400°C for 4 h. The obtained powder was dried at 110°C for 3 hours
and then crushed until smooth. The Nanocomposite product was labeled as CoZnHA (Rahmayeni
et al., 2023). The ratio effect of HA: Coo1ZnosFe:O4 was studied by synthesizing nanocomposite
material into four variations based on the mass ratio of HA in HA /Coo.1Zno9Fe;Osnanocomposites,

as shown in Table 1. The proposed synthesis mechanism of nanocomposite is represented in Figure
S1.

Table 1 Comparison of HA: Co1ZnosFe;Osand sample names

No. Comparison of HA: Cop1ZngoFe;O4(g)  Sample names CoZnHA
1 19:1 CoZnHA1
2 18:2 CoZnHA2
3 17:3 CoZnHA3
4 16: 4 CoZnHA4

2.6. Characterization of samples
The synthesized samples were characterized using various analytical methods. X-ray diffraction
(XRD: PANalytical MPD PW3040/60) with Cu Ka radiation in the range of 10-80° was used to
determine the crystal structure. The morphology and elemental composition were examined using
Scanning Electron Microscopy coupled with energy-dispersive X-ray Spectroscopy (SEM-EDX:
HITACHI FLEXSEM 100). A more detailed analysis of structure, particle shape, and crystallinity
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was carried out with TEM, HRTEM, and selected area electron diffraction (SAED) (TEM, JEM-1400).
Fourier Transform Infrared Spectroscopy (FTIR: Subtech Spectrum ACII PEDS 4.00) was utilized to
identify the interactions in the sample, with a wavenumber range of 200-4000 cm™. Magnetic
properties were assessed using a Vibrating Sample Magnetometer (VSM, model VSM250). To
analyze the absorption region and band gap energy, Diffuse Reflectance Spectroscopy UV-Vis
(DRS-UV Vis SPECORD 210 Plus) was employed, while X-ray Photoelectron Spectroscopy (XPS:
PHI-5702 multifunctional X-ray photoelectron spectrometer) measured the electron binding
energies of the elements. Additionally, the pore size, surface area, and pore volume were
determined using a Surface Area Analyzer (SAA: Quantachrome Nova 4200e). The quantity of
reduced dye was quantified with a UV-Vis spectrophotometer (Thermo Scientific, Genesys 20), and
the concentrations of adsorbed heavy metals were analyzed by Atomic Absorption Spectroscopy
(AAS: AA240).

2.7. Photocatalytic activity determination of nanocomposites

The prior procedure was used to determine photocatalytic activity on the direct red 81 dye
degradation (Rahmayeni et al., 2023). 10 mg of nanocomposites (CoZnHA1, CoZnHA2, CoZnHAS3,
and CoZnHA4) were added to 20 mL of a solution containing direct red 81 dye at a 30 mg/L
concentration. After stirring, the resulting suspension was exposed to sunlight for 120 minutes,
between 11:00 am and 1:00 pm. Following the irradiation, distilled water was added to restore the
liquid to its initial volume. The suspension was then separated from the CoZnHA nanocomposite.
Subsequently, aliquots were taken, and the absorbance was measured at 530 nm using a UV-Vis
spectrophotometer. Photodegradation of the dye was measured by the following Equation 4:

D (%) = Ai—g*f x100% (4)

where A, is the initial absorbance of the dye solution and A¢is the dye solution at a time in mn
(Mohammed et al., 2024). The effect of several significant parameters-including catalyst types, dye
concentration (10-50 mg/L), exposure time duration (30-120 minutes), and catalyst loading (0-25
mg)—on the photodegradation process was also examined. After the initial reaction cycles, the
photocatalyst was retrieved, and the reusability was assessed by comparing it to a fresh sample,
each experiment was repeated three times to test for repeatability.

2.8. Adsorption ability determination

The adsorption capacity of the synthesized samples for cadmium metal ions (Cd(Il)) was
evaluated using a modified version of the previous method (Sery et al., 2021). Nanocomposites
selected for this assay are CoZnHA3 and CoZnHA4 due to their superior photocatalytic
performance. The procedure carried out includes a stock solution of Cd(Il) was first prepared by
dissolving 1 g of CdCl,-H,O in distilled water in a 1000 mL volumetric flask, yielding a
concentration of 1000 mg/L. Subsequently, cadmium ion solutions with concentrations of 20, 30, 40,
and 50 mg/L were prepared by diluting the stock solution appropriately. The effect of initial
concentration on the adsorption capacity of nanocomposite was assessed by adding 10 mg of
nanocomposite to Cd(II) solutions of varying concentrations and allowing the mixtures to stand for
30 minutes. Subsequently, the liquid phase was separated from the nanocomposite solid using
centrifugation, and the remaining cadmium ions that were not adsorbed were quantified using
atomic absorption spectroscopy (AAS). The adsorption percentage was determined by comparing
the metal ion concentrations before and after the treatment process. Equation 5 was applied to
calculate the adsorption percentage for the tested samples.

CO'q 0,
G X 100% )

Where (jis the initial concentration, and C;is the final concentration of Cd(II) solution which is
obtained using the Lambert-Beer equation (Kartika et al., 2023). The effect of the exposure time on
the nanocomposite's adsorption capacity was investigated by adjusting the contact time (30, 60, 90,
and 120 minutes). Additionally, variations in the amount of CoZnHA3 and CoZnHA4

Adsorption percentage =
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nanocomposites (10, 15, 20, and 25 mg) were conducted to study the effect of adsorbent quantity on
adsorption ability.

3. Results and Discussion

3.1. Structure analysis by XRD

To determine the crystallization properties and phase composition of synthesized samples XRD
is studied. Figure 1(a) displayed the XRD pattern of standard ZnFe,Os, synthesized ZnFe,O, and
Co00.1Zno9sFe;O4. XRD pattern of the synthesized ZnFe;O4 sample exhibited the same pattern as ICSD
standard #158837 with specific peaks at 26 = 30.1°, 35.7°, 43.4°, 53.7°, 57.3° from the planes of (220),
(311), (400), (422), and (511). The peaks were found to be well-defined with a good distribution of
nanoparticles and crystalline nature, and no impurities were observed. Meanwhile, the
Co0.1Zno9Fe204 pattern exhibited the same pattern as synthesized ZnFe,O4 with a slight shift of the
peaks towards a larger 26, indicating a decrease in the lattice volume due to the smaller lattice
parameters. The changes in 26 are expected due to the substitution of a larger ionic cation, Zn2+
(radius of 0.82 A), by a smaller Co?+ cation (radius of 0.74 A). Equation 6 is Scherer's equation was
used to estimate the average crystallite size for nanocomposites:

D=KkA/B cos O (6)
Where Drepresents the average crystallite size, A denotes the wavelength of CuKradiation, f§ refers
to the full width at half maximum (FWHM) of the diffraction peaks, 6 is the Bragg angle, and K'is
the Scherrer constant (Suryawanshi et al., 2023). The average crystal size of Coo.1ZnosFexOsis 10.18
nm. The small crystal size of Coo.1ZnooFe:Os is caused by the synthesis process using the
hydrothermal method at a fairly low temperature, thereby the crystal growth is not perfect. The
synthesis of spinel ferrite CoxZnl-xFe;Os by other researchers employed the co-precipitation
method, yielding crystal sizes between 24 to 40 nm. These larger crystal sizes, compared to those
observed in this research, result from using the co-precipitation method followed by a high-
temperature calcination process. Heating at elevated temperatures accelerates crystal growth by
merging smaller crystals with identical orientations into larger ones (Asogekar and Verenkar, 2019).
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| - .
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o « o > o ; N et
= ie 91|
[ l 1 L 1 b : HaP
T r 1 1 -1 - .
20 30 40 50 60 70 80 20 30 40 50 60 70 80
2009 20(°)

Figure 1 XRD a) patterns of standard ZnFe;O,, synthesized ZnFe;O,, and Coo.1Zno9sFe>O4, and b)
composites

Figure 1(b) shows XRD patterns of hydroxyapatite samples and CoZnHA1, CoZnHA?2,
CoZnHAS3, and CoZnHA4 nanocomposites. The diffractograms of nanocomposite samples show
distinctive peaks for both hydroxyapatite and Coo1ZnosFe;Os, confirming the formation of
nanocomposites. XRD patterns of synthesized nanocomposite exhibit the dominant peaks of the
hydroxyapatite phase and a single peak of the Coo1ZnosFe;Os phase with a lower intensity
indicating the presence of both phases in nanocomposite samples. The specific diffraction peaks of
Co0.1ZnooFerOs were observed at 20 = 35.9 with a Miller index (311), while the specific peaks of
hydroxyapatite were observed at 20 = 25.9°, 31.8°, 32.4°, 33.9°, 34.1°, 39.8°, 46.9°, and 49.5°.
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Furthermore, no other peaks of any impurities and secondary phases are observed. The peak height
of hydroxyapatite was not considerably impacted by the nanocomposite's increased mass of
Co01Zno9FeOs.

3.2. Analysis by SEM-EDX
Figure 2 shows the morphology of the CoZnHA nanocomposite analyzed by SEM with a
magnification of 20,000. Hydroxyapatite granules exhibit a relatively homogenous shape with slight
agglomeration. The capping agent used can affect the morphology forms.

- O 4 e ] T PR &% ad®
Figure 2 SEM images of a) CoZnHAI1, b) CoZnHA2, c) CoZnHA3, and d) CoZnHA4 with
magnification of 20,000

In this research, gambir leaf extract was used as a source of capping agent due to gambir leaf
extract containing secondary metabolite compounds such as flavonoids, which can act as a capping
agent. The presence of a capping agent in gambir leaf extract can minimize the occurrence of
agglomeration (Wahyunietal., 2019). Since spinel ferrite's magnetic characteristics attract each other
to create larger clusters, adding more spinel ferrite results in a slightly agglomerated
nanocomposite.

The components of the nanocomposite were examined using an EDX device. Figure S2 shows
the EDX spectrum of CoZnHA, illustrating the elements present in nanocomposite samples. The
elements present in CoZnHA nanocomposite, such as calcium (Ca), phosphate (P), and oxygen (O),
which are constituent elements of hydroxyapatite, cobalt (Co), iron (Fe), and zinc (Zn), which are
constituent elements of Coo1ZnosFe;Os, are indicated by the peaks that appear in EDX spectrum.
CoZnHA nanocomposite contains a more significant Ca and P element composition than the
pristine Coo.1Zno9oFe;O4 because hydroxyapatite is a matrix and exists in a greater quantity. The
increase in the ferrite content in the nanocomposite is directly proportional to the height of the peaks
representing the ferrite's constituent elements (Table 2).

Table 2 Composition of elements in the synthesized composites

No. Elements (%w) CoZnHA1 CoZnHA2 CoZnHA3 CoZnHA4
1 Co 0.41 0.36 0.41 0.69
2 Fe 2.88 4.73 6.04 9.91
3 (@) 39.61 37.8 40.73 38.33
4 Zn 1.57 1.85 2.51 411
5 Ca 35.56 37.10 33.5 30.38
6 P 19.64 18.67 16.81 16.58




1689
International Journal of Technology 16(5) 1682-1699 (2025)

3.3. Analysis by TEM, HRTEM, and SAED
A more detailed analysis of structure, particle shape, and crystallinity was carried out with TEM,
HRTEM, and selected area electron diffraction (SAED) (Figure 3). TEM image of Coo.1ZnosFe>Oy
(Figure 3a-b) illustrates the particles' morphology in the cube-like granular phase with diameters
less than 50 nm.

200 nen (Fs _g
Figure 3 TEM images of Coo1ZnoosFe;Os with different magnifications (a-b), CoZnHA3 and
CoZnHA4 nanocomposites (c-d), HRTEM image and SAED pattern of CoZnHA4 (e-f)

There is a slight agglomeration caused by the magnetic properties of the spinel ferrite in
nanocomposites. Figure 3(c-d) illustrates the granular morphology of CoZnHA3 and CoZnHA4
nanocomposite particles, where Coo.1ZnosFe;Os ferrite spinel is encapsulated in hydroxyapatite.
Figure 3e presents the HRTEM image of the CoZnHA4 nanocomposite, indicating that the combined
components are on the nanoscale. SAED patterns shown in Figure 3f show the polycrystalline nature
of the samples under investigation. The ring pattern is indexed to reflections corresponding to the
Fd-3m space group. Moreover, SAED patterns closely match the simulated patterns generated from
ferrite crystal structure data. Compared to previous investigations that used CuFe;Os as the ferrite
material, nanocomposite particles produced in this research exhibit a more uniform and regular
shape (Rahmayeni et al., 2023).

3.4. Analysis by FTIR

FTIR spectroscopy was utilized to validate the spinel ferrite and hydroxyapatite structures in the
prepared samples. Figure 4 shows FTIR spectroscopy of prepared samples in the range from 400 to
2000 cm. Figure 4a shows the band of hydroxyapatite and Coo.1ZnosFe>Os.

The specific absorption band of Coo1ZnosFe;Os appeared at a wave number of 482 cm?, which
indicates the presence of M-O vibrations on the octahedral side of Fe-O/Co-O, while the absorption
at a wave number of 534 cm-! indicates the presence of M-O vibrations on the tetrahedral side of
Zn-O/Co-O. The bands observed in this investigation are consistent with previous results
(Mohamed et al., 2019). Meanwhile, the spectrum of hydroxyapatite appeared at specific wave
numbers of 564 cm? and 597 cm-!, which indicates the antisymmetric vibration of the O-P-O bond
from the PO4* group (Sery et al., 2021). Additionally, the FTIR spectrum of the synthesized
CoZnHA (1-4) nanocomposites is shown in Figure 4b. The absorption band at 1018 cm™
corresponds to the PO,*" group from hydroxyapatite, while the band at 1628 cm™ is attributed to
the C=C group (alkene) from the betel leaf extract. Moreover, the absorption below 548 cm™
indicates the Fe-O stretching vibration of the ferrite spinel in nanocomposites (Cahyana etal., 2021).



1690
International Journal of Technology 16(5) 1682-1699 (2025)

a) b) o o
CoZnHA4 V VA
~ | HaP o N
SN é v Vo
g o | CoZnHA3 o N
[>) (> ot '
2 = \f_\ﬂd
S 5 : v : '
Z |co Zn. Fe.O = | CoZnHA2 o CAA
é 0444My 1€, g | VAR
z _\N Z /! /i
= g iyl & CoZnHA1 \/(_\/\/J
2000 1500 1000 500 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber(cm™) Wavenumber (cm™)

Figure 4 FTIR spectroscopy of Coo1Zno9Fe;Os and hydroxyapatite (a) and CoZnHA1, CoZnHA2
CoZnHA3, and CoZnHA4 (b)

3.5. Magnetic properties analysis by VSM
Magnetic properties of synthesized nanocomposites with different ratios of hydroxyapatite and
Coo.1Zno9FexO4 were investigated using VSM equipment at room temperature, which is given in the
form of hysteresis curve, as shown in Figure 5A.
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Figure 5 A) Hysteresis curve of a) CoZnHA1, b) CoZnHA2, ¢) CoZnHA3, d) CoZnHA4, and B) N»
adsorption-desorption isotherm curve for CoZnHA4 sample

The hysteresis curve indicates that nanocomposite samples exhibit soft magnetic properties, as
evidenced by the relatively low values of saturation magnetization (Ms), remanent magnetization
(Mr), and coercivity (Hc) for nanocomposites, as presented in Table 3. The magnetic properties of
nanocomposites are attributed to Coo.1ZnosFe Oy, as hydroxyapatite is not a magnetic material.
Consequently, the magnetic properties of nanocomposite enhance with the increasing amount of
ferrite. According to Das and Dhar (2020a), the small Ms value occurs due to the coating of non-

magnetic materials, such as hydroxyapatite, on magnetic material in nanocomposites (Das et al.,
2021).

Table 3 Saturation magnetic (Ms), remanent magnetic (Mr), and coercivity (Hc) values of the
synthesized nanocomposite samples

No. Samples Ms Mr Hc Mr/Ms
(emu/g) (emu/g) (Oe)

1. CoZnHA1 0.6424 0.0467 59.6 0.073

2. CoZnHA2 1.1365 0,0486 44.2 0.043

3. CoZnHA3 1.4587 0.0490 44.2 0.033

4. CoZnHA4 2.0681 0.0582 33.5 0.028
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From the shape of the hysteresis curve, it can be concluded that CoZnHA nanocomposites are
superparamagnetic following the research results obtained by Gomez et al. (2018). The magnetic
properties of the obtained nanocomposites are stronger than those obtained by Das and Dhar
(2020a) and Rahmayeni et al. (2023). Magnetic property of nanocomposites are an advantage of the
catalyst in a photocatalytic degradation process. These nanocomposites can be separated from the
solution quickly and easily with a permanent magnet after the degradation photocatalytic process
and can be used for the next application (Ai et al., 2023).

3.6. Adsorption-desorption analysis by BET

Figure 5B shows the adsorption-desorption isotherm curve from Brunauer-Emmett-Teller (BET)
analysis for the CoZnHA4 nanocomposite. The curve indicates a gradual increase in relative
pressure (P/P0) initially, but a rapid increase is observed at a relative pressure range of 0.6 to 1. The
increase in P/P0 is due to the interaction of adsorbed gas molecules on the surface of the solid,
forming a single layer (Kahrizi et al., 2018). CoZnHA4 sample has an average pore diameter of 7.52
nm, placing it in the mesoporous category, as mesopores range from 2 to 50 nm. The specific surface
area of the CoZnHA4 sample is 32.01 m?/g, and its pore volume is 0.12 mL/g. The results obtained
are broader than those reported in previous research (Ullah et al., 2023). It is well established that
surface area plays a critical role in determining a material’s effectiveness as both a photocatalyst
and an adsorbent. A larger surface area provides more active sites for interactions with dyes and
metal ions, leading to higher activity.

3.7. Optical properties analysis by DRS-UV Vis

The optical properties of nanocomposite samples were evaluated using DRS UV-Vis equipment.
The Kubelka-Munk theory, which is commonly used for analyzing optical band gap energy through
diffuse reflectance, was utilized in this research (Paydar et al., 2020).

Using the Tauc equation, the estimated band gap energy of each nanocomposite was 2.4, 2.35,
2.31,and 2.4 eV for CoZnHA1, CoZnHA2, CoZnHA3, and CoZnHA4, respectively (Figure 6). The
band gap variation depends on various factors such as crystallite size, crystallinity, lattice strain,
structural parameters, and the presence of defects or impurities (Yadav et al., 2017). The increment
of the optical band gap energies by increasing the Coo.1Zno9Fe;O4 proportion from 5 wt% to 20 wt%
(decrement of HA proportion from 95 wt% to 80 wt%). The measured band gap energy indicates
that CoZnHA nanocomposite absorbs light in the visible region, which is relevant in this research
as sunlight was used as the light source (Das et al., 2021). This optical property is helpful in its
application as a photocatalyst because sunlight can move its activity to degrade organic dyes more
efficiently.
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Figure 6 The Tauc Plot of CoZnHA1 (a), CoZnHA2 (b), CoZnHAS3 (c), and CoZnHA4 (d) to estimate
the energy gap obtained from DRS UV-vis measurements
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Figure 6 The Tauc Plot of CoZnHA1 (a), CoZnHA2 (b), CoZnHA3 (c), and CoZnHA4 (d) to estimate
the energy gap obtained from DRS UV-vis measurements (Cont.)

3.8. XPS research

X-ray photoelectron spectroscopy (XPS) was utilized to investigate the elemental composition
and electron states of atoms in the material (Figure S3). XPS spectrum provided comprehensive
details on the surface composition and chemical states of all elements present in CoZnHA4. The
high-resolution XPS spectra of CoZnHA4 (Figure S3a) and the spectra for Ols, Ca2p, P2p, Cls, Fe2p,
Zn2p, and Co2p are displayed in Figures S3b—f. XPS spectrum of O 1s indicates the presence of
various oxygen species on the sample’s surface. In Figure S3b, the peak at 527.7 eV (Ols3/;) is
assigned to lattice oxygen (M-O-M) in the metal-oxygen framework, while the peak at 530 eV (O
2p1/2) corresponds to oxygen atoms in PO,*" group. The high-resolution XPS spectrum for Ca2p,
shown in Figure S3¢, reveals two peaks with binding energies of 349.3 eV (Ca 2p+/,) and 345.7 eV
(Ca2ps/>).

The peak around 349.2 eV for Ca 2p3/, indicates that calcium atoms are bonded to phosphate
groups (PO,%"). In Figure S3d, the P2p spectrum shows two peaks at binding energies of 131.6 eV
(P 2p1/2) and 132.1 eV (P 2p3/;) in the nanocomposite. These binding energy values for P2p are
lower than those typically found in pure hydroxyapatite (134.13 eV and 133.18 eV), suggesting an
interaction with Cog.1Zng.oFe;O,4 nanoparticles (Das and Dhar, 2020a). In the arrangement of
oxygen atoms, Fe(Il) is positioned at the octahedral site, while Fe(Ill) occupies the tetrahedral site.
The deconvoluted iron peak reveals two primary peaks with binding energies of 709.04 eV and
723.36 eV, corresponding to Fe2ps;/, and Fe2p,/,, respectively (Figure S3e). Zn 2p core-level
spectra, shown in Figure S3f, display two fitting peaks at approximately 1018.7 eV and 1042 eV,
which are attributed to Zn 2p3/, and Zn 2p,/,, respectively (Hanamanta et al., 2023). The
appearance of these element peaks indicates the formation of hydroxyapatite/ Coo.1ZnosFe>Os4
nanocomposite. C 1s peak observed at 283 eV is predicted to be the carbon used in the
measurements (Figure S3h).

3.9. Photocatalytic activity

Photocatalytic activity of nanocomposite was determined by the degradation of direct red 81 dye
under direct solar light (Figure 7). To obtain nanocomposites with higher activity, photocatalytic
activity was determined for all nanocomposites using direct red 81 dye solution with the following
conditions: the dye concentration is 20 mg/L, the amount of nanocomposite is 20 mg, and the
exposure time is 2 h. From Figure 7a, it can be seen that without a catalyst (NC), the degradation
percentage only reaches 28%. With a catalyst in the form of a composite, the degradation percentage
increases above 80%. CoZnHA3 and CoZnHA4 nanocomposites exhibit better activity compared to
the other nanocomposites. Therefore, CoZnHA3 and CoZnHA4 were utilized to determine the
optimal concentration and contact time. The efficiency test for direct red 81 dye concentration
revealed a degradation percentage of 92.25% after 2 hours (Figure 7b). As the concentration
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increases, the degradation percentage obtained becomes lower. The decrease in degradation
percentage with increasing dye concentration is due to the higher number of direct red 81 molecules
in the liquid, which blocks sunlight from reaching nanocomposite material. Consequently, OH -
formation, which is crucial for the degradation process, is reduced. According to reports, OH
radical is a group that plays an important role in breaking down dye compounds into CO; and H,O
(Kusdianto et al., 2020). This result is consistent with the results reported by Das and Dhar (2020a).
In this photocatalytic process, the presence of hydroxyapatite in the composite can help spread the
ferrite material, thereby agglomeration can be reduced and catalytic activity becomes better.
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Figure 7 Photocatalytic activity of samples (a) with different concentrations of direct red 81
concentrations, (b) with different amounts of CoZnHA catalyst, (c) with different exposure times,
(d) the reaction kinetics in the degradation of direct red 81 dye, and (f) recycles number

The determination of the optimal dosages of nanocomposites used as photocatalysts in the
degradation of direct red 81 dye is shown in Figure 7c. The degradation percentage increases with
the number of photocatalysts as more active sites become available for the degradation process. The
optimal photocatalyst dosage is 25 mg, resulting in a degradation percentage of 95.57%. According
to reports by Rahmayeni et al. (2022), increasing the amount of photocatalyst provides more active
sites, leading to improved dye degradation. The best exposure contact time test for CoZnHA
nanocomposite on direct red 81 dye degradation is shown in Figure 7d. The optimal contact time
was found to be 2 hours, with the degradation percentage reaching 98,65%. Rahmayeni et al.'s
research indicates that the proportion of degradation increased with exposure duration. With the



1694
International Journal of Technology 16(5) 1682-1699 (2025)

increasing contact time, the degradation efficiency increased because the number of OH- radicals
formed increased (Rafiq et al., 2021; Rahmayeni et al., 2019).

The kinetic parameters were determined by plotting In(Ct/C0) against the reaction time. Figure
7e is the reaction kinetics curve in the photocatalysis process driven by sunlight. From the shape of
the curve, it can be concluded that the kinetics of the degradation process follow the pseudo-first-
order kinetic model (Hassaan et al., 2022). The recycling test of CoZnHA4 nanocomposite was
conducted by separating the photocatalyst after each cycle of exposure using centrifugation to
recover the catalyst. The recovered catalyst was then washed with absolute alcohol, followed by
deionized water. It was subsequently dried overnight in an oven at 70°C. After drying, the collected
nanocatalyst was reintroduced into a freshly prepared direct red 81 dye solution to begin the next
experimental cycle (Figure 7f). In the first and second cycles, there was a slight decrease in
degradation percentage. However, in cycles 3 and 4, the reduction in degradation percentage was
not significant.

3.10. Adsorption ability determination of Cd(Il) ion in water

The heavy metal Cd(Il) in water was used to test the nanocomposite capacity for adsorption
(Figure 8). The effect of initial concentration on the removal of Cd(Il) ions by CoZnHA3 and
CoZnHA4 adsorbents was investigated at different initial concentrations ranging from 20 to 50
mg/L. Figure 8a presents the curve demonstrating the composite capability to adsorb Cd(II) metal
ions at various concentrations. Initially, the adsorption capacity increased with the rise in the initial
dye concentration. This can be attributed to the fact that at lower initial concentrations, the
adsorbent surface is more accessible. As the initial concentration of Cd(Il) increases, the number of
Cd(IT) metal ions adsorbed also increases. However, once all active sites on the adsorbent are
occupied, further increases in Cd(II) concentration result in a decrease in adsorption capacity due
to the lack of available adsorption sites. The optimum metal ion concentration obtained was 20
mg/L with an adsorption percentage of 90.9 % and 92.51% for CoZnHA3 and CoZnHA4. According
to Das and Dhar (2020b), increasing the concentration of Cd(Il) ions will reduce the adsorption
efficiency because the amount of adsorbent that remains is not proportional to the greater number
of Cd(Il) ions, thereby the adsorbent has reached a saturation point in its adsorption. Moreover, the
saturation of the active site leads the dye molecules to be released back into the solution due to the
agitation (Rahmayeni et al., 2023; Das and Dhar, 2020b).

To investigate the impact of adsorbent quantity, 10 to 30 mg of nanocomposite was used keeping
the other parameters. The result showed that, at an initial metal concentration of 30 mg/L, the
maximum removal percentage of Cd(II) for the adsorbent dosage of 25 mg was around 78.05% and
81.09% for CoZnHA3 and CoZnHA4 (Figure 8b). It was observed that increasing the amount of
nanocomposite led to higher adsorption efficiency, as more active sites on the composite surface
became available to adsorb Cd(II) metal ions (Nayak and Bhushan, 2021).

Furthermore, contact time also plays a role in adsorption efficiency. The time-dependent
behavior of Cd(Il) adsorption was assessed by varying the contact time between the adsorbate and
adsorbent from 15 to 120 minutes, using an initial concentration of 30 mg/L and 25 mg of adsorbent.
CoZnHA3 and CoZnHA4 nanocomposites were used for this study. The graph shows that the
adsorption grew quickly during the first 60 mn before becoming slowly saturated at the 120-minute
mark (Figure 8c). During the initial stage of adsorption, a larger number of active sites are available
on the adsorbent. However, as contact time increases, these active sites gradually become occupied,
leading to a decrease in the number of available sites. This results in a slower adsorption rate until
equilibrium is eventually reached (IHassaan et al., 2022; Nayak and Bhushan, 2021). The optimum
contact time for Cd(II) metal ions adsorption is 120 mn with an adsorption percentage of 88.99%.
The adsorption capacity for 2 hours was 97.3 mg/g for CoZnHA3 and 97.9 mg/g for CoZnHAS3.
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Figure 8 Test graph for nanocomposite adsorption capability (a) variation in the amount of CoZnHA
adsorbent (b) variation in CoZnHA adsorption time, (c) variation in Cd(II) metal ion concentration,
and (d) Freundlich isotherm curve, and (e) Langmuir isotherm curve of Cd(II) ion adsorption

Adsorption isotherms were evaluated using Langmuir and Freundlich models. Langmuir
isotherm refers to an adsorption process that takes place chemically in a single layer (monolayer),
while Freundlich isotherm refers to a chemical adsorption process that involves many layers

(multilayer). The linear form of the Langmuir and Freundlich equation can be expressed in
Equations 7 and 8, as follows:

Ce _ Ce 1 .
= o + —e Langmuir (7)
Inge = InKp + % InC, Freundlich (8)

In this context, g. (mg/g) represents the equilibrium concentration of metal ions, C.. (mg/L) denotes
the equilibrium adsorption concentration for Cd(Il), and g» (mg/g) indicates the maximum
adsorption capacity. K; is the adsorption constant of the Langmuir model. The constants b and g
can be determined from the slope and intercept of the linear plot of 1/qe versus 1/Ce . Kr represents
the adsorption constant of the Freundlich model. n was the Freundlich isotherm exponent (Wang
and Shih, 2021; Wang et al., 2019). The Freundlich isotherm was obtained by graphing Log Ce vs

log qge (Figure 8d) and the Langmuir model on the equilibrium data was obtained by plots of 1/Ce
versus 1/Qe (Figure 8e).

Table 4 Langmuir and Freundlich isotherm coefficients for the adsorption of Cd(II) ion

No. Adsorbent Langmuir isotherm Freundlich isotherm
K. (L/mg) Qu(mg/y) R Kr n__ R

1. CoZnHA 3 0.46 97.3 0.9072  1.077 1453  0.9936

2. CoZnHA 4 0.49 97.9 0.9378  1.069  16.84  0.9819

The results of the isotherm analysis are summarized in Table 4. By comparing the coefficient of
determination (R?), it is evident that the Langmuir isotherm model was not suitable for this research.
The adsorption kinetics of Cd (II) ions were found to follow the Freundlich isotherm model, with
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R? values of 0.9936 for CoZnHAS3 and 0.9819 for CoZnHA4. The maximum capacity obtained from
Langmuir isotherm using CoZnHA 4 adsorbent is 97.9 mg/g. The maximum capacity obtained in
this research was lower than the results obtained by several previous research (Table 5). This
difference may be due to the smaller amount of adsorbent used, variations in experimental
conditions, and differences in the type of adsorbent.

Table 5 Maximum adsorption capacity of different adsorbents for Cd(Il) ions removal

No. Material Capacity =~ References

(mg/g)
1. NiFeOs/HAp/graphene 344.83 (Kahrizi et al., 2018)
2. Magnetic ferrite 160 (Liu et al., 2018)
3. HAP/ZnFe,O,4 107 (Das and Dhar, 2020b)
4. xZnO-xFe204 82.45 (Khezami et al., 2017)
5. Hydroxyapatite /Coo.1Zno9Fe;O4 97.9 This work

4. Conclusions

Magnetic hydroxyapatite/Coo.1ZnosFe;Os nanocomposites were successfully synthesized using
Pensi clam shells as a source of CaO, which was then utilized to prepare hydroxyapatite. X-ray
analysis reveals that the nanocomposites exhibit good crystallinity without impurities. Absorption
bands at wave numbers 482 and 534 cm! indicated the presence of octahedral and tetrahedral sites
of spinel ferrite in the nanocomposite. The magnetic properties of the samples increase with
decreasing amounts of hydroxyapatite and growing quantities of spinel ferrite in the composite, as
shown by the magnetic saturation value. HA /Coo.1ZnosFexOsnanocomposites presented an efficient
and environmentally friendly method for removing heavy metals and dyes from wastewater. Under
optimal conditions, the catalytic activity of nanocomposite achieved 98.65% degradation of direct
red 81 dyes after two hours driven by sunlight irradiation. This removed 92.51% of Cd(II) ions from
the aqueous solution, and the maximum capacity obtained from Langmuir isotherm using CoZnHA
4 adsorbent was 97.9 mg/g. Furthermore, the nanocomposite exhibited sufficient magnetic strength,
enabling its easy isolation from the reaction mixture using an external magnet. Therefore,
nanocomposites function as magnetically separable and highly recyclable catalysts for the
degradation of pollutant dyes and metal ions in contaminated water.
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