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Abstract

This study addresses the environmental challenge posed by chicken
eggshell and orange peel waste by developing a sustainable green
synthesis route for hydroxyapatite (HAp). This work aimed to
synthesize hydroxyapatite from eggshell-derived calcium using
orange peel (Citrus sinensis L.) extract as a natural template and to
evaluate the effect of extract concentration on the structural and
morphological characteristics of the resulting material.
Hydroxyapatite was synthesized via a wet-chemical precipitation
method under alkaline conditions using orange peel extract at
concentrations of 0%, 10%, 20%, and 30%. X-ray diffraction
analysis confirmed hydroxyapatite as the dominant crystalline
phase in all samples, with crystallinity values of 100%, 99.55%,
95.6%, and 95.2% for extract concentrations of 0%, 10%, 20%,
and 30%, respectively, indicating controlled reduction in crystallite
size with increasing extract concentration. Scanning electron
microscopy revealed a progressive reduction in particle size,
decreased agglomeration, and enhanced surface porosity, while
energy-dispersive  X-ray spectroscopy confirmed consistent
elemental composition and high purity. Among the investigated
conditions, the use of 30% orange peel extract produced the most
favorable overall characteristics, combining refined microstructure
and controlled crystallinity.

Keywords:
Eggshell, green synthesis, hydroxyapatite, orange peel extract, wet
precipitation.

1 Introduction

Hydroxyapatite (HAp) is one of the most extensively
investigated bioceramic materials due to its chemical composition
and crystal structure, which closely resemble those of the mineral
phases of human bone and teeth. Its excellent biocompatibility,
bioactivity, and osteoconductivity make HAp a suitable material for
bone implants, bone graft substitutes, and tissue engineering
scaffolds [1,2]. Despite these advantages, conventional
hydroxyapatite synthesis routes typically rely on synthetic chemical
precursors, elevated processing temperatures, and environmentally
hazardous reagents, raising significant concerns about sustainability
and environmental impact [3].

In response to these challenges, green synthesis has emerged as
a sustainable paradigm in bioceramic material development,
emphasizing the utilization of natural raw materials, reduced
energy consumption, and environmentally benign reaction
conditions [4]. Within the context of hydroxyapatite synthesis,

green synthesis should not be viewed merely as an alternative
processing route, but rather as a strategic approach that integrates
environmental responsibility with advanced material engineering.
Several studies have reported that hydroxyapatite produced via
green synthesis exhibits physicochemical properties comparable to,
or even superior to, those obtained through conventional synthesis
methods [5]. Nevertheless, major challenges persist, particularly in
achieving precise control over particle morphology, particle size,
and crystallinity, especially when waste-derived precursors are
employed [6].

Among various sustainable calcium sources, eggshell waste has
attracted increasing attention due to its abundance and high calcium
content. Eggshell waste is generated in large quantities from
household and food industry activities, contributing substantially to
solid waste accumulation. Statistical data on chicken egg
production in Indonesia indicate a high annual output, which
directly correlates with the growing volume of eggshell waste [7].
Chemically, eggshells consist predominantly of calcium carbonate,
rendering them a highly promising natural calcium precursor for
hydroxyapatite synthesis. Numerous studies have demonstrated that
eggshell-derived calcium can be effectively converted into
hydroxyapatite with structural and compositional characteristics
closely resembling those of natural bone mineral [8,9].

Beyond waste reduction, the utilization of eggshells offers
significant added value by transforming low-cost waste into high-
value bioceramic materials. Previous investigations have shown
that eggshell-derived hydroxyapatite exhibits physicochemical
properties comparable to those synthesized from commercial
calcium sources, along with favorable biocompatibility and strong
structural similarity to biological apatite [10]. Comparative studies
further indicate that eggshell-derived hydroxyapatite often displays
more uniform particle morphology and better-controlled particle
size, which positively influence mechanical performance and
biological interactions. Despite these advantages, effective
microstructural control remains a key challenge in waste-based
green synthesis systems.

Microstructural ~ characteristics, including particle size,
morphology, porosity, and crystallinity, play a crucial role in
determining the performance of hydroxyapatite in bioceramic
applications. Nanoscale and submicron hydroxyapatite particles are
known to exhibit enhanced surface reactivity and improved
interaction with biological environments, while porous structures
facilitate nutrient diffusion, vascularization, and cell migration
during bone regeneration. Consequently, strategies that enable
controlled microstructural engineering are essential for optimizing
hydroxyapatite performance.

To address these limitations, the use of natural templates or
biotemplates has been widely explored as an effective strategy for
directing nucleation and crystal growth during hydroxyapatite
formation. Organic compounds such as polysaccharides and
organic acids can interact with calcium and phosphate ions, thereby
regulating supersaturation levels and influencing crystal growth
orientation [11,12]. Various plant extracts have been successfully
applied as green templates, leading to the formation of
nanostructured and porous hydroxyapatite materials suitable for
biomedical applications [13,14].

Agricultural and fruit wastes represent particularly attractive
sources of natural templates due to their rich organic composition
and widespread availability. Orange peel (Citrus sinensis), for
instance, contains abundant pectin, citric acid, flavonoids, and
phenolic compounds that can function as chelating agents and
crystal growth modifiers during hydroxyapatite synthesis.
However, studies systematically integrating eggshell-derived
calcium with orange peel extract as a green template remain scarce,
and the synergistic effects of these two waste resources on the
hydroxyapatite microstructure are not yet fully understood.

From an application perspective, hydroxyapatite synthesized via
green routes exhibits substantial potential in bioceramic material
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engineering. Hydroxyapatite with small particle size and well-
controlled porous structures has been shown to enhance cell
adhesion and proliferation, thereby accelerating bone tissue
regeneration [15]. In addition, hydroxyapatite crystallinity strongly
influences mechanical stability and degradation behavior in
physiological environments [1], highlighting the importance of
controlled synthesis.

Therefore, the present study aims to synthesize hydroxyapatite
from eggshell waste using orange peel extract as a green template
and to systematically investigate the effects of orange peel addition
on the crystal structure, morphology, and particle characteristics of
the resulting hydroxyapatite for bioceramic material engineering.
Unlike previous studies that utilized -either eggshell-derived
calcium or plant-based templates independently, this work
integrates both waste resources within a single green synthesis
framework, offering a more sustainable and microstructurally
tunable approach to hydroxyapatite production.

2 Research methodology
2.1 Preparation of eggshells as a calcium source

Chicken eggshells were utilized as the primary source of
calcium ions (Ca?") for hydroxyapatite synthesis. The preparation
process began with physical and chemical cleaning to remove
residual proteins and the inner membrane, which could interfere
with the purity of the resulting calcium oxide (CaO). The eggshells
were thoroughly washed with running water, dried at 100°C for 2 h,
and subsequently ground into a fine powder. The powder was then
sieved through a 100-mesh sieve to obtain a uniform particle size
distribution. The main stages of eggshell preparation are illustrated
in Fig. 1.

Fig. 1. (a) Raw eggshells, (b) ground eggshell powder, and (c)
eggshell powder sieved to 100 mesh.

The dried eggshell powder was calcined at 800°C for 3 h to
convert calcium carbonate (CaCQOs) into CaO through thermal
decomposition, as described by the reaction Eq. (1).

CaC0y - Cal + CO, 1)

This calcination step was essential to obtain highly reactive and
relatively pure CaO, which subsequently served as the calcium
precursor in the hydroxyapatite precipitation process.

The preparation of eggshells as a calcium source followed
previously reported and widely adopted procedures for eggshell-
derived hydroxyapatite synthesis, including washing, drying,
grinding, sieving, and calcination, with minor modifications
[8,10,18].

2.2 Preparation of orange peel extract as a green template

Orange peel (Citrus sinensis (L.)) was selected as a green
template due to its high content of organic compounds, such as
pectin, flavonoids, tannins, and essential oils, which are known to
function as crystal growth modifiers and natural pore-forming
agents [4]. The orange peel extract was prepared by thoroughly
washing fresh orange peels to remove surface impurities, cutting
them into small pieces, and extracting them using boiling distilled
water. The resulting suspension was filtered, and the obtained
filtrate was used as the orange peel extract. The prepared orange
peel extract was used directly as a green template during
hydroxyapatite synthesis, as shown in Fig. 2.

_ @ (b)
Fig. 2. (a) Orange peel and (b) orange peel extract.

The extract contains functional groups such as —COOH and
—OH from pectin, as well as aromatic groups from flavonoids,
which can interact with Ca?* ions during hydroxyapatite formation
and influence crystal nucleation and growth. Similar biomass-based
templates have been reported to effectively regulate crystal growth
and reduce particle size in hydroxyapatite synthesis [10]. Therefore,
the use of orange peel extract is expected to promote
microstructural refinement and the formation of porous structures
by thermal decomposition of organic components during
calcination.

2.3 Synthesis of hydroxyapatite via wet chemical precipitation

Hydroxyapatite synthesis was carried out using a wet chemical
precipitation method with a fixed calcium-to-phosphorus (Ca/P)
molar ratio of 1.67, corresponding to the stoichiometric
composition of hydroxyapatite. The synthesis was performed in an
aqueous medium under alkaline conditions, adjusted with
ammonium hydroxide (NHsOH).

Initially, a phosphate precursor solution was prepared by
dissolving diammonium hydrogen phosphate ((NH):HPO.) in
distilled water under continuous stirring until a homogeneous
solution was obtained. Separately, calcium oxide (CaO) derived
from eggshell calcination was slowly added to distilled water under
constant stirring to form a calcium hydroxide slurry, according to
the exothermic reaction Eq. (2).

Ca0 + H,0 - Ca(OH), 2)

Subsequently, the phosphate solution was added dropwise to the
Ca(OH): slurry over 30 min while maintaining the reaction mixture
pH between 9 and 10 with NHsOH. The reaction Eqg. (3) can
describe the formation of hydroxyapatite.

10Ca(OH), + 6(NH,),HPO, = Cayo(P04)6(OH), + 12NH; + 18H,0 (3)

Orange peel extract was then added at the designated
concentration levels to serve as a green template. The organic
compounds present in the extract interacted with Ca?* ions, thereby
influencing crystal growth, particle size, and morphology. The
reaction mixture was stirred for 1 h and subsequently aged for 24 h
to promote crystal growth and improve structural ordering.

After aging, the precipitate was filtered and washed repeatedly
with distilled water until the pH was neutral. The washed
precipitate was then dried, followed by calcination at 800°C for 6 h
to remove residual organic components from the orange peel
extract and to enhance the porosity and crystallinity of the
synthesized hydroxyapatite. The appearance of the synthesized
hydroxyapatite powder obtained via green synthesis is shown in
Fig. 3.

Fig. 3. Synthesized hydrok)}ab;tite powder obtained via green
synthesis.
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Structural, morphological, and elemental characterizations of
the synthesized hydroxyapatite were subsequently performed using
X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM),

Eggshell

Washing & Removal of inner membrane ‘

and Energy-dispersive X-Ray Spectroscopy (EDS), respectively.
The overall synthesis procedure of hydroxyapatite is summarized in
the flowchart shown in Fig. 4.

Drying (100 °C, 2 h}
Grinding & Sieving (100 mesh)
Calcination (800 °C, 3 h)
+ Orange peel
Ca0 Formation Diammonium hydrogen phosphate v
+ + Washing & Cutting
Dissolution in water Dissolution in water +
+ + Boiling water extraction
Ca(OH)z slurry (NHs):HPO, solution +
| | Filtration
Dropwise {NHa}zHPQq solution to Ca(OH);, < Otange peel extract
pH maintained at 9-10
Stirring (1h)
Aging (24 h)
Filtration
I
Filtrat Precipitate
Drying

Calcination (800 °C, 6 h) |

v

Synthesized hydroxyapatite (HAp)

Fig. 4. Flowchart of green synthesis of hydroxyapatite from eggshells using orange peel (Citrus sinensis) extract as a template.

3 Results and discussion
3.1Results

This study investigates the green synthesis of HAp from
chicken eggshell waste using orange peel (Citrus sinensis) extract
as a natural template. The synthesis was carried out via a wet
chemical precipitation method, which is commonly employed for
hydroxyapatite preparation due to its simplicity and controllability
[8,10]. Hydroxyapatite was synthesized from eggshell-derived CaO
using a wet precipitation method, as described in Section 2. Orange
peel extract, rich in naturally occurring organic compounds, was
prepared using distilled water and employed as a green template
during the precipitation process, consistent with plant-mediated
green synthesis strategies [4,16].
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Hydroxyapatite samples were synthesized at four orange peel
extract concentrations (0%, 10%, 20%, and 30%), with the sample
without extract (0%) serving as the control. These variations were
designed to systematically evaluate the influence of template
concentration on the structural and morphological characteristics of
the synthesized hydroxyapatite. All samples were prepared using a
fixed Ca/P molar ratio of 1.67, corresponding to the stoichiometric
ratio of hydroxyapatite [1], and the reaction pH was maintained at
alkaline levels.

3.1.1 X-Ray Diffraction (XRD)
XRD analysis was performed to identify the crystalline phases
formed in the synthesized HAp and to evaluate changes in
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diffraction characteristics resulting from variations in orange peel
extract concentration. XRD measurements were conducted on all
samples containing 0%, 10%, 20%, and 30% orange peel extract,
which is commonly applied for phase identification in calcium
phosphate—based materials [1,11].

As shown in Fig. 5, all diffraction patterns consistently
exhibited characteristic peaks corresponding to the hexagonal

crystal structure of hydroxyapatite. The main diffraction peaks
were observed at 20 values of 25.9°, 31.9°, 32.3°, 34.2°, 39.9°,
47.1°, and 49.5°, confirming that hydroxyapatite [Caio(PO4)s(OH):]
was the dominant crystalline phase in all synthesized samples.
These diffraction features are in good agreement with
hydroxyapatite synthesized via green routes reported in previous
studies [5,12,13,16,17].
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Fig. 5. XRD pattern of hydroxyapatite synthesized with different orange peel extract concentrations: (a) 0%, (b) 10%, (c) 20%, and (d)

30%.

In addition to the dominant hydroxyapatite phase, minor
secondary phases were detected in several samples. A diffraction
peak at approximately 20 =~ 37.46° was attributed to residual
calcium oxide (CaO), indicating incomplete phase transformation
during synthesis. Furthermore, a weak peak observed around 26 =

28.7° was assigned to calcium carbonate (CaCOs), which may
originate from partial carbonation of CaO by atmospheric CO: or
from incomplete decomposition of CaCOs during calcination, as
commonly reported in eggshell-based hydroxyapatite synthesis
[18].
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With increasing orange peel extract concentration, a slight
broadening of hydroxyapatite diffraction peaks was observed. This
peak broadening indicates a reduction in crystallite size and a
marginal decrease in crystallinity. Similar behavior has been
reported in template-assisted green synthesis systems, where
organic compounds derived from plant extracts act as crystal
growth—controlling agents, limiting excessive crystallite growth
[5,12]. The reduced crystallite size implied by peak broadening is
often associated with increased surface reactivity, which is
advantageous for subsequent bioceramic applications.

Quantitative analysis of crystallinity further supports the
observed XRD trends. The hydroxyapatite sample synthesized
without orange peel extract (0%) exhibited the highest crystallinity,
reaching 100%, indicating unrestricted crystal growth under
conventional precipitation conditions. Upon the addition of orange
peel extract, a gradual decrease in crystallinity was observed. The
crystallinity values decreased to 99.55% for the 10% extract
sample, 95.6% for the 20% extract sample, and 95.2% for the 30%
extract sample.

The reduction in crystallinity with increasing extract
concentration is attributed to the interaction between organic
functional groups in the orange peel extract and calcium ions,
which hinder excessive crystal growth and promote controlled
nucleation. Although a slight decrease in crystallinity occurred, the
values remained relatively high (>95%), indicating that the
hydroxyapatite phase was well preserved. This controlled reduction
in crystallinity is consistent with the observed refinement in particle
size and enhanced porosity, as confirmed by SEM analysis, and is
considered beneficial for applications requiring higher surface
reactivity.

3.1.2Scanning Electron Microscopy (SEM)

SEM was employed to examine the surface morphology,
particle size tendencies, and degree of particle agglomeration of the
synthesized hydroxyapatite samples. SEM observations were
conducted for all samples containing 0%, 10%, 20%, and 30%
orange peel extract, following standard morphological
characterization practices for bioceramic materials [13].

Fig. 6 presents SEM micrographs of hydroxyapatite synthesized
with different orange peel extract concentrations. The control
sample without orange peel extract (0%) exhibited large, dense
agglomerates with irregular morphology. The particle surfaces
appeared rough, and individual particles were strongly bonded,
resulting in a non-uniform particle size distribution and extensive
agglomeration. This morphology is characteristic of hydroxyapatite
synthesized via conventional wet precipitation in the absence of
organic growth-controlling agents, where rapid nucleation and
unrestricted crystal growth promote particle coalescence [18,19].

Ko L% e oy Ul
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(<l (d)
Fig. 6. SEM micrograph of hydroxyapatite synthesized with
different orange peel extract concentrations: (a) 0%, (b) 10%, (c)
20%, and (d) 30%.

In the sample containing 10% orange peel extract, noticeable
morphological changes were observed. The hydroxyapatite
particles appeared smaller and more uniformly distributed than in
the control sample, although partial aggregation remainedevident.
The smoother particle surfaces suggest that organic compounds in
the orange peel extract began to adsorb onto the particles, partially
suppressing excessive crystal growth and agglomeration. Similar
morphological refinement at low template concentrations has been
reported in plant-mediated green synthesis systems [14].

Further morphological evolution was observed in the sample
synthesized with 20% orange peel extract. The hydroxyapatite
particles appeared finer and more dispersed, accompanied by a
clear reduction in agglomeration. In addition, surface features
indicative of pore formation became more apparent. These
observations suggest that a higher concentration of organic
molecules provided more effective surface coverage during
nucleation and crystal growth, resulting in improved particle
dispersion and the development of porous microstructures.

At an orange peel extract concentration of 30%, the most
pronounced morphological modification was observed. The
hydroxyapatite particles appeared to be the finest and smallest
among all sample variations, with minimal agglomeration and a
more open, porous structure. The high porosity observed at this
concentration indicates that the organic constituents of the orange
peel extract acted not only as growth inhibitors but also as pore-
forming agents. Comparable morphological trends have been
reported in studies using plant-derived biotemplates, in which
increasing template concentration led to enhanced porosity and
reduced particle size [13].

Overall, the SEM results demonstrate that the incorporation of
orange peel extract significantly influences the morphology of
eggshell-derived  hydroxyapatite.  Increasing  the  extract
concentration led in a progressive reduction in particle size,
decreased agglomeration, and enhanced porosity, indicating
effective microstructural control via the green template approach.
These morphological characteristics are particularly advantageous
for applications requiring high surface area, such as bone tissue
engineering scaffolds and adsorption-based systems. The SEM
observations further corroborate the XRD results, confirming that
orange peel extract acts as an effective structure-directing agent in
the green synthesis of hydroxyapatite from eggshell waste.

3.1.3Energy-Dispersive X-Ray Spectroscopy (EDS)

EDS analysis was employed to evaluate the elemental
composition and purity of the synthesized hydroxyapatite samples
and to assess the influence of orange peel extract addition on
elemental distribution. As shown in Fig. 7, the EDS spectra of all
samples consistently revealed calcium (Ca), phosphorus (P), and
oxygen (O) as the predominant elements, irrespective of the orange
peel extract concentration. This elemental composition is
characteristic of calcium phosphate—based materials and confirms
the successful formation of hydroxyapatite, in agreement with
previous reports on eggshell-derived hydroxyapatite synthesized
via green routes [1,15].

The consistent presence of Ca and P across all samples indicates
that the incorporation of orange peel extract did not alter the
fundamental chemical composition of the hydroxyapatite phase.
This observation is important, as the introduction of natural
templates in green synthesis routes may potentially lead to
compositional variability if not properly controlled. Similar
findings have been reported in plant-mediated hydroxyapatite
synthesis, where organic additives primarily influenced particle
morphology and microstructure without disrupting the Ca-P
framework [5,14].

Carbon (C) was detected in samples synthesized with orange
peel extract (10%, 20%, and 30%), whereas it was absent or
negligible in the control sample without extract. The presence of
carbon is attributed to residual organic species originating from the
orange peel extract, such as pectin and flavonoids, which may not
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be completely eliminated during calcination. Comparable carbon
signals have been reported in other studies employing plant extracts
as green templates and are commonly associated with partial
decomposition of organic components during thermal treatment
[5,15].

Importantly, the detection of carbon did not coincide with the
appearance of undesired calcium phosphate phases, as confirmed

Element Element Atomic Weight

Symbol Name Conc. Conc.

C Carbon 20.229 12.136

0 Oxygen 59.609 47.643

P Phosphorus 0.324 0.502

Ca Calcium 19.838 39.719
(@)

Element Element Atomic Weight

Symbol Name Conc. Conc.

C Carbon 5.598 2.903

0 Oxygen 63.318 43.744

P Phosphorus 1.122 1.502

Ca Calcium 29.962 51.852
(©

by XRD analysis, indicating that residual carbon species did not
interfere with hydroxyapatite phase formation. In fact, several
studies suggest that trace amounts of carbon or carbonate
substitution in hydroxyapatite can enhance biological performance
by mimicking the composition of natural bone mineral, which
inherently contains carbonate ions [1].

Element Element Atomic Weight

Symbol Name Conc. Conc.

C Carbon 29.128 18.581

0 Oxygen 54.191 46.054

P Phosphorus 0.304 0.500

Ca Calcium 16.377 34.865
(b)

Element Element Atomic Weight

Symbol Name Conc. Conc.

C Carbon 4.638 2.400

0 Oxygen 64.260 44.300

P Phosphorus 1.049 1.400

Ca Calcium 30.053 51.900
(d)

Fig. 7. EDS elemental composition of hydroxyapatite samples synthesized under various experimental conditions: (a) 0%, (b) 10%, (c)

20%, dan (d) 30% adding orange peel.

No heavy metals or foreign elements were detected at
significant levels in any of the samples, demonstrating a high
degree of elemental purity. This is particularly important for
biomedical applications, where contamination with toxic elements
can compromise biocompatibility and safety. Previous studies have
emphasized that hydroxyapatite intended for bone-related
applications must exhibit chemical purity and be free of harmful
trace elements [2].

Overall, the EDS results support the effectiveness of the green
synthesis approach employed in this study. The integration of
eggshell waste as a calcium source and orange peel extract as a
natural template successfully produced hydroxyapatite with
appropriate elemental composition and high purity, while enabling
microstructural modification without introducing undesirable
contaminants.

3.2 Discussion

The results of this study demonstrate that the green synthesis
approach employing chicken eggshell waste as a calcium source
and orange peel extract as a natural template is effective in
producing HAp with controlled structural and microstructural
characteristics. Across all synthesis conditions, hydroxyapatite was
confirmed as the dominant crystalline phase, indicating that the
incorporation of a plant-based template did not hinder the
fundamental Ca-P reaction pathway required for HAp formation.
This finding is consistent with previous studies reporting the
feasibility —of  eggshell-derived  calcium  precursors in
environmentally benign synthesis routes for bioceramic materials
[9,10,12].

The presence of minor secondary phases, such as CaO and
CaCOs, observed in several samples is commonly reported in
eggshell-based hydroxyapatite synthesis. These phases are typically
attributed to incomplete phase transformation during calcination or
partial carbonation of CaO by atmospheric CO: [18]. Importantly,
the persistence of hydroxyapatite as the dominant phase across all
orange peel extract concentrations indicates that the green template
did not disrupt phase formation, but rather influenced crystal
growth behavior. This observation aligns with earlier reports that
phase purity in green synthesis systems is often determined by
calcination conditions rather than by organic templates alone.

A notable effect of orange peel extract addition was observed in
the broadening of XRD diffraction peaks with increasing extract
concentration. Peak broadening is generally associated with
reduced crystallite size and a slight decrease in crystallinity. In

plant-mediated green synthesis systems, this phenomenon is widely
attributed to the interaction between organic biomolecules and Ca**
ions during nucleation and crystal growth. Compounds such as
pectin, flavonoids, and organic acids present in orange peel extract
can act as chelating agents, temporarily binding calcium ions and
limiting excessive crystal growth [4,16,20]. As a result, smaller
crystallites with higher surface area are formed, which is
advantageous for bioactive and adsorption-related applications.

The SEM observations strongly support the XRD findings by
providing direct visual evidence of microstructural modification
induced by the orange peel extract. The control sample synthesized
without extract exhibited large, densely agglomerated particles with
irregular morphology, a characteristic feature of hydroxyapatite
synthesized via conventional wet precipitation without structure-
directing agents [18,19]. As the concentration of orange peel
extract increased, the hydroxyapatite particles became
progressively finer, more uniformly distributed, and less
agglomerated, with enhanced surface porosity. This trend clearly
demonstrates the role of orange peel extract as an effective green
template in regulating particle growth and aggregation.

The reduction in agglomeration and the emergence of porous
structures can be attributed to the adsorption of organic molecules
from the extract onto the surface of newly formed hydroxyapatite
nuclei. These molecules act as steric barriers, preventing particle
coalescence and promoting more homogeneous growth [13,14].
Similar morphological evolution has been reported in studies
employing other plant-derived templates, such as banana peel,
neem leaf, and citrus extracts, in which biomolecules function as
stabilizing and structure-directing agents during synthesis [12].

The strong correlation between SEM and XRD results indicates
that the observed reduction in crystallite size is directly linked to
the refined particle morphology. Smaller crystallites and higher
porosity are often associated with broader diffraction peaks, as
reported in template-assisted green synthesis of hydroxyapatite [5].
This correlation confirms that orange peel extract influences not
only surface morphology but also crystal growth kinetics at the
microscopic scale.

EDS analysis further confirmed that the integration of orange
peel extract did not compromise the elemental composition or
purity of the synthesized hydroxyapatite. Calcium, phosphorus, and
oxygen remained the dominant elements in all samples, confirming
the preservation of the Ca-P framework characteristic of
hydroxyapatite [1,15]. The detection of carbon in extract-
containing samples is attributed to residual organic species
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originating from the plant-based template, a common feature in
green synthesis systems [4,15]. Importantly, the absence of heavy
metals and other foreign elements underscores the suitability of the

synthesized material for biomedical and environmental
applications.
From an application perspective, the microstructural

characteristics achieved in this study are highly desirable for
bioceramic materials. Hydroxyapatite with reduced particle size,
enhanced porosity, and high surface area has been shown to
promote osteoblast adhesion and proliferation, thereby improving
osteoconductive behavior in bone tissue engineering applications
[1,2]. Furthermore, porous hydroxyapatite structures are
advantageous for non-biomedical applications, such as the
adsorption of dyes and heavy metal ions, where surface area and
accessibility of active sites are critical [19].

Overall, this study demonstrates that the combined use of
eggshell waste and orange peel extract offers a sustainable and
effective strategy for producing hydroxyapatite with tunable
structural and microstructural properties. The findings contribute to
the growing body of literature on waste-derived and plant-mediated
green synthesis of bioceramics, highlighting the potential of
agricultural and food industry by-products as valuable resources for
advanced material development.

4 Conclusions

This study demonstrated a sustainable green synthesis route for
HAp using chicken eggshell waste as a calcium source and orange
peel (Citrus sinensis L.) extract as a natural template via a wet-
chemical precipitation method. In terms of crystal structure, XRD
analysis confirmed hydroxyapatite as the dominant hexagonal
phase under all synthesis conditions, while the addition of orange
peel extract led to controlled peak broadening and a gradual
decrease in crystallinity from 100% (0%) to 99.55% (10%), 95.6%
(20%), and 95.2% (30%), indicating reduced crystallite size
without phase degradation.

Regarding particle morphology, SEM observations revealed
that increasing extract concentration resulted in finer particle size,
reduced agglomeration, and enhanced surface porosity, with the
most pronounced microstructural refinement observed at 30%
extract concentration. Concerning material characteristics, EDS
analysis confirmed consistent elemental composition and the
absence of harmful contaminants, demonstrating that the
incorporation of orange peel extract effectively modified
microstructural features without disrupting the fundamental
hydroxyapatite framework.

Among the investigated conditions, 30% orange peel extract
was identified as the most preferable concentration, providing the
best balance between crystal growth control, morphological
refinement, and structural stability. Overall, integrating eggshell
waste and orange peel extract offers an environmentally friendly
and cost-effective approach for producing hydroxyapatite with
tunable properties, highlighting the potential of waste-derived green
synthesis  strategies for sustainable bioceramic  material
development.
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