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ARTICLE INFO ABSTRACT
Keywords: Synthetic dyes such as methylene blue pose a significant pollution
Photocatalyst; threat due to their chemical stability, resistance to biodegradation, and
ZnO/HAp composite; adverse ecological impacts. Photocatalytic treatment with ZnO s

Methylene blue;
Solid state dispersion.

promising; however, particle agglomeration commonly diminishes
efficiency. To mitigate this limitation, a ZnO/hydroxyapatite (ZnO/HAp)
composite was synthesized from Zn—-C battery waste and duck
eggshells via a solid-state dispersion method using ZnO: HAp molar
ratios of 1:1, 1:3, and 3:1. The materials were characterized by X-ray
diffraction (XRD) and scanning electron microscopy (SEM).
Photocatalytic activity was assessed by degrading 10 mL of 10 ppm
methylene blue with 90 mg of photocatalyst under visible-light irradiation
doi:10.20961/jkpk.v10i2.106962 for 180 min. XRD confirmed the successful formation of ZnO, HAp, and
ZnO/HAp composites with single-phase zincite and hydroxyapatite
@ ONG), structures, crystallite sizes of 14.66—25.09 nm, and crystallinity values
Ev_n of 62.66-86.60%. SEM revealed irregular particle morphologies. All
©2025 The Authors. This open- composites were photocatalytically active, achieving methylene-blue
access article is distributed decolorization of 96.63%, 91.45%, and 81.07%, with the 1:1 composite
under a (CC-BY-SA License) exhibiting the highest performance. These results indicate that waste-
derived ZnO/HAp composites are promising, low-cost photocatalysts for
treating organic dye pollutants.
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INTRODUCTION

In recent decades, rapid industrial
growth has become a major contributor to
environmental pollution [1], particularly
through wastewater containing synthetic
dyes from the textile industry [2]. Synthetic
dyes exhibit high chemical stability and

strong resistance to degradation in

323

conventional wastewater treatment systems.
As a result, their accumulation in the
environment poses long-term ecological risks
[3]. More than 10,000 types of dyes are
produced worldwide, with annual production
exceeding 7 x 10° tons [2]. Approximately
10-15% of these dyes fail to bind to textile
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fibers and are ultimately released into the
environment [4].

Among them, methylene blue is
widely used in the textile industry due to its
low cost and high availability [5]. The global
methylene blue market is projected to grow
from USD 400 million in 2024 to USD 1 billion
by 2037 (CAGR 7.6%), driven by its
applications in healthcare, textiles, research,
and neurological therapies, along with a
growing emphasis on sustainable production
[6]. However, methylene blue is toxic,
potentially carcinogenic, and harmful to
aquatic ecosystems [7], [8]. Therefore, its
transformation into more biodegradable and
environmentally safe compounds is crucial.
Photocatalysis provides an efficient strategy
for this purpose. Semiconductor materials
such as ZnO, TiO,, ZrO,, and Fe,0O; are
widely recognized as effective photocatalysts
capable of degrading methylene blue into
simple end-products, including carbon
dioxide and water [9].

Zinc oxide (ZnQO) is an n-type
semiconductor with a 3.37 eV band gap,
making it effective under ultraviolet (UV) light
for generating electron—hole pairs that drive
redox reactions and degrade organic
pollutants such as methylene blue [10].
However, its limited response to visible light
reduces practical efficiency, as Rabbani et al.
(2021) reported that ZnO degraded 41.8% of
dye under UV but only 24.9% under visible
light [11].

Sustainable synthesis of ZnO from Zn—
C battery waste offers ecological and
economic benefits by recycling hazardous e-
waste and reducing disposal risks [12], [13].

Although zinc from batteries is easily

recovered, ZnO suffers from severe
agglomeration, which reduces active surface
area and charge mobility, thereby lowering
photocatalytic performance [14]. Strategies
such as doping, surface modification, and
composite formation with biowaste-derived
materials  (e.g., hydroxyapatite = from
eggshells) have been developed to improve
surface area, stability, and activity [15].
Composite development provides a
practical solution by preventing
agglomeration, enhancing adsorption, and
extending ZnO’s light absorption into the
visible region [16]. Hydroxyapatite (HAp), in
particular, is promising in improving dye
adsorption and broadening ZnO activity,
ZnO/HAp

attractive for

making composites  highly

wastewater  treatment
applications.

Despite the enhanced photocatalytic
performance of ZnO/HAp composites, their
synthesis from battery waste and eggshell-
derived precursors remains underexplored.
One promising strategy is the integration of
ZnO with porous materials such as HAp [17].
The uniform distribution of ZnO particles on
the porous HAp surface increases the active
surface area and effectively mitigates particle
agglomeration [18].

Recent studies consistently
demonstrate that ZnO/HAp composites
exhibit

antibacterial properties compared to their

superior photocatalytic and

single-phase counterparts. For instance,
ZnO/HAp
degraded the

hydrothermally synthesized

composites  effectively
antibiotic levofloxacin due to HAp’s ability to
preconcentrate contaminants around ZnO

active sites, thereby enhancing ZnO
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dispersion and reducing agglomeration [19].
Similarly, ZnO supported on eggshell-derived
HAp achieved improved dye removal
efficiency. This can be attributed to HAp’s
high porosity and abundant surface functional
groups (PO,37/OH"), which enhance pollutant
adsorption and broaden interfacial contact
with ZnO, facilitating light-driven redox
reactions [17]. The synergistic interaction
arises from HAp acting as an adsorptive
matrix that enriches local pollutant
concentrations. At the same time, ZnO
provides photocatalytic sites for charge
separation, resulting in greater stability and
overall photocatalytic efficiency [16], [20].

Beyond photocatalysis, HAp is widely
utilized for its antibacterial and adsorptive
properties, with proven ability to immobilize
various organic and inorganic contaminants
[18], [21]. HAp can be synthesized from
calcium-rich biowaste, including chicken,
quail, and duck eggshells [22]. Among these,
duck eggshells contain the highest calcium
content (77.3%), exceeding that of free-range
chicken (52.8%) and quail eggshells
(66.13%) as determined by titration of
unboiled eggshells [23]. This high calcium
content makes duck eggshells an excellent
raw material for HAp synthesis with greater
yield and purity. Furthermore, valorizing duck
eggshell waste reduces its environmental
burden—given its slow natural degradation—
while providing a low-cost and abundant
precursor  for  sustainable  ZnO/HAp
composite production.

Several methods have been
employed for composite synthesis, including
sol—gel [24], [25], hydrothermal [26], [27], and

solid-state dispersion techniques [28]. While

sol-gel and hydrothermal methods allow
precise control over particle size and
morphology, they typically require extended
processing times, specialized high-pressure
equipment, or costly precursors. By contrast,
the solid-state dispersion method offers
simplicity, low cost, scalability, and
environmental compatibility, making it a
practical approach for the sustainable
preparation of ZnO/HAp composites [28].
This study synthesized ZnO from
zinc—carbon  battery waste via the
coprecipitation method, while HAp was
obtained from duck eggshells through a
ZnO/HAp

composites were subsequently prepared

hydrothermal process. The
using the solid-state dispersion method and
tested for their photocatalytic activity in
degrading methylene blue. This approach
addresses waste management challenges by
transforming hazardous battery residues and
eggshell byproducts into functional materials
and advancing sustainable photocatalyst
development. Zn0O provides strong

photocatalytic  activity, ~whereas HAp
contributes porosity and phosphate groups
that enhance pollutant adsorption and charge
separation, improving stability and efficiency.
The novelty of this work lies in the dual
valorization of waste materials through a
simple, low-cost, and eco-friendly synthesis
route. It is hypothesized that the resulting
ZnO/HAp composite exhibits enhanced
photocatalytic activity under visible light,
offering sustainable potential for wastewater

treatment applications.
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METHODS
1. Materials

The materials used in this study
included zinc—carbon (Zn—-C) battery waste
and duck eggshells as precursor sources.
The  chemical
hydrochloric acid (HCI, 37%, Merck®),
sodium hydroxide (NaOH, p.a., Merck®),
silver nitrate (AgNO;, p.a., Merck®),

reagents comprised

diammonium hydrogen phosphate
((NH4),HPO,, technical grade), ammonium
hydroxide (NH,OH, 25%, technical grade),
and tartaric acid (technical grade). All
chemicals were used as received, without

further purification.

2, Synthesis of ZnO from Battery

Waste

Zinc plates in the second layer of Zn—
C  battery cells were separated and
mechanically cleaned from adhering
impurities, particularly carbon paste, by
sanding. The cleaned plates were cut into
small pieces (~1 x 1 mm). A total of 0.78 g of
zinc was dissolved in 100 mL of 5 M HCI
under constant stirring until  complete
dissolution, producing ZnCl, solution. The pH
of the solution was then adjusted to 10 by
dropwise addition of 5 M NaOH, resulting in
the precipitation of Zn?* ions as Zn(OH),.

The precipitate was filtered using
Whatman No. 41 filter paper, washed
repeatedly with distilled water until a neutral
pH was achieved, and dried in an oven at
110°C for 3 hours. The dried Zn(OH), was
subsequently calcined at 400°C for three
hours in a muffle furnace (Thermo FB1410
M33, 1100°C) to obtain ZnO powder. The
resulting ZnO was characterized by X-ray

diffraction (XRD) to confirm its crystalline

phase and structural properties

3. Synthesis of Hydroxyapatite (HAp)

Duck eggshells were cleaned under
running tap water, separated from the
membranes, oven-dried, and crushed into
fine powder. The powdered shells were
calcined at 1000°C for 12 h, converting
calcium carbonate (CaCO;) into calcium
oxide (CaO) [18].

For HAp synthesis, 11.2 g of CaO
was dispersed in 150 mL of deionized water
containing 1 wit% tartaric acid as a
morphology-regulating
Subsequently, 15.85 g of (NH,),HPO, was

added, and the mixture was stirred until

template [29].

homogeneous. The pH was adjusted to 10
using 25% NH,OH. The resulting suspension
was transferred into a 150 mL Teflon-lined
stainless steel autoclave and subjected to
hydrothermal treatment at 175°C for eight
hours.

After cooling, the precipitate was
filtered, washed with deionized water until
neutral pH, and dried at 105°C for 24 h. The
dried powder was then calcined at 500°C for
3 h to improve crystallinity. XRD confirmed

phase purity and crystallinity of Hap.

4. Synthesis of ZnO/HAp Composite

ZnO and HAp powders were mixed in
molar ratios of 1:1 (Kom-11), 1:3 (Kom-13),
and 3:1 (Kom-31). Each mixture was
dispersed in acetone and ultrasonicated for
30 min at room temperature using a GT Sonic
UC3LD (220-240 V, 50 Hz, 3 A fuse) to
achieve uniform distribution. After solvent
evaporation under ambient conditions, the

dried solids were calcined at 400°C for three
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hours. XRD characterized the composites to
determine crystallinity and used scanning

electron microscopy (SEM) to observe

morphology.
5. Photocatalytic Activity
Performance

Photocatalytic activity was evaluated
using methylene blue (MB) as a model dye
pollutant. A total of 90 mg of ZnO/HAp
composite was added to 10 mL of 10 ppm MB
solution in a glass vial. The suspension was
irradiated with visible light from a 500 W
Philips lamp (wavelength range: 400-750
nm, distance: 15 cm) for 180 min. After
irradiation, the suspension was filtered to
separate the photocatalyst, and the
absorbance of the filtrate was measured at
664 nm using a UV-Vis spectrophotometer to

determine the decolorization efficiency.

RESULT AND DISCUSSION

1. Structural Characterization (XRD)

X-ray diffraction (XRD) analysis was
performed to determine the crystal structures
of the synthesized ZnO, HAp, and ZnO/HAp
composites. As shown in Figure 1, the
diffraction  patterns of all samples
corresponded well with standard reference
patterns. For ZnO, distinct diffraction peaks
were observed at 20 values of approximately
31.77°, 34.42°, 36.25°, 47.53°, and 56.60°,
corresponding to the lattice planes (100),
(002), (101), (102), and (110), respectively.
These peaks are in agreement with the ICDD

card number. 00-036-1451, as reported in

previous studies [30], [31]. The sharp and
intense peaks confirm the formation of the
zincite phase, which crystallizes in a
hexagonal structure with space group P6smc.

In the case of hydroxyapatite (HAp),
characteristic peaks were observed at 20
values of 25.88°, 28.92°, 31.76°, 32.89°,
39.79°, 42.32°, 46.69°, 49.49°, 53.22°, and
64.14°, corresponding to the lattice planes
(002), (210), (211), (300), (130), (302), (222),
(213), (004), and (323), respectively. These
results are consistent with the ICDD card
number. 01-074-0566 and confirm the
formation of a hydroxyapatite phase with a
hexagonal structure (space group P6s/m), in
line with earlier reports [32]. Although minor
variations in peak intensity and slight shifts to
lower and higher angles were observed
compared with the standards, the
coexistence of these characteristic peaks in
the composites indicates the successful
integration of ZnO and Hap.

Crystallite size and degree of
crystallinity were further calculated using the
Debye—Scherrer equation, with FWHM data
processed through Origin software. The
results are summarized in Table 1. The
crystallite sizes of all synthesized samples fall
within the nanocrystalline range (1—100 nm),
confirming that the synthesis produced
nanostructured materials. Such nanoscale
crystallinity is advantageous for
photocatalytic applications, as it typically
enhances surface reactivity and increases

active surface area.
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Figure 1. XRD Difractograms

Table 1. Crystallite Size and Degree of Crystallinity

. Degree of
No Sample Crystallite - tallinity
Size (nm)
(%)
1 ZnO 25.10 86.60
2 HAp 16.31 62.66
3 Kom-11 14.67 84.52
4 Kom-13 16.20 66.22
5 Kom-31 18.71 64.03

The results show that pure ZnO
exhibited the largest crystallite size and the
highest crystallinity, indicating a well-ordered
crystalline phase with minimal lattice defects.
In contrast, HAp displayed smaller crystallite

sizes and lower crystallinity, suggesting the

presence of partially amorphous regions
likely formed during synthesis.

When ZnO and HAp were combined,
notable changes in crystallite properties were
observed. The composite with a ZnO: HAp

ratio of 1:1 (Kom-11) exhibited the smallest
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crystallite size alongside relatively high
crystallinity compared with other composites.
This indicates that a balanced composition of
Zn0 and HAp can suppress excessive crystal
structural

growth  while  maintaining

consistency. The synergistic interaction
between ZnO and HAp stabilizes the

composite structure and optimizes surface

characteristics.
Overall, the Kom-11 composite
demonstrated the most favorable

characteristics—small crystallite size and
sufficient crystallinity—expected to enhance
its  photocatalytic These
findings highlight that tailoring the ZnO: HAp

ratio is a promising strategy for designing

performance.

SU3500 10.0kV X10.0k SE 5.00um

efficient photocatalysts with improved
stability and reactivity.
2, Morphology Analysis (SEM)

The surface morphology of the
ZnO/HAp composites was analyzed using
scanning electron microscopy (SEM). Figure
2 presents the SEM micrographs of the three
composites (Kom-11, Kom-13, and Kom-31)
at 10,000x magnification. The images reveal
that all composites exhibit irregular particle
shapes with rough and uneven surfaces,
accompanied by noticeable particle
aggregation. In addition, variations in particle
size suggest a relatively broad size

distribution across the samples.

SU3500 10.0kV X10.0k SE

Figure 2. SEM Image (a) Kom-11, (b) Kom-13, dan (¢) Kom-31, with 10.000x magnification
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Among the three composites, Kom-
11 displays smaller and more uniformly
distributed particles than Kom-13 and Kom-
31. Although aggregation is still evident, the
overall distribution of particles appears more
homogeneous. These results are consistent
with the XRD findings, which showed that
Kom-11 possessed the smallest crystallite
size, relatively high crystallinity, and a more
stable structure. Such features are
advantageous because they increase the
available surface area, enhancing the
potential for catalytic activity [33], [34].

In contrast, Kom-13 and Kom-31
show larger particle aggregates and less
uniform size distribution. The rough surface
texture and high degree of agglomeration in
these samples may hinder the accessibility of
active sites on the composite surface,
potentially reducing photocatalytic efficiency.

The combined evidence from XRD
and SEM indicates that Kom-11 exhibits the
most favorable morphological characteristics

for photocatalytic applications. Its smaller

particle size and relatively homogeneous
distribution provide a larger effective contact
area for interactions with pollutant molecules,
which is expected to enhance photocatalytic

degradation efficiency [35].

3. Photocatalytic Performance

The photocatalytic activity of ZnO,
HAp, and the ZnO/HAp composites was
evaluated through methylene blue (MB)
degradation under visible-light irradiation.
Figure 3 illustrates the photodegradation
performance, showing the number of
degraded moles and  decolorization
percentage. The composites exhibited higher
photocatalytic efficiency than the individual
components, confirming the synergistic
interaction between ZnO and HAp. ZnO
primarily serves as a photocatalyst by
generating reactive oxygen species, whereas
HAp contributes by providing adsorption
sites, enhancing ZnO dispersion, and limiting

particle agglomeration [36], [37].

Table 2. Data of Photocatalytic Performance

Sample Initial abs Final abs % decolorization Mol
degraded

ZnO 1.9185 0.6277 67.37 19.42

HAp 1.791 0.4335 75.91 20.42

Kom-11 1.9805 0.0692 96.63 28.76

Kom-13 1.9185 0.1664 91.45 26.36

Kom-31 1.9185 0.3653 81.07 23.37

Practically, the number of moles
degraded reflects the absolute quantity of
decomposed pollutant, while the
decolorization percentage indicates overall
degradation efficiency, i.e., the fraction of the
dye removed. These results are consistent

with previous reports showing that ZnO/HAp

composites exhibit higher photocatalytic
activity than their individual components,
primarily because ZnO particles are more
evenly dispersed within the HAp matrix,
thereby expanding the active surface area
and facilitating charge separation and

catalyst reusability [30].
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Figure 3. The photocatalytic degradation of methylene blue.

The synergistic interaction between
ZnO and HAp explains the observed
improvement. Pure ZnO and HAp showed

relatively low activity, with decolorization

efficiencies of 67.37% and 75.91%,
respectively, whereas the composites
demonstrated substantially higher

performance. Kom-11, with a 1:1 molar ratio,
exhibited the best result, achieving 96.63%
that

methylene blue molecules were degraded

decolorization, indicating nearly all
under photocatalytic conditions.
At this Zn0O’s

photocatalytic function and HAp’s adsorptive

balanced ratio,
capacity complement each other, enabling
more efficient adsorption of dye molecules
onto the composite surface, followed by rapid
degradation at ZnO active sites. Additionally,
HAp increases the local concentration of
pollutants near ZnO and enhances ZnO
particle dispersion, reducing agglomeration
and improving surface  accessibility.
Crystallite size also plays a significant role:

smaller crystallites provide larger specific

surface areas and more active sites for redox
reactions [38]. XRD results confirmed that
Kom-11 had the smallest crystallite size,
revealed a more
both

supporting its superior photocatalytic activity.

while SEM analysis
homogeneous particle distribution,
Overall, the correlation between
crystallite size, surface morphology, and
that

ZnO/HAp composites—particularly at the 1:1

degradation  efficiency  confirms

molar ratio—offer an effective and
sustainable  approach for  enhancing
photocatalytic efficiency in wastewater

treatment applications.

CONCLUSION

Zn0O, HAp, and ZnO/HAp composites
were successfully synthesized from zinc—
carbon battery waste and duck eggshells.
XRD analysis confirmed the formation of
single-crystalline zincite and hydroxyapatite
phases with crystallite sizes ranging from
14.66 to 25.09 nm and crystallinity levels

between 62.66% and 86.60%. SEM
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observations revealed irregular morphologies
with varying particle sizes. All ZnO/HAp
exhibited

photocatalytic activity toward methylene blue

composites significant

degradation, decolorization
efficiencies of 96.63%, 91.45%, and 81.07%,
respectively. Among them, the composite
with a 1:1 ZnO: HAp ratio (Kom-11)
the highest

attributed to its smaller crystallite size,

achieving

demonstrated performance,

enhanced surface area, and improved ZnO
dispersion within the HAp matrix. These
findings highlight the potential of ZnO/HAp

composites derived from biowaste as

sustainable photocatalysts for wastewater

treatment applications.
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