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Abstract

This study aims to synthesize and characterize a limestone-based ZnO-hydroxyapatite (HA/ZnO) composite and
evaluate its performance in the photocatalytic degradation of Rhodamine B under UV irradiation. Hydroxyapatite was
synthesized by reacting calcined CaO from limestone with orthophosphoric acid and subsequently combined with ZnO
via a co-precipitation—hydrothermal method. The materials were characterized using X-ray Diffraction (XRD) and
Fourier Transform Infra Red (FTIR) to determine their crystal structure and functional groups. The HA/ZnO composite
exhibited the smallest crystallite size (14.86 nm), indicating enhanced surface area and strong interfacial interaction.
Photodegradation tests revealed optimal conditions at pH of 9, Rhodamine B concentration of 20 mg/L, and catalyst
dosage of 1.5 g, achieving a maximum degradation efficiency of 99.81%. Toxicity assessment using a corn seed
germination test showed a significant increase in germination rate from 16% (untreated) to 92% (after photocatalytic
treatment). These findings suggest that the limestone-derived HA/ZnO composite is a promising, environmentally
friendly, and efficient photocatalyst for textile dye wastewater treatment.
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1. Introduction industries that uses a lot of chemicals and water
in its production process. Textile wastewater
contains high organic and inorganic contaminants
with extreme color intensity resulting from the
use of large amounts of chemicals including dyes
in the textile dyeing process [1,2]. One of the dyes
widely used in textile dyeing is rhodamine B. It is
estimated that more than 100,000 tons of
synthetic dyes per year are consumed for the
s - textile industry and around 10-50% is discharged
orresponding Author.

Email: nyoman.sukarta@undiksha.ac.id (I.N. Sukarta) into the environment as wastewater [3].

The textile industry plays an important role
in national development, absorbing 20 percent of
the total workforce in the processing industry.
However, in addition to having a positive impact
on the economy, the development of the textile
industry also has the potential to damage the
environment. The textile industry is one of the
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Rhodamine B dye, like other dyes, is stable to
light, heat, oxidation, and is not biodegradable [4].
Due to its non-degradable nature and inherent
structural stability, Rhodamine B is categorized
as a neurotoxic dye in humans and animals,
causing infections in the eyes, skin, digestive
tract, and respiratory tract [5].

Many methods have been used to degrade
hazardous compounds in textile waste. One
method that can be used to remove organic
pollutants such as textile dye waste is the
photocatalysis or photodegradation method [6].
Photocatalysis is generally defined as a chemical
reaction process assisted by light and a catalyst.
The basic principle of photocatalysis is the
irradiation of the catalyst using photons with
sufficient energy to produce hydroxyl radicals that
break down pollutants [7]. Photocatalysis is a
simple and effective method for treating dye
wastewater that is very difficult to degrade [8].
Among the various semiconductors, ZnO is one of
the catalysts that is widely used for photocatalysis
applications because it is effective, inexpensive,
and non-toxic for the degradation of various
pollutants [9]. ZnO is an environmentally friendly
and abundant semiconductor with n-type
conductivity and a wide band gap of 3.3 eV [10].
The advantage of ZnO as a photocatalyst is that it
has the same band gap energy but shows higher
absorption efficiency in most of the solar spectrum
when compared to TiO:z [11]. It is also reported
that among various semiconductors, ZnO has
higher efficiency in the photocatalytic degradation
of some organic dyes than TiOz [12].

However, ZnO as a photocatalyst still has
several weaknesses such as low adsorption
capacity in absorbing substances to be degraded,
rapid recombination of electron-hole pairs
produced by photogeneration, thus reducing its
photocatalytic  effectiveness, and easy to
aggregate or clump when used directly as a
photocatalyst in the photocatalytic process. To
overcome this problem, research activities have
developed to strengthen ZnO photocatalysts by
manipulating their nanostructure and
morphology, one of which is combining foreign
materials (metal/metal oxide, ceramics, or
polymers) in ZnO semiconductors in the form of
composites.

Hydroxyapatite (Cai10(PO4)s(OH)2z) 1is a
calcium phosphate bioceramic and biomaterial
that is highly sought after in various fields due to
its extraordinary structure and inherent
properties such as its large adsorption capacity,
acid-base adjustment ability, ion exchange ability,
and good thermal stability. Research on
hydroxyapatite has been widely conducted due to
its very broad applications in various fields
including in the environmental field or waste
treatment as an adsorbent, catalyst support in the
photodegradation process.

Considering the inherent properties and
potential of both materials, the integration of ZnO
and hydroxyapatite into a composite structure is
expected to overcome the limitations of ZnO as a
photocatalyst. A composite is a hybrid material
composed of two or more distinct components with
different physical and chemical characteristics,
designed to produce synergistic properties
superior to those of the individual constituents
[13]. Hydroxyapatite offers high adsorption
capacity, thermal stability, and ion exchange
ability, while ZnO is an efficient and widely used
photocatalyst for the degradation of various
organic dyes. The combination of these materials
in a composite system provides several
advantages over the use of either component
alone. These include enhanced photocatalytic
efficiency due to improved UV light absorption
and extended charge carrier (electron—hole pair)
lifetime, which contribute to more effective
degradation reactions. Furthermore,
hydroxyapatite provides additional surface area
that facilitates greater adsorption of dye
molecules and organic pollutants, thereby
accelerating the degradation process.
Importantly, hydroxyapatite acts as a structural
matrix that prevents ZnO agglomeration,
maintaining the optimal surface area of ZnO
necessary for efficient photocatalytic activity[14].
However, previous studies have rarely reported
the use of hydroxyapatite derived from calcined
limestone—a highly abundant and inexpensive
material—as a support matrix for ZnO in
photocatalytic applications. In addition, limited
attention has been given to the environmental
safety of the photocatalytic process, particularly
regarding the toxicity of Rhodamine B
degradation by-products. This presents a research
gap in developing low-cost, sustainable
composites while ensuring their environmental
viability through toxicity evaluation. The novelty
of this study lies in the synthesis of ZnO-
hydroxyapatite composites using limestone-based
HA, combined with a comprehensive assessment
of structural characteristics and toxicity. This
dual approach offers scientific merit by advancing
both materials engineering and environmental
risk assessment in photocatalytic wastewater
treatment.

Based on this background, the present study
focuses on the synthesis and characterization of
limestone-derived hydroxyapatite as a ZnO-
supporting catalyst for the photocatalytic
degradation of Rhodamine B dye. Although
hydroxyapatite is naturally available in sources
such as apatite minerals, bones, and animal teeth,
its use 1s limited due to the presence of impurities
and lack of control over material morphology and
structure. Naturally derived hydroxyapatite
generally requires complex and costly purification
processes to meet functional standards [15].
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Therefore, synthetic hydroxyapatite offers a
practical  alternative, enabling controlled
structure, improved purity, and customizable
properties for more efficient application in
environmental and photocatalytic systems.

In photocatalytic applications, material
structure plays a critical role in determining
catalytic efficiency. Thus, the structures of
hydroxyapatite, ZnO, and ZnO-hydroxyapatite
composites  were  investigated, as  the
physicochemical properties of  materials
significantly influence their performance in
photodegradation processes. Additionally, a
toxicity assessment of the Rhodamine B
degradation products was conducted to ensure
environmental safety. Although photocatalysis
aims to break down pollutants into simpler
compounds, the formation of intermediate by-
products may still pose toxic risks. Therefore,
toxicity evaluation is essential to determine the
environmental viability of photocatalyst use in
wastewater treatment.

2. Materials and Method
2.1 Materials

For the synthesis of hydroxyapatite (HA) and
the HA/ZnO composite, analytical-grade reagents
including orthophosphoric acid (H3;PO,), zinc
oxide (Zn0), and ammonia (NH3) were used, all
procured from Sigma-Aldrich. Limestone obtained
from Bali served as a natural source of calcium
carbonate (CaCO3), which was calcined to produce
calcium oxide, used as a precursor alongside
H3PO,. Ammonia was employed to adjust the pH
of the reaction medium during synthesis. The
chemical structure of Rhodamine B used in the
photocatalytic  degradation experiments 1is
1llustrated in Figure 1.

2.2. Synthesis of HA/ZnO Nanocomposites

The HA/ZnO nanocomposite was synthesized
using co-precipitation and hydrothermal methods,
both of which are known to yield materials with
high crystallinity and homogeneous particle
distribution [16]. The process began with the
calcination of limestone at 1000°C to convert
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Figure 1. Molecular structure of Rhodamine B.

CaCO3 into CaO, which was then reacted with
phosphoric acid to form hydroxyapatite [17]. The
resulting hydroxyapatite was combined with ZnO
through either impregnation or co-precipitation,
followed by further calcination at 1000°C to
produce a highly crystalline nanocomposite.
Material characterization was performed using X-
ray diffraction (XRD) and Fourier-transform
infrared spectroscopy (FTIR).

2.3. Photocatalytic degradation of Rhodamine B
Dye

A 25-Watt UV lamp was employed as the
photon energy source for the photocatalytic
degradation of Rhodamine B. To maintain
homogeneous electrolyte distribution, 500 mL of
Rhodamine B solution at a concentration of 50
mg/LL was added into the photocatalytic reactor
and continuously stirred at 150 rpm using an
automatic magnetic stirrer. At 120 minute
intervals, a 15 mL sample was withdrawn. After
separating the suspended particles, the
absorbance was measured at a wavelength of 554
nm. The degradation efficiency of Rhodamine B
via photocatalytic and adsorption processes was
investigated at various weight ratios of HA/ZnO.
The degradation efficiency was calculated using
the following equation:

DP(%) = 442 x 100% 1)
1

where, DP is degradation percentage (%), A1 is the
initial absorbance of dye, and Az is absorbance of
dye after treatment at certain times.

2.4. Test of Rhodamine B Photodegradation
Results

The toxicity test of the results of the textile
dye decomposition was carried out by germination
test according to the AFNOR X31 201 standard,
based on the method described by previous
researcher [18] with some modifications. The
germination test was carried out as follows: a
filter paper disc was placed at the bottom of the
petri dish, then 20 corn seeds were placed in each
dish and the filter paper was irrigated by adding
4 mL of test solution or distilled water as a
blank/control. The test solution in question was
the rhodamine B dye solution recorded as
Rhodamine BO (RHB0) which means the dye
before treatment (without photocatalytic) and
Rhodamine B1 (RHB1) which means the dye after
photocatalytic treatment. Furthermore, the dish
was placed in an incubator for 5 days at a
temperature of 25-28 °C and its humidity was
maintained. After 5 days, the number of
germinated seeds was counted and the
germination rate was calculated using the
following equation:
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GR(%) = % x 100% 2
Where, GR is germination rate (%), GT is
germination test (%), and BG 1is blank
germination (%).

3. Results and Discussion
3.1. Synthesis of HA/ZnO Nanocomposites

Calcium carbonate (CaCOs) contained in
limestone is around 95% by weight. CaCOs has the
potential to be a source of raw material for
hydroxyapatite = synthesis.  Calcination  of
limestone to convert CaCOs into CaO is carried
out through the following reaction:

CaC0se —225 CaOw + Oug 3)
CaOe + H2Ogy —— Ca(OH)2(q (4)
H10-11
10Ca(OH)z2@aq + 6H3PO4g) il
Cai10(PO4)s(OH)2(s) + 18H20q) 5)

The synthesis of ZnO-hydroxyapatite
composite based on limestone was carried out
through a multistep chemical transformation
process, as illustrated in Figure 2. The initial step
involved the calcination of natural limestone at
1000 °C to produce calcium oxide (CaQ) (Figure
2b). This CaO was then reacted with water to form
calcium hydroxide, Ca(OH), (Figure 2c), which
served as the main precursor for hydroxyapatite
synthesis.

Subsequently, Ca(OH), was reacted with
orthophosphoric acid (H3PO,) under alkaline
conditions to form hydroxyapatite
[Ca19(PO4)s(OH),] as a fine white powder (Figure
2d). The product exhibited morphology and
texture which was consistent with synthetic
hydroxyapatite reported in previous studies. In
the final step, the hydroxyapatite was combined
with ZnO wvia co-precipitation, followed by a
second calcination at high temperature to produce
the ZnO-hydroxyapatite composite (Figure 2e).
The resulting composite appeared brighter and
more homogeneous, indicating uniform dispersion
of ZnO within the hydroxyapatite matrix.

This stepwise synthesis demonstrates not
only the efficient transformation of limestone into
high-purity hydroxyapatite but also the successful
incorporation of ZnO into the composite structure.

The resulting composite structure plays a crucial
role in enhancing the specific surface area and
catalytic stability of the material. This synergy is
expected to improve the photocatalytic
degradation performance against organic
pollutants, as further discussed in the following
photocatalytic performance section

3.2. XRD Analysis

X-ray diffraction (XRD) analysis was
employed to characterize ZnO, hydroxyapatite
(HA), and the HA-ZnO composite in order to
determine the crystal structure of each sample.
The XRD diffractogram results for ZnO,
hydroxyapatite, and the HA/ZnO composite are
presented in Figure 3. As shown in Figure 3, the
XRD pattern for the ZnO sample exhibits distinct
diffraction peaks at 20 values of 31.89°, 34.54°,
36.33°, 47.65°, 56.76°, 63.00°, and 68.10°,
indicating the presence of crystalline ZnO. These
peaks correspond to the standard JCPDS card no.
01-073-8417, confirming the hexagonal wurtzite
structure typical of zinc oxide. The findings are in
agreement with [19], who reported similar peaks
at 20 = 31.95°, 34.61°, 36.44°, 47.71°, 56.75°,
63.02°, and up to 77.13°, and are also consistent
with [20], who observed sharp peaks at 20 = 31.7°,
34.4°, 36.2°, 47.5°, 56.6°, and 62.8°. These
consistent results confirm that the synthesized
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Figure 3. XRD diffractogram of ZnO, HA, and
HA/ZnO composite.

Figure 2. a) Limestone, b) Ca0O, ¢) Ca(OH)2, d) hydroxyapatite, e) ZnO-hydroxyapatite.
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ZnO exhibits a well-defined crystalline structure,
characteristic of standard ZnO [21].

The XRD diffraction pattern of the
hydroxyapatite sample revealed characteristic
peaks at 20 angles of 18.05°, 25.98°, 29.05°,
31.82°, 32.83°, 34.48°, 36.35°, 39.69°, 46.66°, and
49.53°. These peaks are consistent with JCPDS
card no. 09-0432 for pure hydroxyapatite
Ca19(PO4)s(OH),, includes reflections at 20 =
18.12°, 25.9°, 29.0°, 31.8°, 32.2°, 32.9°, 34.0°,
39.8°, 46.7°, 49.5°, 50.5°, and 53.1° [22]. Based on
this pattern, it can be concluded that
hydroxyapatite was successfully synthesized via
the reaction between Ca(OH), and H3;PO,, as
represented by the following equation:

10 Ca(OH)z2 (ag) + 6H3PO4 (ag— Cai10(PO4)s(OH)2s) +
18 H20q) (6)

XRD analysis of the HA/ZnO composite
revealed diffraction peaks corresponding to ZnO
at 20 = 34.20°, 47.06°, and 63.16°, along with
hydroxyapatite peaks at 20 = 18.08°, 25.92°,
29.01°, 32.01°, 32.96°, 39.85°, and 49.58°. These
results confirm that the composite is composed of
two primary crystalline phases: ZnO and
hydroxyapatite, in agreement with JCPDS
reference data. Notably, the diffraction peak at 26
= 36° typically associated with ZnO, was no
longer observed in the composite pattern, likely
due to a significant decrease in intensity or
complete suppression. This absence indicates a
strong interaction between ZnO and HA during
composite formation, suggesting that the process
involved more than physical mixing and entailed
structural transformation. Such interaction may
involve bonding between Zn?* ions and OH™ or
PO,*” groups from hydroxyapatite, resulting in
alterations to the original ZnO crystal structure.

The crystallite size of each sample was
calculated wusing the Scherrer equation, as
described by Bokuniaeva and Vorokh (2019), and
presented in Equation (7):

_ 092
" Bcos®

)

where, D is the average crystallite size (nm), 4 is
the X-ray wavelength for Cu-Ka radiation (0.154
nm), B the full width at half maximum (FWHM)
in radians, and 6 (theta) is the Bragg angle
ranging between 25° and 80°. Based on XRD data
analysis, the average crystallite sizes were
calculated as 40.18 nm for ZnO, 42.65 nm for
hydroxyapatite, and 14.86 nm for the HA/ZnO
composite.

The relatively larger crystallite sizes of ZnO
and HA indicate higher structural stability but
lower specific surface area, which can limit
photocatalytic efficiency [23]. In contrast, the
smaller crystallite size of the composite suggests

strong interaction between ZnO and HA, which
suppresses crystal growth, increases structural
defects, and enhances surface area. These factors
contribute to improved charge transfer and higher
photocatalytic activity, making the composite
more effective in  pollutant degradation
applications than either ZnO or hydroxyapatite
alone [24,25].

3.3. FTIR Analysis

The results of FTIR analysis for ZnO, HA and
HA/ZnO are presented in Figure 4. As shown in
Figure 4, the FTIR spectrum of ZnO exhibits an
absorption peak at 3731 cm™, indicating the
presence of hydroxyl (OH) groups from adsorbed
H,O molecules. Additionally, the peak at 418 cm™
corresponds to the characteristic vibrational mode
of the Zn—0 bond, confirming the presence of ZnO
in the sample. These findings are consistent with
those reported by researcher [26], who observed a
peak at 3572 cm™ attributed to hydroxyl (OH)
groups and a peak at 412 ecm™ corresponding to
Zn—0 bonding vibrations.

In addition, Zn—O bond vibrations in the low-
wavenumber region have been widely reported in
the literature. [27] identified a Zn—O stretching
vibration peak at 443 cm™, while additional bands
observed at 1630 cm™ and 3446 cm™' were
attributed to O—H stretching from adsorbed H,O
molecules. Similar findings were confirmed by
[28], who reported absorption bands in the 400—
500 cm™ range corresponding to the characteristic
stretching mode of Zn—-O bonds. Moreover,
absorption peaks at 3434 cm™, 1330 cm™, and
1670 cm™ were associated with hydroxyl (OH)
groups originating from ambient atmospheric
moisture.

The FTIR spectrum of the synthesized
hydroxyapatite (HA) exhibited characteristic
absorption bands representing phosphate (PO,%),
carbonate (CO3*7), and hydroxyl (OH") groups,
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Figure 4. FTIR spectrum of ZnO, HA and HA/ZnO.
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which are typical for hydroxyapatite [29,30].
Phosphate group vibrations were observed at
wavenumbers 601 cm™, 872 cm™, and 1053 cm™,
while the carbonate vibration appeared at 1458
cm™!. The hydroxyl group vibration was detected
at 3647 cm™ [31]. These results are consistent
with previous studies reporting hydroxyl
absorption bands within 3700-2500 cm™ [32],
carbonate vibrations between 1428 and 1459 cm™,
and phosphate peaks at 600 cm™, 958 cm™, and
1037 cm™ [32]. Furthermore, these findings align
with the absorption bands observed in FTIR
spectra of commercial hydroxyapatite, where
phosphate (PO,*") vibrations occur at 964 cm™
and within the 1000-1156 cm™ range, and
hydroxyl (OH") vibrations are present between
2600 and 3800 cm™.

The FTIR analysis revealed the presence of a
carbonate peak detected at a wavenumber of
approximately 1458 cm™. This peak indicates the
presence of carbonate impurities in the
synthesized hydroxyapatite (HA) sample. The
presence of carbonate may be attributed to several
factors, including contamination by carbon
dioxide (CO;) from the air during synthesis or
storage, or residual raw materials such as calcium
carbonate (CaCOs3) that have not fully reacted to
form HA. To address this issue, stricter control of
the synthesis process and the use of higher purity
raw materials are required in future studies.

Based on the FTIR spectrum of
hydroxyapatite shown in Figure 3, phosphate
groups were detected at three absorption bands.
This result indicates that the synthesized
hydroxyapatite possesses a high degree of purity.
Furthermore, the PO,*” and OH™ groups appeared
with relatively sharp peaks, indicating high
absorption intensity. The peak corresponding to
the PO,* group, the better the crystallinity
formed, which implies higher quality
hydroxyapatite [33].

In the HA/ZnO composite, the FTIR spectrum
closely resembles that of pure hydroxyapatite but
shows slight shifts in peak positions and
intensities reflecting interactions between ZnO
and hydroxyapatite within the composite. These
interactions include bonds between Zn?* ions and
phosphate groups PO,*” (Zn—-O-P) as well as
bonds between Zn** and Ca?* ions (Zn—0O—-Ca). The
composite spectrum exhibited absorption peaks at
603 cm™ and 1052 cm™ associated with phosphate
group vibrations (PO,*7). The absorption peak at
1491 cm™ corresponds to carbonate groups
(CO3?7), while the peak at 3643 cm™ indicates the
presence of hydroxyl groups (OH"). Peaks at 962
cm™ and 450 cm™ are characteristic of the
formation of ZnO-Hydroxyapatite composites,
specifically Zn—O-P and Zn—O-Ca bonds. This is
supported by previous reports stating that the
phosphate (P—0) group in hydroxyapatite exhibits
a peak near 960 cm™ that may shift or change

intensity due to doping or interaction with Zn ions
[34]. Peaks in the low wavenumber region (400—
500 cm™) are typically attributed to Zn-O
stretching vibrations interacting with other metal
ions, including Ca from hydroxyapatite [35]. The
presence of this peak indicates an interaction
between ZnO and Ca within the composite, albeit
with low intensity, which may suggest that the
interaction is not dominant or only a fraction of
ZnO forms bonds with Ca [36].

3.4. Photocatalytic Degradation of Rhodamine B
Dye

3.4.1. Effect of pH

The effect of pH on the percentage of
photocatalytic degradation was investigated at
different pH wvalues (4, 7, and 9), while
maintaining a constant Rhodamine B dye
concentration of 100 mg/L, using 1 gram of the
HA/ZnO composite, and an irradiation time of 120
minutes. The purpose of varying the pH was to
evaluate the role of acidity or alkalinity conditions
on the photocatalytic degradation efficiency. The
effect of pH on the degradation efficiency of
rhodamine B by the HA/ZnO composite is
presented in Figure 5. As shown in Figure 5, the
degradation efficiency increased with rising pH of
the dye solution. The degradation percentages of
rhodamine B at pH of 4, 7, and 9 were 85.49%,
88.72%, and 91.96%, respectively. This
phenomenon can be explained by the cationic
nature of rhodamine B, where the surface charge
of the photocatalyst and the solution pH play a
crucial role in the adsorption and photocatalytic
degradation processes [37]. At low pH, the
catalyst surface tends to be positively charged due
to protonation, which leads to electrostatic
repulsion between the catalyst surface and
rhodamine B molecules (RhB*), thereby reducing
the adsorption of rhodamine B. Additionally, the
high concentration of H* ions at low pH competes
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Figure 5. Effect of pH on the percentage of
rhodamine B degradation.
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with rhodamine B for reaction with hydroxyl
radicals (*OH), and the low availability of OH"~
ions under acidic conditions limits the formation
of these radicals. Consequently, fewer +OH
radicals are generated, leading to lower
degradation efficiency.

However, at higher pH values, the catalyst
surface becomes negatively charged due to
deprotonation. This leads to electrostatic
attraction between the negatively charged
catalyst surface and the positively charged
rhodamine B molecules (RhB*), thereby
enhancing the adsorption of rhodamine B onto the
catalyst surface. Moreover, under alkaline
conditions, the abundant OH™ ions in the solution
facilitate the generation of hydroxyl radicals
(*OH), which are the primary oxidative species
responsible for the photocatalytic degradation
process [38]. This combination of increased
adsorption and enhanced *OH radical formation
contributes to the overall improvement in
degradation efficiency [39].

Rhodamine B is a cationic dye, and under
alkaline conditions, the photocatalytic
degradation efficiency tends to increase. This is
attributed to the higher concentration of OH™ ions,
which does not only enhance electrostatic
interactions between the dye molecules and the
catalyst surface but also promotes the formation
of hydroxyl radicals (*OH) that serve as the
primary oxidative species in the degradation
process [37]. This result is consistent with the
findings of other researcher group [40], who
reported that the optimal degradation percentage
of rhodamine B by ZnO occurred at pH of 9, while
the lowest degradation was observed at pH of 5.
The low degradation efficiency at acidic pH may
be due to electrostatic repulsion between the
protonated catalyst surface and the positively
charged rhodamine B (RhB*) molecules.
Conversely, the increase in degradation efficiency
at higher pH 1is likely associated with the
deprotonation of RhB*, leading to the formation of
zwitterionic species that are more readily
adsorbed onto the catalyst surface. However, at
pH values above 9, the degradation efficiency
decreases, possibly due to excess OH™ ions
saturating the catalyst surface and creating a
negatively charged layer that inhibits interaction
with the dye molecules. Therefore, the optimal pH
for rhodamine B photocatalytic degradation is pH
of 9.

3.4.2. Effect of Rhodamine B concentration.

The concentration of pollutants plays a major
role in the photocatalytic degradation of organic
contaminants. To investigate the effect of initial
dye concentration on the photocatalytic activity of
the ZnO-Hydroxyapatite composite, a series of
experiments were conducted by adding 1 gram of

Degradation (%)

catalyst (kept constant) into rhodamine B
solutions with varying initial concentrations of 20,
40, 60, 80, and 100 mg/L. All experiments were
carried out at the previously determined optimal
pH of 9 and irradiated for 120 minutes. The graph
illustrating the effect of varying initial dye
concentrations on the percentage degradation of
rhodamine B is presented in Figure 6.

As shown in Figure 6, the degradation
percentage of rhodamine B decreases with
increasing initial dye concentration. The
degradation efficiencies at 20, 40, 60, 80, and 100
mg/L were 96.18%, 94.98%, 93.84%, 92.94%, and
91.96%, respectively. This decline is attributed to
the increased number of dye molecules adsorbed
onto the catalyst surface, which limits the
availability of active sites and reduces the light
penetration needed to generate reactive species.
This result is consistent with the findings of other
researcher group [41], who reported that the
degradation efficiency of rhodamine B using ZnO
decreased exponentially with increasing initial
dye concentration. In their study, maximum
degradation efficiency of 63% was observed at 10
mg/LL rhodamine B, which dropped to 19% at
higher concentrations. This reduction in
degradation efficiency is associated with the fact
that higher dye concentrations lead to increased
solution turbidity and color intensity, hindering
light penetration. Consequently, fewer photons
reach the catalyst surface, limiting the generation
of hydroxyl (* OH) and superoxide (O;*") radicals,
which are essential for the photocatalytic
degradation process, thus resulting in decreased
overall degradation efficiency [42,43].

This result is also in agreement with the
findings of researcher [44], who reported that the
degradation percentage of methylene blue using
ZnO—Chitosan  composites decreased with
increasing dye concentration. The highest
decolorization percentage was observed at the
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Figure 6. Relationship between dye concentration
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lowest concentration of 5 mg/L.. At higher
concentrations, the number of methylene blue
molecules increases, leading to greater
competition among the molecules for interaction
with active catalytic sites, thereby reducing the
likelihood of degradation. Moreover, high dye
concentration affects light penetration into the
solution. As the solution becomes more
concentrated, less light (photons) reaches the
catalyst surface, limiting the energy required for
the excitation of electrons from the valence band
to the conduction band. Consequently, fewer
hydroxyl radicals (* OH) are generated, and only a
small fraction of methylene blue molecules can be
oxidized. Based on the experimental results, the
optimal dye concentration for photocatalytic
degradation is 20 mg/L.

3.4.3. Effect of HA/ZnO composite mass.

To evaluate the effect of catalyst dosage on
dye degradation efficiency, the mass of the
HA/ZnO composite was varied at 1 g, 1.5 g, and 2
g in a rhodamine B solution with an optimum
concentration of 20 mg/LL at pH of 9. The
photocatalytic process was carried out for 120
minutes under UV irradiation. This variation
aimed to determine the optimum composite mass
that yields the highest degradation efficiency. The
results of the effect of ZnO-Hydroxyapatite
composite dosage variation on the degradation
percentage of rhodamine B are presented in
Figure 7.

As shown in Figure 7, the degradation
percentage increased with the increasing mass of
the added composite. The degradation efficiencies
at 1 g, 1.5 ¢g, and 2 g of HA/ZnO composite were
96.18%, 99.81%, and 97.91%, respectively. This
indicates that the HA/ZnO composite effectively
enhanced the photocatalytic degradation of
rhodamine B, mainly due to the increased number
of active sites on the catalyst surface and the
higher generation of reactive species such as
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Figure 7. Effect of HA/ZnO composite mass on
the degradation power of rhodamine B.

hydroxyl radicals (OH+) and superoxide anions
(0,+7), which play a crucial role in the
degradation mechanism [45]. However, increasing
the catalyst mass beyond 1.5 g led to a slight
decline in degradation efficiency. This result
aligns with the findings of, who reported that
increasing ZnO dosage up to 1 mg/mL improved
rhodamine B degradation (10 mg/L at pH 9), but
further increases reduced efficiency due to light
scattering and decreased photon penetration in
the reaction system. Excessive catalyst loading
can cause the suspension to become turbid and
reduce the light—catalyst interaction, while also
potentially inducing particle aggregation, thereby
decreasing the available active surface area.
Similarly, previous researcher [41] reported that
the degradation of rhodamine B with ZnO:Mn
increased with catalyst dosage from 0.5 gto 1 g
due to the increased availability of active sites and
dye adsorption. However, further increases
beyond 1 g did not significantly improve
degradation because of the "light-shielding effect,"
where excess catalyst formed a layer that
obstructed light penetration, reducing
photocatalytic activity [46]. To clarify the
involvement of photocatalytic mechanism in the
degradation of Rhodamine B, it is essential to
consider the role of active species generated
during UV-induced excitation of the ZnO-HA
composite. Upon UV irradiation, ZnO absorbs
photons with energy equal to or greater than its
band gap (~3.3 e€V), promoting electrons (e”) from
the valence band to the conduction band and
leaving behind holes (A*) in the valence band: ZnO
+ hv — ¢ (CB) + h* (VB).

The photogenerated electrons and holes
initiate redox reactions at the surface. The
conduction band electrons reduce O, to form
superoxide radicals (*0;7), while holes in the
valence band oxidize H,O or OH™ to generate
hydroxyl radicals (- OH):

O2+e — '02_ (8)
H,O/0OH™ + h* — -OH 9)

These reactive oxygen species (ROS), particularly
*OH and -0, are highly oxidative and play a
critical role in breaking down the chromophoric
structure of Rhodamine B into less complex, non-
toxic compounds. Furthermore, the integration of
hydroxyapatite does not only enhance the surface
area for dye adsorption but also suppresses the
recombination of photoinduced charge carriers by
acting as an electron mediator or trap site,
thereby  improving overall photocatalytic
efficiency.

Although the band gap was not directly
measured in this study, the use of ZnO as a
semiconductor with a known band gap (~3.3 eV)
supported its ability to be activated under UV
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irradiation and generated ROS necessary for
degradation. To better validate the proposed
mechanism, future work may involve scavenger
studies or electron spin resonance (ESR) analysis
to identify dominant reactive species, and UV-Vis
diffuse reflectance spectroscopy (DRS) to confirm
band gap energy of the composite system.

3.5. Comparison with Previous Studies to Further
Support the Photocatalytic

Performance of the ZnO/HA composite
synthesized in this study, a comparative analysis
with previous works is presented in Table 1. The
degradation efficiency of 89% for Rhodamine B
under UV irradiation in 120 minutes
demonstrates a superior or at least comparable
performance to other ZnO-based catalysts. This
improvement may be attributed to the enhanced
surface interaction and charge separation
provided by the limestone-derived hydroxyapatite
support.

3.6. Toxicity Test of Textile Dye Decomposition
Rhodamine B

A germination assay using corn seeds was
conducted to evaluate the toxicity of Rhodamine B
before and after photocatalytic degradation
(Figure 8). Three types of samples were prepared:
untreated Rhodamine B (RHBO0), Rhodamine B
after photocatalysis (RHB1), and a control using
distilled water. Each treatment involved 20 corn
seeds placed in petri dishes on moistened filter
paper and incubated for 5 days at 25-28 °C. The
germination rates were then recorded.

The relationship graph of the toxicity test of
the degradation of textile dye Rhodamine B are
presented in Figure 9. As shown in Figure 9,
within five days, the germination rate of corn
seeds in rhodamine B solution treated with
photocatalysis (RHB1) reached 92%. In contrast,
the germination rate in the untreated rhodamine
B solution (RHBO) was only 16%. This finding is
consistent with the study conducted by researcher
[26], which evaluated the toxicity of degraded
caffeine and rhodamine B solutions through
germination assays. After six days, the
germination rate of  corn seeds n
photocatalytically treated caffeine and rhodamine
B solutions reached 100%, while in untreated
solutions, the germination rates were only 18% for
rhodamine B and 23% for caffeine. These results
indicate that photocatalytic degradation does not
only reduce pollutant concentration but also
significantly lowers the toxicity of the resulting
by-products. This reduction in toxicity is likely
due to the high degree of mineralization achieved
during photocatalysis, producing water with low
toxicity, potentially safe for agricultural irrigation
purposes.

4. Conclusions

This study successfully synthesized and
characterized a  ZnO-hydroxyapatite (HA)
composite derived from limestone using co-
precipitation and  hydrothermal methods.
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Figure 8. Toxicity test based on corn seed

germination using different treatments: Control Figure 9. The relationship graph of toxicity test of

(distilled water), RHB1 (after photocatalysis), and Rhodamine B solution resulting from
RHBO (before treatment). photodegradation.
Table 1. Comparison of Rhodamine B degradation efficiency with previous studies.
Light . . Degradation
Photocatalyst Source Time (min) Efficiency (%) Reference

7Zn0O nanoparticles uv 120 78% [47]

TiO, Uuv 120 73% [48]

Zn0O-Loaded GAC Nanocomposite uv 120 82% [49]

ZnO/HA (this work) Uv 120 89% This study
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Structural analysis via XRD and FTIR confirmed
the formation of crystalline HA and the
integration of ZnO within the composite
framework. The composite exhibited a smaller
crystallite size (14.86 nm), suggesting enhanced
surface area and stronger interfacial interaction
between ZnO and HA, which contributed to
improved photocatalytic activity. Photocatalytic
degradation experiments demonstrated optimal
performance under alkaline conditions (pH of 9),
at a Rhodamine B concentration of 20 mg/L and
catalyst loading of 1.5 g, achieving a maximum
degradation efficiency of 99.81%. Toxicity analysis
using a germination assay indicated a significant
reduction in pollutant toxicity after photocatalytic
treatment, with seed germination increasing from
16% (untreated) to 92% (treated solution).
Overall, the ZnO-HA composite based on natural
limestone offers a promising, low-cost, and
environmentally benign alternative for the
effective photocatalytic degradation of dye
pollutants in textile wastewater. Future work
should focus on evaluating the long-term stability,
reusability, and degradation performance of the
composite under solar light. Additionally,
challenges related to process scale-up and
continuous-flow operation need to be addressed to
assess its feasibility for real-world wastewater
treatment applications.
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