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Abstract 

Acetaminophen (ACT) emerged as the second most prevalent pharmaceutical contaminant in Philippine waters 

and poses environmental risks due to overuse. This study investigates the efficacy of hydroxyapatite-calcium 

titanate (HAp-CaTiO3) nanocomposite derived from waste Perna viridis (green mussel) shells for the 

photocatalytic degradation of ACT. HAp and CaTiO3 were prepared via coprecipitation and solid-state methods, 

respectively, and combined into a nanocomposite. The photocatalysts were characterized using SEM-EDX, 

XRD, UV-Vis and FTIR. Characterization confirmed the formation of a heterojunction with nanostructures and 

functional groups retained. The nanocomposite achieved a 96.30% ACT degradation efficiency. This approach 

highlights the potential of waste-derived materials for sustainable environmental remediation. 
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1 Introduction 

 

Pharmaceutical residues are considered as emerging 

contaminants signifying molecules found in low 

concentrations (ppm or ppb) with negative effects on 

the environment [1]. Acetaminophen (ACT), widely 

known as paracetamol, is a significant emerging 

contaminant due to its global overuse and widespread 

availability [2]. Approximately 58–68% of ACT is 

excreted into the environment due to incomplete 

human metabolism [2]. Globally, ACT traces are 

present across all continents, with the highest 

concentration recorded at 227 ppb among active 

pharmaceutical ingredients [3]. In the Philippines, 

ACT is the second most prevalent pharmaceutical 

contaminant in natural waters, with concentrations 

reaching 289.17 ppb and 253.39 ppb [4]. Chronic 

exposure to ACT in aquatic organisms can result in 

reproductive system alterations, teratogenic effects, 

and disruptions to physiological processes [5]–[7]. 

This type of contaminant can have adverse ecological 

effects like bioaccumulation within the food chain [4]. 

Thus, it is crucial to develop wastewater treatment 

technology to effectively address these issues. 

Traditional methods like activated carbon 

adsorption from banana peel achieve over 94.7% 

efficiency for initial ACT concentrations of 0.97 g/L 

[8]. However, these physical mechanisms only 

facilitate a temporary transfer of pollutants and do not 

entirely break them down. Biological treatments using 

Research Article 

http://dx.doi.org/10.14416/j.asep.2025.09.005


  

                             Applied Science and Engineering Progress, Vol. 19, No. 2, 2026, 7908 

    

 

 

K. K. F. Tangarorang et al., “Solid-State Synthesis of Green Mussels (Perna viridis)-Derived Hydroxyapatite and Perovskite 

Nanocomposite for the Photo-catalytic Degradation of Acetaminophen.” 

  
2 

microorganisms or plants are environmentally friendly 

but slow due to high acclimation times [2]. 

Pseudomonas spp. from a hospital bioreactor degrades 

200 mg/L of ACT in ~10 h [9]. An alternative method, 

such as chemical mechanisms, particularly photocatalytic 

degradation, provides sustainable, high efficiency, and 

cost-efficient degradation [10]. 

Photocatalysis involves activating a semiconductor 

via light exposure to produce charge carriers that 

degrade pollutants into simpler compounds [11]. 

Modified hydroxyapatite (HAp) photocatalysts have 

gained attention for their biocompatibility, bioactivity, 

nontoxicity, and cost-effectiveness [12]. Their 

photocatalytic properties improve when coupled with 

oxides like calcium titanate (CaTiO3), a stable, 

nontoxic, and economical n-type perovskite 

semiconductor [13], [14]. Hence, the integration of 

CaTiO3 to HAp could provide an opportunity to 

improve its overall photocatalytic performance. 

Recent studies have often used copper-based 

photocatalysts against ACT, like Cu-hsCN (94.80% 

degradation) [15] and Cu2O/WO3/TiO2 (92.47% 

degradation) [16]. As such, in this study, a low-cost 

single-sourced photocatalyst is observed to degrade a 

prevalent contaminant, acetaminophen, from Philippine 

waters. Moreover, the solid-state synthesis is utilized 

as a novel production of the HAp-CaTiO3 nanocomposite 

due to its facile and green process. 

This study aims to explore a sustainable source 

of nanocomposite with hydroxyapatite and calcium 

titanate derived from green mussels (Perna viridis), 

also known colloquially as tahong. Moreover, its 

performance under varying operating parameters, 

namely catalyst loading and exposure time, was 

evaluated. 

 

2 Materials and Methods 

 

2.1 Materials 

 

The main raw materials for the synthesis of HAp-

CaTiO3 nanocomposite were green mussel shells 

(Perna viridis), diammonium phosphate 

([NH4]2HPO4), and titanium (IV) oxide (TiO2) anatase 

form. The former was acquired from a seafood market 

in Cavite, Philippines, and the latter two reagents from 

FUJIFILM Wako Pure Chemical Corporation, Japan. 

Additionally, Acetaminophen, a pharmaceutical 

secondary standard and certified reference material, 

was acquired from Sigma-Aldrich, Germany. 

 

2.2 HAp-CaTiO3 synthesis 

 

The pre-treatment of raw material, tahong, involved 

boiling, rinsing, and grinding prior to calcination. The 

ground tahong was subjected to calcination using a 

Nabetherm muffled furnace at 1000 ℃ for 2 h to 

obtain calcium oxide (CaO) powder. The acquired 

CaO serves as the calcium source for both the HAp 

and CaTiO3. 

Subsequently, hydroxyapatite synthesis via co-

precipitation was carried out following the 

methodology detailed in related literature [17]. A 

solution of 400 g/L calcium oxide in 250 mL was 

initially prepared. A 566g/L aqueous diammonium 

phosphate ([NH4]2HPO4) solution in 250 mL was 

intermittently added at a gradual rate of 5 mL per 

minute to the calcium oxide solution. It was agitated 

using a magnetic stirrer for 60 min at a temperature of 

70 ℃. After exhausting the diammonium phosphate, 

the pH of the mixture was regulated to be above 9 by 

introducing 3M ammonium hydroxide (NH4OH, 

25%). The mixture was continually stirred for an 

additional 50 min at 70 ℃. The resulting solution was 

then subjected to an aging process for 24 h and rinsed 

with distilled water. The solution was filtered to obtain 

the precipitate of HAp. The precipitate was dried in a 

Shel Lab 1600 Hafo Series convection drying oven at 

100 ℃ for 2 hours to obtain pure HAp. Finally, the 

oven-dried HAp was calcined at 950 ℃ for 3 h. 

Furthermore, the synthesis methodology for 

CaTiO3 was derived from an adapted approach [18]. 

The CaO powder obtained from calcination was 

combined with Titanium Dioxide at a Ca:Ti molar 

ratio of 1:1 and subjected to grinding using Ogawa 

Seiki Co. Laboratory Mill 16986 prior to calcination 

at 400 °C for a duration of 4 h. 

Lastly, the synthesis of HAp-CaTiO3 

nanocomposite was adopted from the proposed 

methodology by Sri-o-Sot et al. [19]. A 2:3 mass ratio 

of perovskite and hydroxyapatite undergoes 16 h of 

grinding in an automatic mortar and pestle in a wet 

environment, utilizing acetone as the solvent. The 

objective is to achieve the homogenization of these 

distinct powders. Subsequently, the resulting 

nanocomposite undergoes a drying process in an oven 

set at a temperature of 120 °C for a duration of 6 h.
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2.3 Catalyst characterization 

 

The CaTiO3, HAp, and HAp-CaTiO3 sample powder 

were characterized to analyze their size, shape, 

composition, and surface properties at the nanoscale, 

enabling the researchers to comprehend and control 

their unique properties for the photocatalytic 

degradation of acetaminophen. The microscopic 

surface features and particle dimensions of the 

synthesized nanocomposites were analyzed using 

Scanning Electron Microscopy with Energy-

Dispersive X-ray Spectroscopy (SEM-EDX). The 

crystalline arrangements and structures of these 

nanocomposites were evaluated using X-ray 

Diffraction (XRD). UV-Vis Spectroscopy was used to 

determine the excitation wavelength and the band gap 

using a Tauc plot of the catalyst using a Shimadzu UV-

1900i UV-vis spectrophotometer. Lastly, Fourier 

Transform Infrared Spectroscopy (FTIR) was 

employed to identify the chemical composition and 

functional groups within the photocatalysts. 

 

2.4 Photocatalytic degradation of acetaminophen 

 

The photocatalytic degradation of acetaminophen was 

adopted from similar literature [20]. It was carried out 

initially with the production of the acetaminophen 

mother solution. A 100 ppm solution with 100 mg of 

pure acetaminophen powder dissolved in 1 L of distilled 

water was prepared. It was contained in an amber bottle 

and stored in a freezer to prevent concentration 

fluctuation and chemical losses. The controlled initial 

pollutant concentration of 10 ppm was derived via serial 

dilution from the prepared mother solution. 

In the photocatalytic degradation process, 100 

mL of reaction volume with 10 mL of ACT solution 

was prepared. A varying photocatalyst load of 1.5 g/L, 

2 g/L, and 2.5 g/L (mass of catalyst per reaction 

volume) was added. The solution’s pH was 

maintained at 6 using 0.1 M sodium hydroxide 

(NaOH) and hydrochloric acid (HCl). Hydrogen 

peroxide (H2O2) was added at a concentration of 7mM 

for additional oxygen to produce more hydroxyl 

radicals. After adding the catalyst, the mixture was 

agitated in the dark for 1 hour to reach adsorption-

desorption equilibrium.  

The solution was then exposed to a 180 W 

ultraviolet lamp under magnetic stirring maintained at 

ambient temperature (24 ℃). At 30-minute intervals 

over a 120-minute period, samples of the supernatant 

solution were withdrawn and filtered. The remaining 

concentration of acetaminophen was determined 

through a Shimadzu UV-1900i UV-vis spectrophotometer, 

measuring the absorbance at the wavelength of 243 nm. 

 

3 Results and Discussion 

 

3.1 Characterization of HAp, CaTiO3, and HAp-

CaTiO3 

 

The hydroxyapatite (HAp), calcium titanate (CaTiO3), 

and hydroxyapatite-calcium titanate (HAp-CaTiO3) 

nanocomposite were characterized using Scanning 

Electron Microscopy with Energy-Dispersive X-ray 

Spectroscopy (SEM-EDX), Fourier Transform 

Infrared (FTIR) spectroscopy, X-Ray Diffraction 

(XRD) analysis, and UV-Vis analysis. 

  

3.1.1  X-ray Diffraction (XRD) 

 

The diffraction peaks of the HAp-CaTiO3 

nanocomposite were indexed to hexagonal and 

orthorhombic structures, confirming HAp and CaTiO3 

phases through the RRuff database (IDs R050512 and 

R060345, respectively). The HAp has the following 

lattice parameters: a=9.39Å, b=9.39Å and c=6.86Å. 

On the other hand, the CaTiO3 has the following lattice 

parameters: a=5.29Å, b=5.54Å and c=8.19Å. The 

sharp, intense diffraction top peaks at 25.47°, 31.97°, 

and 33.1°, as shown in Figure 1, confirm the 

crystalline nature of the HAp-CaTiO3 nanocomposite. 

In addition, a higher intensity for HAp peaks suggests 

a higher content of the hydroxyapatite phase compared 

to CaTiO3. The (211) orientation showed the highest 

intensity, aligning with the existing study [17]. Low-

intensity peaks were attributed to background noise. 

The average crystallite sizes of HAp and CaTiO3 are 

76.05 nm and 63.54 nm, respectively. The HAp-

CaTiO3 nanocomposite has an average crystallite size 

of 90.17 nm. 

 

 
Figure 1: XRD results of the HAp, CaTiO3, and HAp-

CaTiO3 nanocomposite. 
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Figure 2: SEM results of photocatalysts: (a) HAp, (b) CaTiOn, and (c) HAp-CaTiOn. EDX results of 

photocatalysts: (d) HAp, (e) CaTiO3, and (f) HAp-CaTiO3. 

 

3.1.2  Scanning electron microscopy with energy-

dispersive X-ray spectroscopy (SEM-EDX) 

 

Figure 2 shows the SEM-EDX images of HAp, 

CaTiO3 and HAp-CaTiO3. It showed that HAp 

particles have an irregular polyhedral shape with an 

average size of 533 nm. Individual grains are 

distinguishable, suggesting crystallinity, which is 

consistent with findings in [21]. 

Subjecting to higher temperature, the crystal 

structure of the composite grows sharper and high 

peaks representing a high crystallinity on the XRD 

result [22]. While calcium titanate has nanoclusters 

with an average distribution of 81.78 nm, aligning 

with characteristics reported [18]. There is evidence of 

interstitial spaces between uneven particles, which 

provide active sites for interaction with pollutants. 

For HAp-CaTiO3 micrograph showed a mix of 

large polyhedral structures and smaller, granular 

particles with 73 nm average size attached to these 

plates. The presence of smaller clusters aligns with the 

study, which also employed a solid-state method [22]. 

The irregularity of shape was a consequence of 

solid-state synthesis. When reactions are purely in the 

solid phase, phase heterogeneity could happen if 

there’s uneven diffusion or localized reaction [11]. 

The combination of these features results in a rough 

and layered structure, which is commonly preferred in 

photocatalysis. 

EDX analysis from Figure 2 confirmed the 

presence of elemental O, P, and Ca in HAp, consistent 

with [17], [23]. For CaTiO3, Ca, Ti, and O were 

detected, aligning with similar studies [25]. In the 

nanocomposite, EDX detected Ca, Ti, and O, but P 

was absent, possibly due to the point-specific nature 

of the technique and structural heterogeneity. The 

findings affirm the composition and heterojunction 

formation, as supported by prior studies [17]–[25]. 

 

3.1.3  UV-Vis Spectroscopy  

 

Figure 3 shows UV-Vis absorption spectra of CaTiO3 

(perovskite), hydroxyapatite (HAp), and the HAp–

CaTiO3 nanocomposite, which were analyzed to 

investigate their optical and electronic properties.
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Figure 3: UV-Vis result of hydroxyapatite (HAp), 

perovskite (CaTiO3), Hap-CaTiO3 nanocomposite. 

 

As shown in Figure 3, the absorption edges of the 

individual materials and the nanocomposite exhibit 

characteristic peaks around 200 nm, with notable 

absorbance features at approximately 1.1 eV, 1.9 eV, 

and 2.7 eV. These peaks are attributed to π–π* 

electronic transitions and charge transfer processes, 

which are indicative of the ion exchange mechanisms 

occurring within the crystal lattices of both perovskite 

and hydroxyapatite structures [26]. The absorption 

behavior of the nanocomposite closely resembles that 

of the individual components, suggesting that the 

intrinsic optical properties of HAp and CaTiO3 are 

preserved within the composite structure. However, a 

significant increase in overall absorbance is observed 

for the HAp–CaTiO₃ nanocomposite compared to its 

individual constituents. This enhancement indicates 

synergistic interaction between the HAp and CaTiO3 

phases, likely resulting in improved electronic 

coupling and a more effective cation-exchangeable 

framework. The interfacial charge transfer between 

the components contributes to increased photoactivity 

and light-harvesting capability, which can enhance the 

composite's performance in applications, such as 

photocatalysis or adsorption-driven processes [27]. 

 

 
 

Figure 4: Tauc plot results of the (a) HAp, (b) perovskite or CaTiO3, (c) HAp-CaTiO3 nanocomposite, and 

comparison of (a), (b), and (c). 
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Interestingly, the nanocomposite exhibited a 

band gap range of 5.49–5.65 eV as indicated in Figure 

4, which is significantly larger than that of typical 

adsorbent materials, such as activated carbon or other 

transition metal oxides [28]. However, when 

comparing the individual components to the 

composite (Figure 4(d)), it is evident that the band gap 

of the nanocomposite is slightly narrower than that of 

the pristine HAp and CaTiO3. This narrowing is 

attributed to the synergistic interaction between HAp 

and CaTiO3, leading to improved electron 

delocalization at the interface, which can facilitate 

electron mobility and enhance surface reactivity [29]. 

A larger band gap often contributes to better thermal 

and chemical stability, which is desirable for 

adsorbents operating under harsh environmental 

conditions. Moreover, in specific adsorption processes 

where photogenerated charge carriers play a role (e.g., 

photocatalytic adsorption or UV-assisted adsorption), 

an optimized band gap can enhance the material's 

performance by reducing unwanted recombination 

rates [30]. 
 

3.1.4  Fourier transform infrared spectroscopy (FTIR) 

 

The results of the FTIR reading displayed in Figure 5 

show peaks at 3636, 1546, 1085, 820, and 599 cm–1. 

At 3636 cm–1, observed above 3000 cm–1, suggests the 

presence of OH- stretching, which may be due to the 

moisture adsorbed during the synthesis or testing [31]. 

No peaks were detected between 2500 cm–1 to 2000 

cm–1, which suggests that no carbon triple bonds are 

present for all samples. At wavenumber between 2000 

cm–1 and 1500 cm–1, one peak was observed at around 

1546 cm–1, which suggests double bond stretches in 

CaTiO3, HAp, and HAp-CaTiO3. 
For the wavenumber below 1500 cm–1, three 

peaks were observed. The 1085 cm-1 is present on both 

HAp and HAp-CaTiO3, which signifies the bending 

modes of stretching (P-O) mode of PO4
3– [17]. The 

820 cm–1 is a specific vibration of the bond of Ca-Ti-

O, which is expectedly present on both CaTiO3 and 

HAp-CaTiO3 but absent in HAp [31]. Lastly, 599 cm–

1 is the vibration of the phosphate group found in HAp 

and HAp-CaTiO3 [17].  

Notably, significant differences in peak intensity 

at 1546 cm–1 between individual catalysts and the 

nanocomposite may result from the solid-state 

synthesis method employed, which affected the 

molecular interactions of the pristine semiconductors, 

causing a slight change in peak intensity. 

Nevertheless, the shift in characteristic peak at around 

1546 cm–1 of the nanocomposite compared to the 

individual catalysts indicates strong molecular 

interaction and formation of new bonds. Additionally, 

the three major peaks in the fingerprint region at 820 

cm–1 in CaTiO3, and 1085 cm–1 and 599 cm–1 in HAp, 

were retained, showing shifts of intensity in the 

nanocomposite that correspond to the bonding 

interaction of HAp and CaTiO3, thus confirming the 

successful heterojunction formation between the two 

individual semiconductors [32]. 

 

 
Figure 5: FTIR results of the HAp, CaTiO3, and HAp-

CaTiO3 nanocomposite. 

 

3.2 Photocatalytic degradation of Acetaminophen 

 

The highest photocatalytic efficiency was observed at 

a catalyst loading of 2.0 g/L. The efficiency increases 

from 1.5 g/L (89.69%) to 2.0 g/L (96.30%) but slightly 

decreases at 2.5 g/L (94.49%), as highlighted in Figure 6. 

This indicates that beyond a catalyst concentration of 

2 g/L, increasing the catalyst loading does not 

continue to improve performance and may even 

reduce it. The decrease in efficiency at 2.5 g/L might 

be due to saturation effects, where excess catalyst does 

not contribute to increased photocatalytic activity and 

could lead to issues like light scattering or reduced 

active surface area exposure [18]. Similar studies that 

degrade acetaminophen showed 94.80% with SACu-

hsCN and ZnO-NiO Nanofibers catalyst showed 92% 

degradation efficiency in 3 h [15], [33]. This study has 

achieved an effective degradation efficiency with a 

sustainable source, tahong.  

The photocatalytic degradation relies on the 

number of photons that reach the catalyst and activate 

the generation of electron-hole pairs. The free 
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photoelectron in the conduction band facilitates the 

creation of reactive oxygen species (such as hydroxyl 

radical OH•) within the composite [34]. The radicals 

create a chain reaction that could partially degrade the 

ACT to by-products and then completely mineralize it 

to CO2 and H2O [35].  

To get a better understanding of the mechanism 

of the nanocomposite decomposition of ACT, 

individual catalysts were observed under identical 

conditions. The percent degradation of acetaminophen 

using various types of catalysts is shown in Figure 7. 

Notably, the no-catalyst control group exhibited 

minimal degradation of 3.56%, highlighting the 

resilience of ACT on typical wastewater. 

 

 
Figure 6: Percent degradation vs. time of (a) HAp-

CaTiO3 catalysts at varying catalyst load (1.5 g/L, 2.0 

g/L, 2.5 g/L). 

 

HAp showed 89.5 % degradation for ACT in 120 

mins, as shown in Figure 6, compared to similar 

studies that resulted in minimal ACT degradation [36]. 

The results can be attributed to the added calcination 

step to the HAp synthesis. The calcination step 

provided oxygen vacancies on the HAp and lowered 

its band gap energy [37]. The lower band gap enhances 

light absorption and photocatalytic activity, leading to 

the observed increase in ACT degradation. While 

calcium titanate, a novel photocatalyst, demonstrated 

64.53% degradation efficiency against acetaminophen. 

Mostafa et al. reported a 3.0–3.5 eV bandgap for 

calcium titanate derived from Perna viridis, 

classifying it as UV-active [38]. This bandgap enables 

light absorption for wavelengths under 387 nm, 

primarily within the ultraviolet range [39]. 

Thus, HAp, with its naturally porous structure 

and induced oxygen vacancies, facilitates the 

adsorption of pollutants and improves contact with the 

photocatalyst. While CaTiO3 contributes additional 

active sites for photocatalytic reactions. When 

combined, the overall availability of active sites 

increases, allowing for more effective degradation of 

pollutants like acetaminophen. 

 

 
Figure 7: Percent degradation vs. time of HAp, 

CaTiO3 and no catalyst. 

 

3.3 Statistical Treatment 

 

Two-way analysis of variance (ANOVA) was 

conducted to assess the effects of catalyst loading and 

exposure time on acetaminophen degradation. Results 

showed that both catalyst loading (p-value < 0.0001) 

and exposure time (p-value < 0.0001) significantly 

influenced degradation efficiency. However, their 

interaction (p-value = 0.09587) was not statistically 

significant, indicating independent effects on the 

response variable.  

Figure 8 presents the contour plot of 

acetaminophen degradation at varying exposure times 

and catalyst loadings (10 ppm initial concentration). 

Closely packed lines in the lower section indicate 

rapid degradation from 0 to 60 min, while wider gaps 

beyond 60 minutes suggest diminishing effects. 

Steeper lines between 30- and 60-min highlight 

catalyst loading’s increasing impact, with 2 g/L 

showing the most intense response. Maximum 

degradation occurs at 120 min and around 2 g/L 

catalyst loading.
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Figure 8: Contour plot of percent degradation vs. 

exposure time vs. catalyst loading at 10 ppm initial 

pollutant concentration. 

 

For Figure 9, the response surface plot further 

supports these findings, showing an overall upward 

trend in degradation with time. Efficiency peaks at a 

catalyst loading of 2 g/L, beyond which efficiency 

declines, indicating system saturation. The color 

gradient intensifies at higher exposure times, with 2 

g/L achieving a quicker response. This suggests that 

prolonged exposure enhances degradation, while 2 g/L 

represents the optimal catalyst concentration. 

 

 
 

Figure 9: Response surface plot of percent 

degradation vs. exposure time vs. catalyst loading at 

10 ppm initial pollutant concentration. 

 

4 Conclusions 

 

Waste Perna viridis (green mussel) shells were 

utilized on the synthesis of HAp and CaTiO3 

photocatalyst. Successful formation of HAp-CaTiO3 

nanocomposite via solid-state was confirmed by 

collective analysis of XRD, FTIR, UV-Vis and SEM-

EDX techniques. The polyhedral structure of HAp and 

clustered structure of CaTiO3 were observed resulting 

in a flowery structure of the nanocomposite, particle 

crystallite size was found in the nano region, and shift 

in peak intensity signatures of individual catalysts 

were found on the nanocomposite, suggesting 

molecular interaction and formation of new bonds. 

The synthesized HAp-CaTiO3 exhibited the highest 

photocatalytic efficiency (96.53%) at the catalyst 

loading of 2.0 g/L and exposure time of 120 minutes, 

compared to the individual HAp (89.5%) and CaTiO3 

(64.53%) catalysts. This study presents a novel 

approach for utilizing waste Perna viridis shells as a 

precursor for a single-sourced photocatalyst. The 

successful synthesis and characterization of the HAp, 

CaTiO3, and HAp-CaTiO3 nanocomposite demonstrate 

their potential as a sustainable and efficient material 

for ACT degradation. While the study highlights the 

photocatalytic potential of the HAp-CaTiO3 

nanocomposite, its reusability under repeated 

photocatalytic cycles remains unexplored. Further 

research is recommended to evaluate the catalyst's 

efficiency and stability over multiple uses to better 

assess its practical application in real wastewater 

treatment systems. 
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