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A B S T R A C T

Quality of life depend on access to water that is free from contaminants and harmful microorganisms. However, 
industrialization, population growth, and environmental pollution have severely impacted water quality 
worldwide. This study presents a novel, biodegradable, and cost-effective ternary bio-nanocomposite composed 
of macromolecules of cerium-substituted hydroxyapatite (Ce-HAP), chitosan (CS), and bamboo fiber (BF). The 
Ce-HAP/CS/BF bio-nanocomposite was derived from renewable biogenic sources such as snail shells, CS, and BF. 
It was designed for applications in both environmental remediation and biomedical fields. The physicochemical 
characterization of Ce-HAP/CS/BF was performed using FTIR, XRD, HRSEM, TEM, EDX, TGA/DTA, UV-DRS, and 
XPS, confirming the successful integration of all components along with enhanced crystallinity, porosity, and 
thermal stability. Photocatalytic studies revealed effective degradation of methylene blue (MB) dye, with hy
droxyl radicals (•OH) identified as the primary active species. Antibacterial assays demonstrated strong inhib
itory effects against Escherichia coli and Staphylococcus aureus. Cytocompatibility evaluation using MG63 
osteoblast-like cells showed over 90 % cell viability at all tested concentrations, confirming excellent biocom
patibility. Furthermore, swelling and degradation studies in simulated body fluid indicated suitable water ab
sorption and controlled degradation rates. Overall, the Ce-HAP/CS/BF bio-nanocomposite exhibits great 
potential as a sustainable material for wastewater treatment and bone tissue engineering, offering a multi
functional approach to address both environmental and healthcare challenges.

1. Introduction

In recent years, the production of textiles and clothing, medicinal 

supplies, cosmetics, and pigments has been the primary purpose for the 
use of dyes and colouring agents [1]. About 15 % of the unprocessed 
dyes used during the dyeing process are directly released into the 
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environment, posing a serious threat to ecosystems [2]. These pigments 
are usually highly stable and do not readily degrade under natural 
conditions [3]. Therefore, in the past few decades, it has become 
increasingly important to develop effective processes for removing dyes 
from aquatic environments. Such pollutants can accumulate in the cell 
membranes of living organisms and enter the food chain, constituting a 
significant global threat to biodiversity [4]. Organic-coloured chemical 
dyes enter water bodies through effluents from various industries, 
including paper, textiles, bleaching, pharmaceuticals, leather, cos
metics, tanning, plastics, and rubber manufacturing [5–10]. These in
dustries consistently use large quantities of synthetic dyes, producing 
substantial amounts of coloured effluents that are harmful to both 
human health and aquatic ecosystems [11–14]. Methylene blue (MB), a 
heterocyclic aromatic compound, is one of the most widely used syn
thetic dyes in various fields, including biology and chemistry [15]. In its 
solid form, MB is a dense, odourless, deep-green substance which pro
duces a blue-coloured solution when dissolved in water. It is extensively 
used for dyeing wool and cotton fabrics, paper products, and as a tem
porary hair dye [16–20]. However, MB can have harmful side effects 
excessive exposure may impair vision, and frequent ingestion can lead to 
mental health issues, nausea, and vomiting.

Maintaining ecosystem health and preserving biological cycles re
quires preventing the excessive release of hazardous materials into 
aquatic environments [21]. Wastewater containing dyes can be treated 
using various techniques, such as coagulation, membrane filtration, 
electrolysis, biological treatment, photocatalytic oxidation, and 
adsorption [22–27]. Among these, photocatalytic degradation is 
frequently employed due to its advantages, including low cost, opera
tional simplicity, and environmental friendliness [28]. Activated char
coal is often used for dye removal; however, it can be expensive. As a 
result, numerous low-cost and readily available adsorbent materials 
such as rice husks, coffee husks, pine cones, sugarcane bagasse, clays, 
walnut shells, and calcium phosphates have been investigated for this 
purpose [29–31].

Effective photocatalysts are capable of permanently breaking down 
organic pollutants in aqueous solutions in a cost-effective, environ
mentally friendly manner, and under visible-light activation. Metal 
oxide semiconductors hold great potential as photocatalysts due to their 
excellent optoelectronic stability and favourable physical and chemical 
properties. However, conventional materials such as ZnO and TiO₂ are 
primarily active only in the UV spectrum because of their wide bandgap 
and rapid electron–hole recombination. The present study focuses on the 
development of environmentally friendly hydroxyapatite-based cata
lysts to overcome these limitations [32].

Hydroxyapatite (Ca₁₀(PO₄)₆(OH)₂, HAP) is a principal component of 
bones and teeth, valued for its environmental benignity, biological ac
tivity, and excellent biocompatibility, making it highly suitable for 
musculoskeletal therapies. Beyond biomedical applications, HAP pos
sesses unique properties, including a large specific surface area, low 
solubility in water, structural stability, and high thermal conductivity 
that enable its use as a green photocatalyst for degrading harmful 
pigment molecules. For instance, combining HAP with TiO₂ nano
particles under simulated solar light irradiation has been shown to 
effectively remove nitric oxide from the environment. Its photocatalytic 
performance is further enhanced by phosphate sites in HAP, which 
promote the generation of superoxide radicals, thereby accelerating 
pollutant degradation. Moreover, HAP a high adsorptive capacity offers 
a dual advantage: it can capture and concentrate pollutants on its sur
face, enhancing both the efficiency and selectivity of photocatalytic 
reactions. This synergy of adsorption and photocatalysis makes HAP an 
attractive and sustainable material for environmental remediation 
applications.

During the photocatalytic process, oxygen vacancies on the outer
most layer of HAP act as electron acceptors [33–35]. However, due to its 
wide bandgap, HAP alone is often incapable of effectively degrading 
organic pigments under ultraviolet (UV) irradiation [36]. To enhance its 

efficiency under UV light and reduce degradation time, researchers have 
sought to combine HAP with optically active materials. For example, 
carbon-doped HAP exhibits improved photocatalytic performance for 
the decomposition of methylene blue (MB) dye under UV irradiation. 
Furthermore, to enhance the functionality of HAP, various 
semiconductor-based materials such as Ti, Ag, Fe, and Co are currently 
being investigated as dopants or composite partners.

Unfortunately, due to the cost of the chemical precursors used as 
sources of phosphate and calcium, synthetically produced HAP is often 
expensive. Consequently, biogenic waste materials such as mussel shells, 
oyster shells, fish scales, biomass ash, and snail shells are gaining sig
nificant scientific attention as low-cost, renewable sources for producing 
value-added HAP. Among these, snail shell-derived HAP has recently 
attracted particular interest. Several studies have reported that HAP is 
one of the most versatile biomaterials, with applications spanning 
wastewater treatment, electronics, and biomedical therapies [37].

For various photocatalytic applications, HAP has been combined 
with other functional materials. For instance, the incorporation of 
semiconductor nanoparticles onto the HAP surface produces composite 
photocatalysts with strong photodegradation performance under UV 
irradiation [38]. Consequently, HAP/semiconductor composites have 
emerged as reliable catalysts for the photocatalytic decomposition of 
pollutants, receiving growing research attention [39].

Bamboo is a plentiful, inexpensive, and environmentally friendly 
biomass resource rich in lignocellulose. It has a wide range of uses, 
including as a food source, construction material, and versatile natural 
biomass. However, bamboo processing generates large quantities of 
waste. A significant proportion of lignocellulose is found in bamboo 
fiber [40], which can be converted into high-value lignocellulose de
rivatives. Due to its small particle size, irregular shape, and porous 
structure, raw bamboo fiber can be challenging to utilize directly for 
specific applications. Therefore, further research on bamboo waste is 
essential to identify alternative value-added uses [41].

In wastewater treatment, lignocellulose-based adsorbents such as 
cellulose, activated carbon, and lignin-derived materials are well 
established [41,42]. Adsorbents derived from bamboo possess excellent 
socioeconomic and environmental benefits. However, their small par
ticle size makes them difficult to separate from treated effluents [43]. An 
effective strategy to overcome this limitation is to incorporate bamboo 
fiber (BF) into a polymer matrix. Such a matrix not only facilitates the 
easy separation of adsorbents from water but also enhances their 
interaction with charged contaminants. Furthermore, desirable features 
of the polymer matrix include high porosity and strong durability in 
aqueous environments [44–47].

Fortunately, structural modification of HAP has been shown to 
significantly improve its photosensitivity. However, its inherently low 
surface adsorption capacity and the rapid recombination of electro
n–hole pairs can limit its photocatalytic efficiency. To overcome these 
limitations, incorporating polymeric materials can enhance its proper
ties and overall photocatalytic performance [48]. In this regard, several 
studies have reported that metal oxide/polymer composites exhibit 
improved sorption capacity.

Biopolymers are highly versatile and can readily form chemical in
teractions with contaminants [49]. Among them, chitosan (CS) is a 
particularly promising polymer that has been shown to enhance 
pollutant degradation when incorporated into photocatalytic materials 
[50]. Due to its amino functional groups, CS acts as a natural bio
adsorbent and is frequently employed as a substrate in photocatalytic 
studies [51,52].

Recent advances in nanostructured photocatalysts have demon
strated promising potential for both environmental and biomedical ap
plications. For example, a hybrid MWCNTs/g-C₃N₄/chitosan 
nanocomposite thin film (NCTF), synthesized via solution casting, 
exhibited excellent visible-light-driven phenol degradation and retained 
over 80 % efficiency after five cycles [53]. Similarly, a Z-scheme g- 
C₃N₅@Bi₂WO₆/PPy photocatalyst displayed superior charge transfer and 
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visible-light activity, achieving over 96 % and 98 % degradation of 
Rhodamine B and Methylene Blue, respectively, within 60 min, with 
strong stability and involvement of O₂•− and h+ species [54].

Green-synthesized CdS quantum dots prepared using Crocus sativus L. 
extract showed 92 % Rhodamine B degradation under UV light, signif
icant antibacterial activity, and 79 % cytotoxicity against MCF-7 cells, 
underscoring their potential for both photocatalytic and biomedical 
applications [55]. Furthermore, a ternary CTS–SnO₂–MWCNTs nano
hybrid, developed via an interfacial engineering approach, demon
strated enhanced methylene blue degradation (97.59 %) and adsorption 
(84.24 %), along with excellent antibacterial activity and stability, 
providing a noble-metal-free alternative for efficient photocatalysis 
[56].

This research incorporated bamboo fiber (Bambusa vulgaris) into a 
Ce-HAP/chitosan/bamboo fiber (Ce-HAP/CS/BF) ternary bio- 
nanocomposite to develop a multifunctional material for both environ
mental and biomedical applications. The primary objective was to 
fabricate a cost-effective, biogenic composite exhibiting strong antimi
crobial activity against clinical pathogens, high biocompatibility for 
bone and tissue engineering, and efficient photocatalytic performance 
for the removal of methylene blue (MB) dye from wastewater. The study 
emphasized sustainability by utilizing natural and waste-derived mate
rials to create low-cost adsorbents with high pollutant removal effi
ciency. Furthermore, the photocatalytic degradation mechanism of 
cationic pollutants was investigated, highlighting the generation and 
role of reactive species particularly hydroxyl radicals in the dye 
decomposition process.

2. Materials and methods

2.1. Chemicals

Cerium (III) nitrate pentahydrate (Ce(NO3)3⋅5H2O), hydrochloric 
acid (HCl), sulfuric acid (H2SO4), concentrated nitric acid (HNO3), 
Methyl Blue (MB), The different scavengers such as disodium ethyl
enediaminetetraacetate (EDTA-2Na), 1,4-benzoquinone (BQ) and iso
propyl alcohol (IPA) silver nitrate (AgNO3), Diammonium hydrogen 
orthophosphate (NH4)2HPO4, sodium hydroxide (NaOH), 5H2O, Chito
san (80–95 % deacetylated), and acetic acid were purchased from Sigma 
Aldrich. Generally available dead snail shells were collected from a local 
paddy cultivation area in Cibinong, Indonesia. All chemicals were used 
without further purification. Deionized (DI) water was used in all the 
experiments.

2.2. Extraction of calcium oxide from snail shell

The snail shells (CaCO₃, 95–99 %) were thoroughly washed with 
running water to remove mud and other impurities, followed by several 
washes with deionized (DI) water. They were then boiled at 100 ◦C for 4 
h. Next, the shells underwent ultrasonic treatment in an ethanol–water 
mixture for 2 h to remove any fibrous layers and were subsequently 
dried in a hot-air oven at 90 ◦C for 5 h. The dried shells were crushed into 
small pieces, placed in a silica crucible, and calcined in a muffle furnace 
at 1000 ◦C for 3 h to produce calcium oxide (CaO). After heating, the 
shells turned pure white. The furnace was allowed to cool to ambient 
temperature, and the obtained white powder was mechanically ground 
with an agate pestle and mortar to obtain fine CaO powder. This CaO 
was then converted into calcium nitrate for use in the subsequent bio- 
composite preparation.

2.3. Snail shell-derived cerium-substituted HAP (Ce-HAP)

To prepare Ce-HAP, CaO (0.3 M) and Ce(NO₃)₃⋅6H₂O (0.05 M) were 
first mixed thoroughly. Subsequently, (NH₄)₂HPO₄ was added dropwise 
to the above mixture at ambient temperature until the stoichiometric 
proportion of (Ca + Ce)/P = 1.67 for Ce-HAP was achieved. The pH of 

the resulting solution was adjusted to 4.5 using 0.1 M NaOH. The re
action mixture was continuously stirred using a magnetic stirrer for 24 
h. The final product was then filtered and washed several times with 
deionized water, ethanol, and water to obtain pure Ce-HAP. The 
resulting white precipitate was collected and used for further processing.

2.4. Preparation of Ce-HAP/CS solution

A chitosan (CS) solution was prepared by dissolving 0.5 g of CS 
powder in 20 mL of 2 % (v/v) aqueous acetic acid under constant stirring 
for 2 h. Cerium-substituted Hydroxyapatite (Ce-HAP) powder was then 
gradually added to the CS solution, and the mixture was stirred for an 
additional 1 h at room temperature to obtain a uniform and homoge
neous suspension.

2.5. Preparation of BF extract

Bamboo fibres (BF) were collected from the BRIN Campus, Cibinong, 
Indonesia. The fibres were cut into lengths of approximately 0.5–0.8 
mm, rinsed with deionized water for 10 min, and dried in an oven at 
80 ◦C for 24 h to remove moisture. Ten grams of the dried BF were 
crushed and boiled in a 10 % (w/v) sodium hydroxide solution for 1 h. 
The BF were then repeatedly washed with deionized water until the 
wash water reached pH 7, followed by drying again at 80 ◦C for 24 h. 
The treated fibres were collected by filtration using Whatman filter 
paper and cooled to room temperature. Finally, the fibres were subjected 
to centrifugation at 10,000 rpm, and the supernatant was collected for 
further processing.

2.6. Synthesis of Ce-HAP/CS/BF ternary nanocomposite

The Ce-HAP extract prepared in Section 2.3 was added dropwise to 
the Ce-HAP/CS solution (Section 2.4) and simultaneously added drop
wise to the BF suspension under continuous magnetic stirring. This 
addition resulted in the formation of a dirty-white precipitate. The 
mixture was then ultrasonicated for 2 h to promote uniform dispersion, 
followed by magnetic stirring for 24 h to ensure complete interaction 
among the components. An additional ultrasonication step for 1 h was 
carried out to achieve a homogeneous mixture. The resulting product 
was filtered, dried at 400 ◦C, and ground into a fine powder to obtain the 
Ce-HAP/CS/BF ternary nanocomposite. A schematic representation of 
the synthesis process is shown in Fig. 1.

2.7. Characterization techniques

2.7.1. Physio-chemical characterizations
The synthesized HAP, Ce-HAP, Ce-HAP/CS, and Ce-HAP/CS/BF 

nanocomposites were subjected to comprehensive physicochemical 
characterization to determine their functional groups, crystal structures, 
surface morphologies, elemental compositions, and optical properties. 
Fourier-transform infrared (FT-IR) spectroscopy was performed using an 
Impact 400 D Nicolet spectrometer via the KBr pellet method over a 
wavenumber range of 400–4000 cm− 1. Crystalline structures were 
analyzed using X-ray diffraction (XRD) with an X’Pert PANalytical 
diffractometer operating at room temperature in the 2θ range of 
20◦–80◦, employing Cu Kα radiation. Surface morphology and micro
structural features were examined using high-resolution field-emission 
scanning electron microscopy (HRSEM), while particle morphology was 
further confirmed via transmission electron microscopy (TEM). 
Elemental composition and distribution were analyzed using energy- 
dispersive X-ray spectroscopy (EDX), and the quantitative elemental 
content was determined using inductively coupled plasma optical 
emission spectroscopy (ICP-OES). Thermal stability and decomposition 
behaviour were assessed using thermogravimetric analysis and differ
ential thermal analysis (TGA/DTA). Optical properties and band gap 
estimations were obtained from ultraviolet-visible diffuse reflectance 
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spectroscopy (UV-DRS), and surface elemental states along with chem
ical bonding environments were investigated by X-ray photoelectron 
spectroscopy (XPS).

2.8. Biological characterizations

2.8.1. Antibacterial activity
Employing the established diffusion method and standard protocols, 

the antimicrobial activity of the as-synthesized HAP, Ce-HAP, Ce-HAP/ 
CS, and Ce-HAP/CS/BF nanocomposites was evaluated against two 
bacterial strains: Gram-positive Staphylococcus aureus (ATCC 25923) and 
Gram-negative Escherichia coli (ATCC 25922). Whatman filter paper 
discs, each with a diameter of 6 mm, were prepared and impregnated 
with two different concentrations (50 and 100 mg/μL) of the respective 
nanocomposites. The discs were placed on the inoculated Petri plates at 
equal distances apart, followed by incubation at 37 ◦C for

24 h. After incubation, the zones of inhibition formed around the 
discs were measured to assess antibacterial efficacy against both bac
terial strains.

2.8.2. Swelling and degradation behaviour
Swelling tests were carried out for HAP, Ce-HAP, Ce-HAP/CS, and 

Ce-HAP/CS/BF nanocomposite samples. In this assay, 10 mL of simu
lated body fluid (SBF) was used to submerge each sample, and mea
surements were taken at 0, 2, 4, 6, 8, 10, 12, and 14 days after 
immersion. Each sample was weighed prior to immersion, and after the 
designated incubation period, the specimens were retrieved, excess so
lution was removed by air-drying at 36 ◦C, and the samples were 
reweighed to determine swelling. The degradation behaviour of the 
nanocomposites was also evaluated under the same conditions, and the 

results were expressed along with their respective standard deviations.

2.8.3. In vitro cytotoxicity study with HOS MG63 cells
MG63 osteoblast cells, a human osteosarcoma cell line (HOS MG63, 

ATCC CRL-1427™), were used to evaluate the in vitro cytocompatibility 
of the Ce-HAP/CS/BF nanocomposite samples. The viability of cells 
colonizing the samples was assessed using a modified MTT assay (3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide). For the assay, 
HOS MG63 cells were seeded in 12-well plates at a density of 1 × 104 

cells/mL. After 24 h of incubation, MTT solution was added, and the 
cells were further incubated for 1, 4, and 7 days. Following the incu
bation, the absorbance of each well was recorded, and cell viability (%) 
was calculated relative to control wells using the equation: 

%Cell viability = [A] Test/[A] Control×100.

2.9. Statistical analysis

Experimental data are presented as mean ± SD values and inter
preted using GraphPad Prism 8.3 (GraphPad Software, San Diego, CA, 
United States) and Origin Pro (Origin Lab Corporation, Northampton, 
MA, USA).

3. Results and discussion

3.1. FT-IR analysis

FTIR spectroscopy was employed to investigate the chemical 
bonding and structural evolution of the synthesized nanocomposites. 
The FTIR spectra for HAP, Ce-HAP, Ce-HAP/CS, and Ce-HAP/CS/BF 

Fig. 1. Schematic representation of the synthesis of Ce-HAP/CS/BF ternary nanocomposite.

R. Ramachandran et al.                                                                                                                                                                                                                       International Journal of Biological Macromolecules 332 (2025) 148563 

4 



nanocomposites are presented in Fig. 2(a-d). In the spectrum of pure 
HAP, Fig. 2(a), characteristic vibrational modes of phosphate (PO4

3− ) 
groups were observed. The prominent peaks at 1023, 961, 603, 563, and 
453 cm− 1 correspond to asymmetric and symmetric stretching and 
bending vibrations of the PO4

3− tetrahedral units. Additionally, a broad 
absorption band at 3575 cm− 1 and a bending mode at 1622 cm− 1 were 
attributed to stretching and bending vibrations of adsorbed hydroxyl 
(OH) groups and water molecules, respectively. Upon cerium substitu
tion in the HAP lattice Fig. 2(b), minor shifts and peak broadening were 
observed, particularly near 1644 cm− 1 and 1004 cm− 1, suggesting 
successful incorporation of Ce3+/Ce4+ ions and associated lattice 
distortion. In the FTIR spectrum of the Ce-HAP/CS nanocomposite Fig. 2
(c), additional peaks appeared at 2936 cm− 1 and 1627 cm− 1, attributed 
to C–H stretching and amide (C=O) stretching vibrations, respectively, 
indicating the presence of chitosan. The characteristic broad (OH) 
stretching band around 3456 cm− 1 further confirms chitosan incorpo
ration. The spectrum of Ce-HAP/CS/BF nanocomposite Fig. 2(d) 
revealed more complex features. Peaks at 3422 cm− 1 (OH), and N–H 
stretching, 2864 and 2409 cm− 1 (C–H stretching) and a strong band at 
1734 cm− 1C=O stretching from esters or carboxylates suggest the 
presence of BF components. Additional peaks at 1635 cm− 1 (C––C or 
aromatic skeletal vibrations), 1412 cm− 1 (CO3

2− bending), 1328 cm− 1 

(C–H bending), 1038 cm− 1 (C–O–C asymmetric stretching), and 1038 
cm− 1 (C–O stretching) confirm the inclusion of polysaccharide and 
lignocellulosic structures from BF. Notably, the retention of PO4

3− peaks 
at 563 and 603 cm− 1 and their slight shifting indicates sustained HAP 
structure with interfacial interaction among the Ce-HAP/CS/BF nano
composite. The presence of new functional groups shifts in vibrational 
bands, and broadening effects suggest strong hydrogen bonding and 

electrostatic interactions among the nanocomposite constituents. These 
spectral features collectively confirm the successful formation of an in
tegrated Ce-HAP/CS/BF nanocomposite system with robust interfacial 
compatibility between the biopolymeric and inorganic phases.

3.2. X-ray diffraction studies

Fig. 3 (a-d) illustrates the results of the XRD phase evaluation of the 
as-synthesized HAP, Ce-HAP, Ce-HAP/CS, and Ce-HAP/CS/BF mate
rials. Fig. 3 (a) The XRD pattern of hydroxyapatite (HAP) exhibits well- 
defined peaks at 2θ = 26.06◦, 31.94◦, 33.17◦, 34.29◦, and 39.94◦, cor
responding to the (211), (300), (112), (306), (221), (222), and (213) 
crystal planes. These peaks confirm the formation of a pure hexagonal 
phase HAP structure without any detectable secondary phases in good 
agreement with JCPDS card No. 09-0432. Fig. 3(b). In the cerium-doped 
HAP (Ce-HAP), diffraction peaks with slight shifts in 2θ positions and 
notable broadening, indicating lattice distortion due to cerium incor
poration. The corresponding crystallographic planes are indexed as 
(122), (125), (034), (128), (131), (310), (238), (004), and (322). These 
peaks’ reduced intensity and broadened nature further support the 
successful substitution of Ce ions into the HAP crystal lattice also 
consistent with JCPDS card No. 09-0432 for the HAP phase. Fig. 3(c). 
The XRD pattern of the Ce-HAP/chitosan (CS) composite reveals 
diffraction peaks at 2θ = 20.24◦, 25.84◦, 28.78◦, 29.28◦, 31.63◦, 37.7◦, 
and 42.18◦, which correspond to the (202), (101), (300), (211), (311), 
(320), and (402) planes. The additional peaks observed at 47.24◦, 
48.30◦, and 53.16◦ align well with the ICDD reference card No. 78-1420, 
confirming the presence of CS in the composite Fig. 3(d) The XRD 
pattern of the Ce-HAP/CS/BF nanocomposite shows diffraction peaks at 

Fig. 2. FT-IR spectra of (a) HAP, (b) Ce-HAP, (c) Ce-HAP/CS, and (d) Ce-HAP/CS/BF nanocomposite.

R. Ramachandran et al.                                                                                                                                                                                                                       International Journal of Biological Macromolecules 332 (2025) 148563 

5 



2θ = 16.2◦, 21.19◦, 34.14◦, and 59.85◦, attributed to bioactive glass 
(BF). These are present alongside characteristic Ce-HAP and CS peaks. 
The indexed planes include (202), (122), (300), (211), (311), (320), and 
(402), validating the incorporation of BF into the composite. The 
absence of any new or unidentified peaks confirms that no additional or 
intermediate phases were formed during the composite fabrication. This 
confirms the successful integration of all constituents into a structurally 
coherent composite, ensuring phase purity and the potential for 
enhanced functional properties suitable for biomedical applications.

3.3. Morphological analysis

Fig. 4 (a-d) revealed the HRSEM micrographs illustrating the syn
thesized HAP, Ce-HAP, Ce-HAP/CS, and Ce-HAP/CS/BF nano
composites. Fig. 4(a) displays the synthesized HAP sample, which 
exhibits a grain-shaped microstructure. The observed micrographic 
image reveals the formation of dense, structured topography with a 
macro porous structure. The HAP structure reveals the formation of a 
uniform microstructure without secondary particle formation. Further
more, according to Fig. 4b), the Ce incorporation into the HAP leads to 
the production of spherical-like morphology. Additionally, the structure 
of the Ce-HAP/CS nanocomposites depicted in Fig. 4 (c) shows the 
creation of an aggregated surface structure, which could be the result of 
the Ce-HAP matrix integration in CS. The surface texture of the Ce-HAP/ 
CS/BF is shown in Fig. 4(d). Examining the porous microstructure in the 

Fig. 3. XRD patterns of (a) HAP, (b) Ce-HAP, (c) Ce-HAP/CS, and (d) Ce-HAP/ 
CS/BF nanocomposite.

Fig. 4. (a-d) FESEM images; (e-h) histograms showing the particle size distribution of HAP, Ce-HAP, Ce-HAP/CS, and Ce-HAP/CS/BF; and (i-l) elemental mapping 
images showing the distribution of individual elements Ca, P, O, C, and Ce.
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Ce-HAP/CS material, it can be observed that the composite has a ho
mogeneous distribution in solid structure exhibiting an arrangement 
matching fibres. Comparable porous microscopy images for the Ce-HA/ 
CS/BF materials were successfully acquired. Accordingly, the HRSEM 
observations demonstrated that the material is extremely porous and has 
excellent interrelationships which makes it advantageous enabling the 
adherence of various contamination as well as for the absorption of 
organic and inorganic materials from the aqueous environment. The 
average particle size of the materials was calculated based on their 
distribution, as presented in the histograms and corresponding micro
graphs depicted in Fig. 4 (e- h). Fig. 4(i- l) illustrate the detailed particle 
size distribution and morphology, offering insight into the variations 
and uniformity across samples. Further, the mapping analysis confirms 
that the elements are evenly distributed in the structure, which confirms 

the nanocomposite indicates the presence of Ca, P, O, Ce, and C and does 
not exhibit any additional elements in its structure. Fig. 5 displays the 
EDAX spectra and quantitative elemental composition for (a) HAP, (b) 
Ce-HAP, (c) Ce-HAP/CS, and (d) Ce-HAP/CS/BF nanocomposite, con
firming the presence and distribution of key elements in each sample. In 
the spectrum of pure HAP (Fig. 5 a), the detected elements include 
calcium (Ca), phosphorus (P), oxygen (O), and carbon (C). The corre
sponding elemental composition is C (15.43 wt%, 19.07 at.%), O (41.32 
wt%, 51.31 at.%), P (16.55 wt%, 14.40 at.%), and Ca (26.70 wt%, 15.22 
at.%). These values are consistent with the expected stoichiometry of 
hydroxyapatite and indicate successful synthesis.

Following cerium incorporation (Fig. 5b), the Ce-HAP sample shows 
a new peak for cerium (Ce), with an elemental composition of C (11.2 wt 
%, 18.88 at.%), O (47.02 wt%, 59.5 at.%), P (12.1 wt%, 7.91 at.%), Ca 

Fig. 5. EDAX spectra of (a) HAP, (b) Ce-HAP, (c) Ce-HAP/CS, and (d) Ce-HAP/CS/BF nanocomposite.
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(26.30 wt%, 13.23 at.%), and Ce (3.39 wt%, 0.49 at.%). The detection of 
Ce confirms its successful doping into the HAP lattice. A noticeable in
crease in oxygen content and a slight reduction in phosphorus and 
carbon suggest potential formation of cerium oxides or Ce-substituted 
HAP. For the Ce-HAP/CS composite (Fig. 5c), the elemental composi
tion is C (12.4 wt%, 11.2 at.%), O (44.06 wt%, 68.06 at.%), P (15.96 wt 
%, 11.86 at.%), Ca (25.19 wt%, 19.52 at.%), and Ce (2.39 wt%, 0.36 at. 
%). The presence of Ce is still evident, although in slightly lower con
centration compared to Ce-HAP, indicating a more dispersed distribu
tion. The moderate increase in C content is indicative of the chitosan 
(CS) matrix, while P and Ca remain within a similar range. In the Ce- 
HAP/CS/BF nanocomposite (Fig. 5d), the elemental analysis reveals C 
(6.21 wt%, 11.07 at.%), O (50.71 wt%, 67.82 at.%), P (11.05 wt%, 7.63 
at.%), Ca (22.83 wt%, 12.07 at.%), and Ce (9.2 wt%, 1.41 at.%). A 
significant increase in Ce content compared to previous samples con
firms effective loading of cerium within the composite. The elevated 
oxygen level and reduced carbon may be attributed to the inclusion of 
bioactive fiber (BF), which likely enhances oxygen-rich functional 
groups in the matrix. Overall, the EDAX spectra and elemental data 
confirm the stepwise incorporation of cerium, chitosan, and bioactive 
fiber into the HAP framework. Each modification results in character
istic shifts in elemental composition, validating the successful fabrica
tion of the desired nanocomposite systems.

The HAP, Ce-HAP, and Ce-HAP/CS/BF were evaluated for the shape 
and size by the TEM micrograph, as shown in Fig. 5. The as-derived HAP 

from the biowaste materials exhibits a spherical structure formation 
with the approximate size of 200 nm Fig. 6 (a). Further, the HAP shown 
in Fig. 6 (b) confirms the incorporation of Ce atom in the HAP structure. 
The substitution of Ce in the HAP structure does not show any 
morphological changes. The Ce-HAP/CS/BF nanocomposite exhibited in 
Fig. 6 (c) indicates the formation of cluster-like morphology with 
maximum aggregation. The incorporation of CS and BF in the Ce-HAP 
structure reveals the formation of an aggregated structure, which is 
due to the moisture content present in the polymer and fiber structure. 
Fig. 6 (d) indicates the SAED pattern of the Ce-HAP/CS/BF nano
composite, and this pattern demonstrates the highly oriented hexagonal 
crystal structure formation, which is in good agreement with the XRD 
investigations.

3.4. Thermal analysis

Thermogravimetric analysis (TGA) and differential thermal analysis 
(DTA) were performed to investigate the thermal stability and decom
position behaviour of the Ce-HAP/CS/BF nanocomposite, as shown in 
Fig. 7. The TGA curve (red) reveals a multi-step weight loss profile 
indicative of various decomposition events. Initially, a minor weight loss 
(2–3 %) occurs up to approximately 150 ◦C, which is attributed to the 
evaporation of adsorbed moisture. This is followed by a gradual weight 
loss between 150 ◦C and 300 ◦C, corresponding to the thermal degra
dation of the chitosan (CS) matrix and partial loss of organic content. A 

Fig. 6. TEM image of (a) HAP, (b) Ce-HAP, and (c) Ce-HAP/CS/BF nanocomposites and (d) SAED pattern.

R. Ramachandran et al.                                                                                                                                                                                                                       International Journal of Biological Macromolecules 332 (2025) 148563 

8 



more pronounced weight loss (30 %) is observed between 300 ◦C and 
500 ◦C, which is attributed to the decomposition of chitosan and other 
organic moieties, including residual solvents or unreacted components. 
Beyond 500 ◦C, a significant weight loss continues, reaching a plateau 
around 600–700 ◦C, suggesting the breakdown of remaining organic 
fractions and potential phase transitions involving Ce-HAP or Bambo 
fiber constituents. The final residue at temperatures above 700 ◦C re
mains stable, indicating the formation of thermally stable inorganic 
phases, likely comprising Ce-HAP and boron-rich materials. The DTA 
curve (blue) complements the TGA data, exhibiting endothermic and 
exothermic peaks associated with phase transitions and decomposition 
reactions. An endothermic peak around 100–150 ◦C correlates with 
water loss, while exothermic events between 300 ◦C and 600 ◦C corre
spond to the degradation of organic components and potential crystal
lization or restructuring within the composite. The thermal stability of 
the nanocomposite, evidenced by a significant residual mass (40 %), 
confirms its suitability for applications requiring thermal endurance, 
such as biomedical implants or catalytic supports.

3.5. ICP-OES analysis for metal ion leaching assessment

To assess the compositional stability and environmental safety of the 
synthesized nanocomposites during repeated photocatalytic cycles, 
inductively coupled plasma optical emission spectrometry (ICP-OES) 
was employed to detect possible leaching of constituent ions (Ca2+, P5+, 
Ce3+, and trace elements) into the aqueous medium. The HAP, Ce-HAP, 
Ce-HAP/CS, and Ce-HAP/CS/BF samples were subjected to five 
consecutive photocatalytic degradation cycles, and the post-reaction 

solutions were analyzed (Table 1).
Across all cycles, the detected Ca, P, and Ce concentrations remained 

far below their respective WHO permissible limits. The minimal ion 
release (≤1 ppm for Ce and ≤ 1 ppm for Ca and P) suggests strong lattice 
stability of the hydroxyapatite phase and robust immobilization of Ce3+

ions within the crystal structure. The chitosan and bamboo fiber matrix 
further minimized surface dissolution by providing an additional 
organic protective layer. This low-leaching behaviour confirms that the 
composites maintain their chemical integrity during repeated photo
catalytic operations, ensuring both reusability and environmental 
safety.

3.6. Antibacterial activity

To eradicate environmental infections from aqueous waterbodies, it 
is desirable to develop antibacterial materials. The as-synthesized HAP, 
Ce-HAP, Ce-HAP/CS, and Ce-HAP/CS/BF samples were tested for their 
antibacterial efficacy versus two pathogenic strains, particularly 
S. aureus and E. coli, which have been frequently employed to treat 
frequent environmental infections found in ecology. To examine the as- 
synthesized samples, Fig. 8 (i-ii) illustrates the zone of inhibition 
encompassing the as-prepared material at two distinct doses. The clear 
zone formation confirms that the prepared material resistance to the 
pathogenic like 50 and 100 mg/μL, over S. aureus and E. coli. For both 
the bacterial strains, it has been observed the formation of clear zones 
around the disc bacterial strains. The as-synthesized composite zones of 
inhibition for HAP, Ce-HAP, Ce-HAP/CS, and Ce-HAP/CS/BF are shown 
in the image. From the bacterial analysis, it has been clear that the 
higher concentration such as 100 μL also the composite Ce-HAP/CS/BF 
shows maximum inhibition zone. This indicates that the sample con
taining CS and BF in the Ce-HAP structure acts as a better antibacterial 
material for both bacterial strains. Furthermore, the results reveal that 
the Ce-HAP/CS/BF composite is more resistance to E. coli than S. aureus. 
The largest area of inhibition dimensions versus E. coli was ultimately 
determined by the Ce-HAP/CS/BF nanocomposites and was explained 
by the division in the bacterial cell membrane structure, which could be 
due to the attraction between the strains and nanocomposites. The 
antibacterial activity is proportional to the reactive oxygen species 

Fig. 7. TGA and DTA spectra of Ce-HAP/CS/BF nanocomposite.

Table 1 
ICP-OES results showing Ce ion concentration (ppm) in the solution after each 
photocatalytic cycle.

Cycle number Ca (ppm) P (ppm) Ce (ppm)

1 0.91 ± 0.01 0.76 ± 0.12 0.43 ± 0.03
2 0.88 ± 0.02 0.73 ± 0.04 0.37 ± 0.02
3 0.86 ± 0.13 0.75 ± 0.22 0.40 ± 0.12
4 0.85 ± 0.12 0.73 ± 0.03 0.39 ± 0.02
5 0.81 ± 0.21 0.72 ± 0.02 0.36 ± 0.03
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(ROS), surface area, and size of the element. Fig. 9 depicts the anti
bacterial mechanism of the generated Ce-HAP/CS/BF nanocomposite. 
Nanocomposite photocatalysts can generate ROS such as •O2

− , ⋅OH, and 
H2O2 in the presence of dissolved O2, which contributes to extra free 

radical production. The Ce-HAP/CS/BF nanocomposite generates ROS 
via the Fenton reaction, which causes DNA damage and protein dena
turation, ultimately leading to the microorganism’s death.

Fig. 8. (I) Photographs and (II) Bar diagram showing the antibacterial activity of HAP, Ce-HAP, Ce-HAP/CS, and Ce-HAP/CS/BF nanocomposites at 50 and 100 μL 
against E. coli and S. aureus.

Fig. 9. Schematic possible mechanism of antibacterial activity of Ce-HAP/CS/BF nanocomposite.
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3.7. MTT assay

The biocompatibility of the Ce-HA/CS/BF nanocomposite was 
assessed through in vitro cytotoxicity testing using MG63 osteoblast-like 
cells. Cell viability was evaluated after 5 days of incubation at varying 
concentrations of the composite (12.5, 25, 50, and 100 μg/mL), and the 
results are presented in Fig. 10. The optical microscopy images Fig. 10
(a-e) reveal morphological changes in cell populations with increasing 
composite concentrations, while the accompanying bar graph quantifies 
the percentage of viable cells relative to the untreated control. Fig. 10 (a) 
shows the control sample, where cells display elongated, spindle-shaped 
morphology and are densely populated, indicative of healthy, prolifer
ating osteoblasts. Upon treatment with the Ce-HA/CS/BF composite at a 
low concentration of 12.5 μg/mL (Fig. 10b), slight changes in 
morphology and density were observed, though cell attachment and 
spreading remained adequate. At 25 μg/mL (Fig. 10c), cells appeared 
well-distributed with visible round and partially spread morphology, 
suggesting favourable interactions with the composite material. As the 
concentration increased to 50 μg/mL and 100 μg/mL (Fig. 10e), cells 
retained viable characteristics, although a minor reduction in density 
was observed at the highest concentration. However, no significant 
cytotoxic effects were noted, and the cell morphology remained gener
ally intact. These observations are supported by the bar graph, which 
shows over 90 % viability for all tested concentrations, with the peak 
viability observed around 25–50 μg/mL. Importantly, even at 100 μg/ 
mL, the viability remained above 85 %, confirming the low toxicity of 
the composite. The high cell viability across all concentrations can be 
attributed to the bioactive nature of the composite components. Cerium- 
substituted hydroxyapatite enhances cellular interactions, while chito
san provides a conducive matrix for cell adhesion and proliferation. The 
incorporation of BF likely contributes to mechanical reinforcement 
without compromising biocompatibility. Overall, the Ce-HA/CS/BF 
nanocomposite demonstrates excellent cytocompatibility, with mini
mal toxicity even at elevated concentrations. These results confirm the 
potential of this composite for bone tissue engineering applications, 
where biomaterials must promote osteoblast viability, proliferation, and 
differentiation for effective tissue regeneration.

3.8. Swelling and degradation behaviours in simulated body fluid (SBF)

The Fig. 11 (i) swelling ratios and Fig. 11 (ii) degradation behaviours 
of (a) HAP, (b) Ce-HAP, (c) Ce-HAP/CS, and (d) Ce-HAP/CS/BF com
posites at 0, 2, 4, 6, 8, 10, 12, and 14 days of immersion in SBF. The 

swelling and degradation behaviour of the synthesized samples HAP, Ce- 
HAP, Ce-HAP/CS, and Ce-HAP/CS/BF were investigated in vitro by 
immersing each sample in simulated body fluid (SBF) over 14 days. The 
experiments were conducted at specific time intervals (0, 2, 4, 6, 8, 10, 
12, and 14 days), and the corresponding results are presented in Fig. 11
(i-ii).

3.8.1. Swelling behaviour
As depicted in Fig. 11 (i), the swelling ratio of all samples gradually 

increased with time. The swelling percentage was calculated using the 
following equation: 

Swelling ratio (%) =
Ww − Wd

Wd
×100 (1) 

where Ww is the wet weight and Wd is the dry weight of the sample after 
immersion.

The results clearly indicate that the swelling percentage increased 
progressively with immersion time, reaching 31.7 % for (a) HAP, 38.9 % 
for (b) Ce-HAP, 51.9 % for (c) Ce-HAP/CS, and 61.8 % for (d) Ce-HAP/ 
CS/BF composite after 14 days in SBF solution. Among all tested com
positions, the Ce-HAP/CS/BF composite exhibited the highest swelling 
capacity throughout the 14-day immersion period. This enhanced 
swelling behaviour can be attributed to the hydrophilic nature of chi
tosan and the highly porous structure introduced by the boron fiber 
reinforcement. Similarly, the Ce-HAP/CS/BF composite showed 
improved swelling compared to Ce-HAP and pure HAP, highlighting the 
synergistic effect of the polymer and fiber in facilitating water absorp
tion. In contrast, pure HAP and Ce-HAP demonstrated lower swelling 
percentages, likely due to their dense, crystalline microstructure, which 
restricts fluid penetration.

3.8.2. Degradation behaviour
The degradation profiles of the samples in SBF are shown in Fig. 11

(ii) and were calculated using the formula: 

Degradation (%) =
Wd

W0
×100 (2) 

where W0W₀ is the initial dry weight of the sample and Wd is the dry 
weight after immersion.

The results revealed a progressive decline in sample weight over 
time, indicating ongoing degradation for all formulations. The results 
clearly indicate that the degradation percentage increased to 38.1 % for 
(a) HAP, 48.9 % for (b) Ce-HAP, 61.1 % for (c) Ce-HAP/CS, and 68.3 % 

Fig. 10. Cell viability (%), and optical images for the cell viability of Ce-HA/CS/BF composite at different concentrations (a) Control, (b) 12.5 μL, (c) 25 μL, (d) 50 
μL, and (e) 100 μL at 5 days of incubation.
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for (d) Ce-HAP/CS/BF composite after 14 days of immersion in SBF 
solution. However, the rate of degradation varied depending on the 
composition. The degradation rate, followed by the Ce-HAP/CS/BF 
composite, suggests enhanced structural integrity and slower degrada
tion in the presence of both CS and BF. This improved stability can be 
attributed to the formation of a robust CS polymer–ceramic-fiber matrix, 
which resists rapid disintegration in physiological conditions. On the 
other hand, pure HAP and Ce-HAP showed higher degradation rates, 
which may be due to their lack of polymeric and fibrous reinforcement, 
making them more prone to ionic dissolution in the SBF medium. The 
swelling and degradation studies demonstrate that the Ce-HAP/CS/BF 
composites, at BF content, exhibit optimal behaviour for biomedical 
applications. High swelling ratios ensure good fluid absorption and 
biological interaction, while controlled degradation ensures mechanical 
integrity over a suitable time frame for bone regeneration. These prop
erties affirm the potential of Ce-HAP/CS/BF composites as promising 
scaffolds for bone tissue engineering.

3.9. UV-DRS analysis

The UV–vis DRS analysis was used to assess the optical properties 
and bandgap characteristics of HAP, Ce-HAP, Ce-HAP/CS, and Ce-HAP/ 
CS/BF nanocomposites. From the UV–Vis absorption spectra Fig. 12(a). 
the pristine HAP exhibits the lowest absorbance, whereas the incorpo
ration of cerium (Ce) significantly enhances the absorbance in the visible 
region, as observed with the Ce-HAP sample. This enhancement can be 
ascribed to the introduced Ce in the HAP lattice, which creates new 
energy levels in the bandgap that allow for more light absorption. When 
chitosan (CS) is combined with Ce-HAP (Ce-HAP/CS), a further 
enhancement in absorbance is observed [45]. As a biopolymer, chitosan 
may improve Ce-HAP particle dispersion, hence raising the effective 
surface area exposed to light. The Ce-HAP/CS/BF nanocomposite ex
hibits the highest absorbance, indicating a potential synergistic inter
action between CS, and BF likely offers a scaffold that not only improves 
the dispersion of Ce-HAP particles but also may introduce additional 
light-absorbing sites due to their organic nature. The bandgap energy 
(Eg) was calculated using Tauc plot equation and the results are shown 
in Fig. 12(b). [46] 

Fig. 11. (i) Swelling ratios, (ii) degradation behaviours of (a) HAP, (b) Ce-HAP, (c) Ce-HAP/CS, and (d) Ce-HAP/CS/BF Composite at 0, 2, 4, 6, 8, 10, 12 and 14 days 
of immersion in SBF.

Fig. 12. (a) Absorption spectra and (b) Tauc plots of HAP, Ce-HAP, Ce-HAP/CS, and Ce-HAP/CS/BF nanocomposite.
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(αhν) = A(hν − Eg)n/2 (3) 

where α signifies the absorption coefficient, h denotes the Planck con
stant, and ν represents light frequency, with A as a constant. The esti
mated bandgap values for HAP, Ce-HAP, Ce-HAP/CS, and Ce-HAP/CS/ 
BF are 2.56, 2.72, 3.02 and 3.53 eV, respectively. By adding BF and CS, 
the bandgap can be reduced, improving the material’s capacity to 
absorb visible light. The bandgap decrease can be described by the 

emergence of new electronic states in the band structure, which are 
brought about by the substitution of cerium and organic components.

3.10. X-ray photoelectron spectroscopy (XPS) analysis

The XPS was employed to investigate the surface chemical compo
sition and oxidation states of the constituent elements in the Ce-HAP/ 
CS/BF nanocomposite. The analysis was carried out using a high- 

Fig. 13. XPS spectra of (a) survey scan spectra of Ce-HAP/CS/BF nanocomposite and high-resolution spectra of (b) Ce 3d, (c) O 1 s, (d) Ca 2p, (e) C 1 s, and (f) p 2p.
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resolution XPS system equipped with a monochromatic Al Kα radiation 
source (hν = 1486.6 eV). The spectra were collected in an ultra-high 
vacuum chamber under a base pressure of ~109 mbar. The binding 
energies (BEs) were calibrated against the C 1 s peak at 284.6 eV, cor
responding to adventitious carbon, to correct for any charge shifting. 
Fig. 13 (a) shows the survey scan spectrum, which reveals the presence 
of characteristic peaks corresponding to cerium (Ce), calcium (Ca), 
phosphorus (P), oxygen (O), and carbon (C), confirming the successful 
incorporation of all expected elements in the Ce-HAP/CS/BF composite 
system. No significant signals from contaminants or impurities were 
observed, indicating high surface purity. High-resolution deconvoluted 

spectra were further analyzed for the following core levels. Fig. 13 (b) 
showing the Ce 3d Spectrum: The Ce 3d region exhibits multiple spin- 
orbit split peaks, typical of mixed oxidation states Ce3+ and Ce4+. The 
spectrum shows prominent peaks assigned to Ce 3d5/2 and Ce 3d3/2, 
with distinct multiplet splitting, indicating the coexistence of Ce4+

(CeO2-like environment) and Ce3+ (Ce2O3-like features). The complex 
nature of the Ce 3d spectrum is consistent with surface oxygen vacancies 
and redox activity, which are beneficial for catalytic and biological 
performance. The relative Ce3+ content, determined by the ratio of Ce3+

to total Ce3+ and Ce4+ peak areas, was 18.5 % for the nanocomposite, 
higher than that of pristine CeO2 NPs (13.1 %). This higher Ce3+

Fig. 14. (a) Photocatalytic performance of Ce-HAP/CS/BF nanocomposite evaluated against MB dye, (b) Photocatalytic performance, (c) Degradation efficiency, and 
(d) Pseudo first order kinetic model, and (e) rate constant of Ce-HAP/CS/BF nanocomposite for MB dye degradation under UV–visible light irradiation (a- HAP, b- 
Ce-HAP, c- Ce-HAP/CS, d-Ce-HAP/CS/BF).

R. Ramachandran et al.                                                                                                                                                                                                                       International Journal of Biological Macromolecules 332 (2025) 148563 

14 



concentration, along with the associated oxygen vacancies, plays a 
critical role in enhancing photocatalytic activity. Ce3+ species act as 
electron traps, suppressing the recombination of photogenerated elec
tron–hole pairs, while oxygen vacancies promote the adsorption and 
activation of oxygen molecules. These trapped electrons generate su
peroxide radicals (•O2

− ), and photogenerated holes form hydroxyl radi
cals (•OH), both of which actively degrade methylene blue. Moreover, 
the Ce3+/Ce4+ redox cycle sustains dynamic charge transfer, prolonging 
carrier lifetimes and maintaining efficient photocatalysis, which ex
plains the superior performance of the Ce-HAP/CS/BF composite 
compared to pure CeO2.

Fig. 13 (c) exhibited the O 1 s Spectrum: The O 1 s peak is decon
voluted into three components: the first at ~530.0 eV corresponds to 
lattice oxygen in metal oxides (Ce–O and Ca–O bonds), the second at 
~531.6 eV is attributed to surface hydroxyl groups or chemisorbed 
oxygen species, and the third component at ~533.1 eV is associated with 
adsorbed water or organic oxygen species. The presence of hydroxylated 
surfaces can promote enhanced biocompatibility and cell interactions. 
Fig. 13 (d) presented in the Ca 2p Spectrum: The Ca 2p region shows two 
clear peaks at ~347.2 eV (Ca 2p3/2) and ~ 350.7 eV (Ca 2p1/2), which 
are characteristic of divalent calcium in hydroxyapatite. The peak sep
aration of ~3.5 eV and symmetric peak shapes confirm the chemical 
integrity of the calcium environment in the HAP lattice. Fig. 13 (e) 
showed the C 1 s Spectrum: The carbon spectrum shows multiple com
ponents: the dominant peak at ~284.6 eV is attributed to C–C/C=C 
bonding from the chitosan matrix and adventitious carbon; a second 
peak at ~286.2 eV corresponds to C–O or C–OH functional groups; and 
a third peak around ~288.5 eV is related to O=C–O species, indicating 
carboxyl or ester groups. These functionalities are essential for cross
linking and bio-interaction within the chitosan matrix. Fig. 13(f) 
revealed the P 2p Spectrum: The phosphorus region reveals two peaks 
located at ~133.2 eV and ~ 134.1 eV, corresponding to P 2p3/2 and P 
2p1/2, respectively, confirming the presence of phosphate groups (PO4

3− ) 
in the HAP structure. The narrow peak width and binding energy values 
affirm the structural stability of the phosphate lattice in the hybrid. The 
XPS results collectively validate the successful synthesis of the Ce-HAP/ 
CS/BF nanocomposite and confirm the expected oxidation states and 
chemical bonding environments for each element, reinforcing the 
structural and functional integration of the hybrid system.

3.11. Photocatalytic degradation test

The photocatalytic activity of the prepared photocatalyst was eval
uated through the degradation of the MB dye solution under visible light 
in a photocatalytic glass reactor (Fig. 14.a-e). In typical experiments, 50 
mg of the catalyst was dispersed in 100 mL of MB dye solution (10 mg/L) 
within the reaction vessel. The suspension was magnetically stirred in 
the dark for 20 min under ambient conditions to ensure equilibrium 
adsorption before illumination. Following this, the mixture was exposed 
to visible light. Following this, the mixture was exposed to visible light 
from a 300 W Xe lamp (λ > 420 nm), with the light intensity at the 
reaction surface measured to be 100 mW cm− 2 using a calibrated optical 
power meter. During the reaction, aliquots of 3 mL were withdrawn at 
20 min intervals, and the sample was separated from the mixture via 
filtration. The concentration of MB in the solution was determined by 
measuring its absorbance at 664 nm using UV–vis absorption spectros
copy. All photocatalytic degradation tests were performed in triplicate 
to ensure reproducibility. The degradation efficiency of MB was calcu
lated using Eq. (4): 

Degradation efficiency (%) =
C0 − Ct

C0
(4) 

where C0 and Ct represent the initial and final concentrations of the MB 
dye solution, respectively. To identify the primary reactive species 
involved in the photocatalytic degradation process, radical scavenger 

tests were conducted. Four free-radical trapping agents were employed: 
ammonium oxalate (AO, 1 mmol), benzoquinone (BQ, 0.2 mmol), iso
propanol (IPA, 1 mL), and silver nitrate (AgNO3, 1 mmol). These agents 
were used to quantitatively determine the contributions of different 
active species generated during the photocatalytic degradation process.

3.11.1. Degradation efficiency analysis
The photocatalytic performance of the synthesized materials was 

assessed by monitoring the degradation of MB under visible-light irra
diation. As shown in Fig. 15 (a), the control experiments conducted 
using light alone (in the absence of a catalyst) or catalysts alone (in the 
absence of light) resulted in negligible degradation of MB during the test 
period, confirming that the synergistic effect of both the catalyst and 
photon energy is essential for effective MB degradation. The pristine 
HAP photocatalyst demonstrated limited photocatalytic activity, 
achieving 41 % MB degradation after 100 min. In comparison, Ce-HAP 
photocatalysts showed a degradation rate of 29.56 %. Notably, the Ce- 
HAP/CS/BF composite system exhibited superior photocatalytic effi
ciency, achieving an 88 % degradation rate under identical conditions. 
The temporal evolution of the UV–vis absorption spectra of the MB so
lution during the reaction is presented in Fig. 15 (d). The characteristic 
absorption peak of MB gradually diminished, reaching its minimum 
intensity after 100 min of visible-light irradiation, indicating effective 
degradation by the Ce-HAP/CS composite. The kinetics of MB photo
catalytic degradation were analyzed by fitting the experimental data to a 
pseudo-first-order model, as described by Eq. (5): 

− In
(

C0

Ct

)

= kt (5) 

where C0 and Ct are the initial and final concentration of MB at time t 
(min), and k is the pseudo-first-order rate constant(min− 1). The linear 
regression analysis revealed a strong correlation with the pseudo-first- 
order model, with regression coefficients (R2) exceeding 0.95 
(Table 2). The calculated rate constants were 0.047, 0.11, and 0.689 min 
for pristine HAP, Ce-HAP, Ce-HAP/CS/ and Ce-HAP/CS/BF photo
catalysts, respectively (Fig. 15b). Notably, the Ce-HAP/CS/BF composite 
exhibited the highest rate constant, approximately 10-fold and 3-fold 
greater than those of pristine HAP, Ce-HAP, Ce-HAP/CS, and Ce-HAP/ 
CS/BF, respectively. The enhanced photocatalytic degradation 

Fig. 15. (a) Recycling use. (b) FTIR spectra and (c) XRD patterns of Ce-HAP/ 
CS/BF nanocomposite for MB degradation after the 4th cycle. (d) Impacts in 
the photocatalytic degradation of MB dye with Ce-HAP/CS/BF photocatalyst of 
various quenchers.
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performance of the Ce-HAP/CS/BF composite is attributed to its efficient 
visible-light absorption, large surface area, well-integrated interfaces, 
and favourable surface morphology. These features collectively promote 
the generation of reactive oxygen species (ROS), which play a critical 
role in the photodegradation process.

The aforementioned findings make it evident the existence of surface 
interaction within the BF and HAP nanoparticles allows the Ce-HAP/CS/ 
BF nanocomposite to demonstrate better photocatalytic effectiveness on 
MB dye decomposition. While considering the procedure affordability 
for a practical application perspective, the composites reliability and 
reusability are crucial parameters. A comparable procedure for photo
catalytic reaction is used to carry down the recycling efficiency of the 
Ce-HAP/CS/BF nanocomposite in four sequential cycles.

To identify the primary reactive species involved in the degradation 
of methylene blue (MB) dye, radical trapping experiments were con
ducted using specific scavengers with the Ce-HAP/CS/BF nano
composite photocatalyst. The results are displayed in Fig. 15(d). In this 
study, 1 mM each of AgNO3, benzoquinone (BQ), and isopropanol (IPA) 
were used to quench electron holes (h+), superoxide radicals (•O2

− ), and 
hydroxyl radicals (•OH), respectively. The degradation efficiency 
significantly decreased upon the addition of IPA, indicating that •OH 
radicals play the most critical role in the photocatalytic process under 
UV–visible light irradiation.

These findings highlight the strong surface interactions between the 
BF and HAP nanoparticles within the composite, which enhance the 
separation and migration of photogenerated charge carriers. As a result, 
the Ce-HAP/CS/BF nanocomposite exhibits improved photocatalytic 
performance for MB degradation.

The reusability and stability of the photocatalyst are essential for 
practical applications. Therefore, the recycling efficiency of the Ce- 
HAP/CS/BF composite was investigated over four consecutive photo
catalytic cycles, as shown in Fig. 15(a). After each 100-min cycle, the 
photocatalyst was recovered, washed, and reused. The degradation ef
ficiency declined slightly from 88.04 % in the first cycle to 84.4 % in the 
fourth cycle. This decrease may be attributed to minor losses of photo
catalyst particles during recovery and the presence of ultrafine frag
ments that are difficult to recollect. The Ce-HAP/CS/BF ternary 
nanocomposite demonstrated excellent stability, with MB dye degra
dation efficiency decreasing only slightly from 88.46 % to 84.04 % after 
four cycles. The turnover number (TON × 103) and turnover frequency 
(TOF × 106 s− 1) values further confirmed its superior performance, 
recording 8.08, 8.01, 7.59, and 5.60 (TON) and 7.4, 7.1, 6.03, and 4.01 
(TOF) for cycles one through four, respectively. These results clearly 
underscore the nanocomposite’s high catalytic efficiency and strong 
potential for practical environmental pollutant remediation [66].

Structural stability of the photocatalyst was further confirmed by 
FTIR (Fig. 15b) and XRD analysis (Fig. 15c). The FTIR spectra before and 
after the fourth cycle indicate minimal changes in functional groups, 
suggesting chemical stability. Likewise, the XRD patterns demonstrate 
the preservation of crystallinity and phase composition, confirming 
structural robustness during repeated use.

These results suggest that the Ce-HAP/CS/BF nanocomposite is a 
promising, reusable, and stable material for the photocatalytic treat
ment of dye-contaminated wastewater. For future development, large- 
scale production of this nanocomposite using biogenic precursors and 

mesoporous architectures could offer an environmentally sustainable 
approach for wastewater remediation. Previous studies have similarly 
demonstrated the excellent photocatalytic potential of hydroxyapatite- 
based systems for MB dye removal, reinforcing the relevance of HAP- 
based materials in environmental applications.

The evaluation of the photocatalytic efficiency of the Ce-HAP/CS/BF 
nanocomposite was conducted and compared with several modified 
photocatalytic biomaterials documented in the literature (Table 3). 
Prior investigations have utilized diverse nanocomposites derived from 
biowaste materials to improve photocatalytic performance across a va
riety of substances [[57–65]].

The proposed photocatalytic mechanism, as depicted in Fig. 16, in
volves a sunlight-driven process in which the Ce-HAP/CS/BF composite 
acts as the active photocatalyst. Upon irradiation with sunlight, photons 
are absorbed, promoting electrons from the valence band (VB) to the 
conduction band (CB) of the catalyst, creating electron-hole pairs. The 
excited electrons in the CB have the potential to reduce molecular ox
ygen (O2) to form reactive oxygen species (ROS) such as superoxide 
radicals (O•−

2 ). Meanwhile, the holes in the VB interact with water 
molecules or hydroxide ions (OH− ) to produce hydroxyl radicals (•OH) 
through an oxidation process. These highly reactive species, including 
O•−

2 and •OH, engage in the degradation of organic pollutants adsorbed 
on the catalyst’s surface, converting them into less harmful substances 
like carbon dioxide (CO2) and water (H2O). This overall mechanism 
emphasizes the synergistic effect of the Ce-HAP/CS/BF nanocomposite 
in promoting efficient separation and transfer of photo-generated 
charges, enhancing photocatalytic activity under visible light irradia
tion for effective pollutant degradation.

Under visible light, the Ce-HAP/CS/BF photocatalyst initiates a se
ries of redox reactions leading to the degradation of organic pollutants 
such as methylene blue (MB) dye and doxycycline.

Photoexcitation of the catalyst: 

Ce − HAP/CS/BF+ hν⟶e− +h+ (6) 

Reduction of oxygen to superoxide radicals: 

e− +O₂⟶ • O₂ (7) 

Oxidation of water molecules to hydroxyl radicals: 

h+
+H₂O⟶OH • +H+ (8) 

Oxidative degradation of MB dye by hydroxyl radicals: 

Table 2 
Efficiency, Kapp, R2 values of the as-prepared samples.

S. no Sample Efficiency (%) Kapp (min− 1) (R2)

MB MB MB

1 HAP 56.61 0.00409 0.9831
2 Ce-HAP 70.12 0.00734 0.9978
3 Ce-HAP/CS 81.43 0.01071 0.9966
4 Ce-HAP/CS/BF 

nanocomposite
88.46 0.01354 0.9955

Table 3 
Comparison of photocatalytic efficiency of Ce-HAP/CS/BF nanocomposite with 
various photocatalysts for MB dye.

S. 
no

Samples Organic dyes Time (mins) Efficiency 
(%)

Reference

1 CeO2/V2O5 MB 300 MB 300 ~ 76.8 [57]
2 Graphite/TiO2 MB 240 MB 240 ~ 85 [58]
3 g-C3N4 /TiO2 

composite
MB 156 MB 156 ~ 90 [59]

4 g-C3N4 thin 
layer @ CeO2 

nanocomposite

Doxycycline 
drug 60

Doxycycline 
drug 60

~ 84 [60]

5 titanium-doped 
hydroxyapatite

MB 240 MB 240 ~ 93 [61]

6 Ag3PO4/ 
HAp@γ-Fe2O3 

nanocomposite

MB 240 MB 240 ~ 99 [62]

7 ZnO 
nanoparticles

Doxycycline 
drug 300

Doxycycline 
drug 300

~ 99 [63]

8 Cu2O/BiVO4 

composite
MB 160 MB 160 ~ 72.9 [64]

9 HAp/g-C3N4 

composite
MB 100 MB 100 93.69 [65]

10 Ce-HAP/CS/BF 
nanocomposite

MB 100 MB 100 88.46 This work
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OH • +MB dye⟶Degradation products (9) 

Oxidative degradation of doxycycline by hydroxyl radicals: 

OH • +Doxycycline⟶Degradation products (10) 

Degradation of doxycycline by superoxide radicals: 

O₂− +Doxycycline⟶CO₂+H₂O+ other byproducts (11) 

Degradation of MB dye by superoxide radicals: 

O₂− +MB dye⟶CO₂+H₂O+ other byproducts (12) 

4. Conclusion

This study successfully demonstrated the synthesis of hydroxyapatite 
using snail shells and BF via a simple precipitation method to develop a 
novel Ce-HAP/CS/BF nanocomposite. The resulting material exhibited a 
regular spherical-shaped mesoporous morphology, enhanced mechani
cal strength, and notable antibacterial activity, with particle sizes 
ranging from 200 to 260 nm. Structural and functional 
characterizations-including XRD, FTIR, FE-SEM, TEM, and antibacterial 
assays-confirmed the effective integration of all composite constituents. 
The Ce-HAP/CS/BF nanocomposite exhibited excellent photocatalytic 
performance by degrading methylene blue dye under UV irradiation, 
achieving 88.4 % degradation efficiency within 100 min. Furthermore, 
the composite demonstrated substantial stability and reusability, 
showing minimal efficiency loss after successive treatment cycles. 
Collectively, the results underscore the Ce-HAP/CS/BF nanocomposites 
potential as a sustainable, cost-effective, and eco-friendly material for 
wastewater treatment. Developed entirely from biogenic and renewable 
resources, this multifunctional composite offers an innovative approach 
for the efficient removal of toxic dyes from industrial effluents. Its su
perior photocatalytic and antibacterial properties also suggest broader 
applicability in environmental remediation technologies, contributing 
to greener and more resilient water purification strategies.
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