
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

9:
23

:2
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis of nan
aInstitute of Chemistry, The Islamia Unive

Campus, Bahawalpur 63100, Pakistan. E-m
bSchool of Chemistry and Chemical Engineer

223300, Jiangsu, China
cDepartment of Chemistry, College of Scien

Saudi Arabia

Cite this: RSC Adv., 2026, 16, 28352

Received 8th November 2025
Accepted 19th May 2026

DOI: 10.1039/d5ra08632a

rsc.li/rsc-advances

28352 | RSC Adv., 2026, 16, 28352–2
o-copper chelated hierarchical
biocomposite from eggshell membrane
hydrolysate for visible-light-driven dye degradation

Aqsa Anam, a Asif Ayub, a Haq Nawaz, b Muhammad Altaf Nazir, a

Riyadh H. Alshammari,c Abdul Rauf,a Aziz ur Rehmana and Muhammad Arshad *a

A green synthesis approach was adopted to synthesize a nano-copper chelated hierarchical biocomposite

(nCu-CHB) from an eggshell membrane (ESM) protein hydrolysate. The structural features of the

synthesized material were investigated through XRD, FTIR, and XPS, while its morphological features

were investigated using SEM, EDX, and TEM. The surface area, thermal stability and optical properties

were evaluated using BET, TGA, and UV-vis spectroscopy, respectively. The results demonstrated that

nCu-CHB exhibits a porous and wrinkled morphology with uniformly distributed copper nanoparticles,

ranging from 5–9 nm. The material showed a surface area of approximately 14.25 m2 g−1 and an optical

band gap of 2.0 eV. The eco-friendly biocomposite demonstrated excellent visible-light photocatalytic

performance, achieving up to 98.09% degradation of methylene blue (MB) within 90 min at neutral pH.

Kinetic studies indicated that the degradation behavior followed pseudo-first-order kinetics (k =

0.0432 min−1, R2 = 0.9975). This work presents a promising approach for developing multifunctional

biocomposite materials from ESM hydrolysate for the eradication of hazardous pollutants from water.
1 Introduction

A signicant amount of toxic contaminants, including heavy
metals, organic dyes, antibiotics, and microbial pollutants, are
continuously discharged into soils and aquatic systems due to
rapid population growth and industrialization.1 Among these,
synthetic dyes are major contributors to industrial wastewater
originating from leather, textile, paint, plastic, cosmetics,
carpet, and paper industries.2,3 Over 100 000 types of dyes
(almost 7 × 105 tons) are manufactured annually worldwide,
with approximately 10% being released from the textile and
associated sectors.4,5 Due to their complex aromatic structure
and non-biodegradable nature, these dyes remain stable in
water bodies, hinder light transmission, thereby disrupting
photosynthesis and posing risks to ecological systems and
human health.6 Methylene blue (MB) is widely used for staining
wool, silk, cotton, and for biological applications.7 Several
methodologies have been employed to remove toxic pollutants
from wastewater, including adsorption,8 ozonation,9 biological
treatment,10 occulation,11 and coagulation.12 However, these
methods face several limitations including incomplete removal,
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secondary waste generation, complex process requirements and
high operational costs.13

Advanced oxidation processes (AOPs) are widely recognized
as efficient wastewater treatment techniques, as they enable the
degradation of refractory organic compounds through highly
oxidative reactions while producing minimal secondary pollu-
tion. Depending on the reaction conditions, AOPs include
photocatalysis, Fenton and Fenton-like reactions, electro-
chemical oxidation and sonochemical oxidation. Among these,
photocatalysis is widely regarded as an environmentally friendly
approach as semiconductor catalysts under visible-light irradi-
ation lead to the production of hydroxyl and superoxide radicals
that effectively degrade organic contaminants.14 Moreover,
photocatalytic efficiency can be improved through band gap
tuning, structural and morphological modication, improved
charge separation and enhanced surface adsorption
properties.15

Recently, biopolymer-based composite materials have
attracted increasing attention as photocatalysts for the degra-
dation of organic contaminants and have been utilized for the
degradation of organic dyes into harmless by-products.16–19

Biomaterials are biodegradable, have minimal adverse effects
on living organisms and the environment, and are also
considered sustainable alternatives to chemically synthesized
materials. Surface functionalization of biopolymers signi-
cantly improves their mechanical properties and thermal
stability.20 The abundance of functional groups including
amine (–NH2), hydroxyl (–OH), carboxylate (–COO−), and thiol (–
© 2026 The Author(s). Published by the Royal Society of Chemistry
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SH) groups, on biopolymers plays a key role in chelating with
metal ions for chemical modication.21 The chelated bi-
ocomposites have several environmental applications,
including the photocatalytic degradation of dyes.22,23

Eggshell membrane (ESM), a collagen-rich biopolymer
composed of protein bers, possesses a high density of surface
functional groups including carboxyl (–COOH), hydroxyl (–OH),
and amine (–NH2) groups, which provide excellent binding sites
for metals ions for the fabrication of composites.24 It is biode-
gradable, non-toxic, and abundantly available as food waste.25

ESM has been widely utilized for energy storage, laser support,
biosorbents, biotemplates, biosensors, and medical applica-
tions.26 Several studies have reported the utilization of ESM for
the removal of toxic pollutants such as nickel (Ni),27 chromium
(Cr),28 nitrophenol,29 methylene blue (MB),30 Congo red,31 and
Reactive Red 120.26 Pant et al. utilized carbonized ESM to
fabricate CdS–TiO2/CESM composite to induce synergistic
effects of adsorption and photocatalysis. The synthesized CdS–
TiO2/CESM composite showed effective removal of MB.32 In
another study, Zhou et al. fabricated BiOCl/CESM composite for
mineralization of Rhodamine B and o-nitrophenol.33 Similarly,
Wu et al. synthesized an ESM/Cu2O catalyst to improve the
photocatalytic activity, which reached 97% degradation effi-
ciency with methylene blue as a target pollutant.34 However,
most of the previous reports primarily employed ESM as
a physical support or template for pre-formed semiconductor
materials, while systematic investigations on direct metal ion
chelation with hydrolyzed ESM matrix and its inuence on
electron transfer behaviour remain limited.

Incorporating transition metals into biopolymers is an
effective strategy to enhance photocatalytic performance.35

Among them, copper nanoparticles have attracted considerable
attention in dye degradation applications due to their high
surface area, strong redox activity, and excellent electrical
conductivity. Unlike noble metals including silver, gold, and
palladium, copper offers signicant advantages in terms of
lower cost, wide availability, and practical scalability for large-
scale environmental applications. Under visible light irradia-
tion, copper nanoparticles exhibit localized surface plasmon
resonance, which enhances light harvesting and enables the
production of photoinduced charge carriers. These photo
induced electrons and holes participate in redox reactions,
producing reactive oxygen species such as superoxide and
hydroxyl radicals, which are highly effective in decomposing dye
molecules. Furthermore, copper demonstrates favorable
adsorption capability and redox exibility, enabling efficient
catalytic performance in wastewater treatment.36 The abundant
functional groups of ESM provide coordination sites for Cu2+

ion, enabling chelation and electronic interaction within the
biopolymeric matrix.37 Therefore, copper incorporation into the
ESM is expected to improve visible-light responsiveness and
catalytic efficiency.

Based on the above discussion, a nano-copper chelated
hierarchical biocomposite (nCu-CHB) was fabricated from ESM
hydrolysate. The present work focuses on the direct incorpora-
tion of copper ions within a hydrolyzed biopolymeric matrix to
modify its electronic structure and visible light responsiveness.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The effect of Cu2+ incorporation on optical, structural, and
thermal characteristics was systematically investigated to
establish a structure–property relationship. A detailed investi-
gation of MB degradation under visible-light irradiation was
conducted, focusing on the role of several factors including
catalyst amount, dye concentration, irradiation time, and pH, to
clarify the role of Cu-biopolymer coordination in enhancing
photocatalytic performance.

2 Materials and methods
2.1 Chemicals

Copper chloride dihydrate (CuCl2$2H2O $ 99%), p-benzoquin-
one (p-BQ), $98%, isopropyl alcohol (IPA), $99.5%, ammo-
nium oxalate (AO),$99%, silver nitrate (AgNO3$ 99%), sodium
hydroxide (NaOH, $98%), and methylene blue (C16H18ClN3S,
$95%) were obtained from Sigma-Aldrich (Germany). Ethanol
(C2H5OH, $99.9%) and hydrochloric acid (HCl, 37%) were
purchased from Merck (Germany). All reagents of analytical-
grade purity were used in this study and double-distilled (DD)
water was utilized for all experimental procedures.

2.2 Collection of ESM

Raw hen eggshells were collected from a local market in Baha-
walpur, Pakistan. The eggshell membranes were peeled off
manually, rinsed with DD water to remove impurities, and
subsequently dried at room temperature. The dried membranes
were then cut into small pieces for subsequent synthesis of the
composite.

2.3 Synthesis of copper chelated biocomposite

Copper chelated biocomposite was synthesized via the chemical
precipitation method using ESM hydrolysate as a biopolymeric
matrix (Scheme 1), following previously reported strategies.34

Briey, 10 g of ESM pieces were hydrolyzed in 250 mL of 1 M
NaOH solution under continuous stirring at 80 °C until
complete dissolution, yielding a homogeneous ESM hydrolysate
rich in amino, carboxylate, and hydroxyl functional groups. The
selected ESM amount was chosen to ensure sufficient avail-
ability of active functional groups for effective metal chelation
while maintaining the processability of the hydrolysate.
Subsequently, 50 mL of 1 M CuCl2$2H2O solution was slowly
introduced dropwise under constant stirring. The Cu2+

concentration was selected based on preliminary trials and
literature-reported metal biopolymer chelation systems,
ensuring effective copper incorporation without excess salt
usage or secondary-phase formation. The dark green precipi-
tates were formed immediately upon addition of the salt solu-
tion, and the suspension was maintained under stirring for an
additional 30 min to ensure complete reaction. The precipitates
obtained were isolated, and thoroughly washed with deionized
water several times followed by washing with ethanol. Aer each
washing step, the product was separated through centrifugation
at 4000 rpm and subsequently dried at 100 °C for 3 h. The ob-
tained product was pulverized into ne powder for further
characterization and photocatalytic applications.
RSC Adv., 2026, 16, 28352–28365 | 28353
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Scheme 1 Synthesis of nCu-CHB by chemical precipitation method.
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2.4 Material characterization

The surface functional groups of the composites were analyzed
by Fourier transform infrared spectroscopy (FTIR, Bruker IFS
66) within the 400–4000 cm−1 range using KBr pellet method.
The structural properties were examined by X-ray diffraction
(XRD) using Shimadzu XRD-6000 diffractometer equipped with
Cu Ka radiation (l = 0.154 nm) operated at 40 kV. The
diffraction data were collected over a 2q range of 10–80° with
a scanning rate of 0.02° s−1. For UV-visible analysis, UV-visible
spectrometer (Lambda 600, PerkinElmer, USA) was used in
the wavelength range of 200–800 nm. The morphology of the
synthesized samples was examined using scanning electron
microscopy (SEM, Hitachi S-4700), at an accelerating voltage of
15 kV and transmission electron microscopy (TEM, JEOL JEM-
2100), operated at 200 kV. Chemical compositions and
elemental states were analyzed using X-ray photoelectron
spectroscopy (XPS, ESCALABMK II) with Al Ka radiation (1486.6
eV) as the excitation source. The specic surface area was
determined using Brunauer–Emmett–Teller (BET) analysis on
a micrometrics, ASAP 2020 instrument, aer degassing sample
at 150 °C for 6 h and Barrett–Joyner–Halenda (BJH) method was
applied to calculate the pore size distribution. Thermal stability
of the sample was characterized by thermogravimetric analysis
(TGA, NETZSCH STA 449F3) under nitrogen ow employing
a heating rate of 10 °C min−1 from ambient temperature to
800 °C.
2.5 Photocatalytic activity

For photocatalytic testing, 10 mg of the synthesized nCu-CHB
was dispersed into 50 mL of a 10 ppm MB solution in
28354 | RSC Adv., 2026, 16, 28352–28365
a 100 mL beaker at neutral pH. Before initiating the photo-
catalytic reaction, the suspension was agitated in the dark for
30 min to establish adsorption–desorption equilibrium
between MB molecules and the catalyst surface. Photocatalytic
experiments were conducted under visible-light exposure
provided by 500W xenon (Xe) lamp with 400 nm UV cut-off lter
to eliminate UV radiation. The lamp was positioned 20 cm from
the reactor, and the light intensity at the solution surface was
measured to be 612.45 W m−2. The temperature of the reaction
system was maintained at 25 °C using a circulating water jacket
to avoid heat inuence. To monitor the photodegradation of
dye, 3 mL aliquots of suspension were withdrawn at 15 min
intervals, and the suspended catalyst particles were separated
by high-speed centrifugation. The supernatant was then
analyzed using a UV-visible spectrophotometer (UV-1800, Shi-
madzu, Japan), over the wavelength range of 200–800 nm. All
the photocatalytic degradation experiments were conducted in
triplicate to ensure reproducibility, and results are reported as
mean ± standard deviation (SD) of three independent
measurements. The degradation efficiency was determined
using eqn (1);

% PhotodegradationðhÞ ¼ Co � Ct

Co

� 100 (1)

where, C0 and Ct denote the concentration of MB before irra-
diation and at time t of photodegradation, respectively. A
control experiment was also performed under identical visible
light irradiation conditions without the catalyst to evaluate self-
sensitized degradation of MB. Furthermore, the inuence of
critical operational parameters such as nCu-CHB dosage, MB
concentration, and pH of solution on photocatalytic
© 2026 The Author(s). Published by the Royal Society of Chemistry
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performance was systematically investigated and the reaction
conditions were optimized accordingly.

Additionally, radical trapping experiments were systemati-
cally conducted under identical photocatalytic condition to
elucidate the role of reactive species such as superoxide radicals
(O2c

−), electrons (e−), holes (h+), and hydroxyl radicals (cOH),
involved in MB degradation using nCu-CHB. Specic scaven-
gers were added individually at a concentration of 1 mM to
identify the corresponding reactive species: AgNO3 for e−,
ammonium oxalate for h+, IPA for cOH and p-BQ for O2c

−. The
pH of the reaction solution was maintained at approximately 7,
using 1 M HCl and NaOH solutions to ensure consistency with
optimized photocatalytic conditions. The degradation efficiency
was monitored under same irradiation time (90 min). Control
experiments were conducted without any scavenger as a refer-
ence to accurately evaluate the inuence of each trapping agent
and ensure the reliability of the mechanistic analysis.
3 Results and discussion
3.1 Structural analysis

The XRD patterns of pristine ESM and synthesized nCu-CHB are
presented in Fig. 1a. The diffraction pattern of ESM shows
a broad hump centered at approximately 23°, which is attrib-
uted to the amorphous nature of protein bers, rich in func-
tional groups such as amides, amines, and carboxylic groups.38

Aer copper incorporation, the nCu-CHB composite retained
the broad amorphous hump characteristic of ESM. However,
noticeable changes in the diffraction intensity along with the
appearance of weak additional peaks in the nCu-CHB suggest
structural modication due to copper incorporation, and its
interaction with the various functional groups within the ESM
matrix. Importantly, no sharp distinct peaks of crystalline CuO
or Cu2O were observed, indicating that Cu species were well
dispersed and coordinated within the amorphous ESM matrix.
A peak observed at 29.4° in both ESM and nCu-CHB samples
corresponds to residual CaCO3, likely due to the presence of
residual eggshell components.39 These observations suggest
that copper is integrated into the ESMmatrix through chemical
interaction rather than simple physical deposition.
Fig. 1 (a) XRD and (b) FTIR spectra of the ESM and nCu-CHB.

© 2026 The Author(s). Published by the Royal Society of Chemistry
FTIR analysis of both ESM and nCu-CHB (Fig. 1b) was con-
ducted to assess changes in the functional groups of ESM aer
copper incorporation. A characteristic broad band at 3433 cm−1

in ESM is associated with stretching vibration of O–H and N–H
groups, commonly referred to as amide A. The absorption
bands at 2924 cm−1 and 2850 cm−1 are assigned to the asym-
metric stretching vibrations of –CH and ]CH2 groups, char-
acteristic of amide B.40 Upon Cu incorporation, the N–H and
O–H stretching band shis from 3443 cm−1 in ESM to
3451 cm−1 in nCu-CHB along with noticeable broadening and
reduced intensity.41 A prominent peak at 1635 cm−1 is attrib-
uted to the stretching vibration of C]O group, which corre-
sponds to the amide I band of the glycoprotein in the ESM. Aer
copper incorporation, this peak shis to 1624 cm−1 with
reduced intensity. This red shi indicates interaction between
Cu2+ ions with oxygen atom of C]O bond, leading to weakening
of the C]O bonds in the peptide chain, and conrming
chemical bonding rather than physical adsorption.42 Further-
more, two new peaks at 1116 cm−1 and 1262 cm−1 were
observed in nCu-CHB, which correspond to the formation of
new bonds between –COO− and metal ions.43 Additionally, the
weak absorption bands in the range of 498–618 cm−1, further
conrms Cu–O and Cu–N bond formation.44–46 These spectral
changes demonstrate the chemical interaction of Cu2+ within
the functionalized ESM matrix.

Surface chemical composition and oxidation state of nCu-
CHB were investigated using XPS. The full scan spectrum
(Fig. 2a) indicates the existence of O, C, and Cu elements,
demonstrating that copper has been successfully integrated
into the ESM-derived matrix. Compared with literature-reported
XPS spectra of pristine ESM,34 which typically exhibit C 1s and O
1s peaks originating from protein functional groups, the
emergence of additional Cu 2p signals at 933.7 eV conrms the
successful incorporation of copper into the ESM matrix. The
binding energies of 284.6 eV and 530.1 eV correspond to the C
1s and O 1s, peaks respectively. The O 1s spectrum (Fig. 2b) was
deconvoluted into two components centered at 529.9 eV and
530.7 eV corresponding to Cu–O bonding and surface hydroxyl
group (–OH)/oxygen-containing groups respectively. The high-
resolution Cu 2p spectrum (Fig. 2c) displays characteristic Cu
RSC Adv., 2026, 16, 28352–28365 | 28355
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Fig. 2 (a) XPS survey spectrum and high-resolution spectra of (b) O 1s (c) Cu 2p of nCu-CHB.
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2p3/2 and Cu 2p1/2 peaks at 933.7 eV and 953.6 eV, respectively
with spin–orbit splitting of approximately 20 eV. These binding
energy values agree well with those of reported for Cu2+ species
in the literature, suggesting the presence of oxidized copper
coordinated within the biopolymeric matrix.47 The Cu–O
contribution further indicates chemical interaction between
Cu2+ ions and oxygen containing functional groups (–COO– and
–OH) of hydrolyzed ESM matrix. These ndings suggest that
copper is chemically bonded within the polymeric framework
rather than physically adsorbed on the surface.
3.2 Morphological analysis

The morphological characteristics of nCu-CHB were examined
using SEM and TEM. The SEM images of nCu-CHB reveal an
interconnected hierarchical porous and wrinkled structure
composed of irregularly shaped, crumpled sheet-like fragments
(Fig. 3a). At higher magnication (Fig. 3b), nanoscale pores
(∼50.6 nm) and curved layered regions can be observed, clearly
displaying a wrinkled surface texture. This morphology, typical
processed biomaterial-derived materials, contributes to a large
surface area and accessibility of active sites. Additionally,
nanoscale cavities are distributed throughout the structure,
which further improve the porosity and functional properties.
These features are well-suited for photocatalytic application.48,49
28356 | RSC Adv., 2026, 16, 28352–28365
The compositional analysis of nCu-CHB was examined via EDX
spectrum (Fig. 3c) and it conrms the presence of key elements
including C, O, Cu, and several other trace metals. The domi-
nant peaks of C and O reect the organic matrix of ESM, while
multiple copper peaks verify successful metal incorporation.
Fig. 3d and e represent the TEM images of nCu-CHB, revealing
that copper particles are evenly distributed throughout the
matrix, while slight agglomerations were also observed. The
particles ranged from 5–9 nm with an average diameter of
5.45 nm as shown in (Fig. 3f).50 The protein matrix surrounding
the copper ions suggests that the copper species are likely
interacting with the protein, possibly through binding or
coordination.
3.3 Surface area analysis

To determine the adsorption capacity of nCu-CHB toward
organic pollutants, BET and BJH methods were employed to
evaluate the surface area and pore size distribution. These
properties were examined via nitrogen adsorption–desorption
isotherm at 77 K, displayed in Fig. 4a. The isotherms can be
found to be classical type IV, having H3 type hysteresis loop.51,52

The observed isotherm prole is indicative of mesoporous
material, exhibiting characteristic pore diameters between 2–
50 nm.53 The BET surface area of nCu-CHB was found to be
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images at (a) 1 mm (b), 100 nm, (c) EDX, TEM images at (d) 50 nm (e) 100 nm and (f) histogram profile of nCu-CHB.
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14.25 m2 g−1. The pore diameter of 18.26 nm (Fig. 4b) conrms
the mesoporous nature of the material, and highest differential
surface area appears around 20–50 A° (Fig. 4c), reinforcing the
small mesopores dominate the surface of the nCu-CHB.
3.4 Optical analysis

The optical properties of ESM and nCu-CHB were examined by
UV-visible absorption spectroscopy, and the spectra of both
samples are presented in Fig. 5a and b. The absorption spectra
of ESM exhibit notable peaks at 240 and 280 nm which can be
attributed to n–p* and p–p* transitions of the chromogenic
moieties, including carbonyl groups and aromatic amino acids
(tryptophan and tyrosine), respectively.54,55 In nCu-CHB spec-
trum, a broad band around 306 nm is observed, which can be
attributed to metal–ligand charge transfer transitions.56
Fig. 4 (a) BET plot and (b and c) pore size distribution of nCu-CHB.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Additionally, a broad band at approximately 800 nm corre-
sponds to d–d transitions of Cu2+ (d9 conguration).57,58

However, the observed band shi and appearance of new
absorption maxima conrm strong electronic interaction
between Cu2+ ions and ESM protein functional groups.
Furthermore, the semiconducting properties of the ESM and
synthesized nCu-CHB were evaluated by calculating the band
gap energy (Eg), using Tauc's formula, as expressed in eqn (2).59

(ahv)2 = A(hv − Eg) (2)

where, a refers to the absorption coefficient, v is the frequency
of incident light, h is Plank's constant, A is the proportionality
constant, and Eg represents the energy band gap. The band gap
values of the ESM and nCu-CHB were calculated by plotting
RSC Adv., 2026, 16, 28352–28365 | 28357
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Fig. 5 (a and b) Absorbance spectra, Tauc plots of (c) ESM (d) nCu-CHB.
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(ahv)2 versus hv, as illustrated in Fig. 5c and d. The energy band
gap (Eg) decreased from 3.86 eV (ESM) to 2.0 eV (nCu-CHB). This
signicant band gap narrowing in nCu-CHB is likely due to the
incorporation of Cu ions, which may cause delocalization of
electronic states near the Fermi level.60 These results suggest
that nCu-CHB exhibits enhanced semiconducting behavior,
making it an efficient photocatalytic material for effective
degradation of dyes and other organic pollutants. While UV-
visible analysis provides insight into band gap and light
absorption properties, further investigation using photo-
luminescence (PL) spectroscopy would be benecial to directly
evaluate charge carrier recombination behavior.
Fig. 6 TGA with DTG curve of nCu-CHB.
3.5 Thermal analysis

TGA-DTG was performed to investigate the thermal resistance
of nCu-CHB. Fig. 6 shows a multistage decomposition process
with the inection points at 76, 122, 240, 315 and 705 °C. The
initial mass loss of ∼8% occurring between 35 °C and 194 °C
can be associated with the desorption of physically adsorbed
water and collagen denaturation.6,61 A further increase in
temperature from 194 °C to 325 °C causes weight loss of 14% as
a consequence of the thermal degradation of collagens, amino
28358 | RSC Adv., 2026, 16, 28352–28365
acids and peptides into volatile compounds.62,63 A plateau was
observed between 325 °C and 800 °C correspond to the slow and
gradual decomposition of the organic matrix and weight loss of
36% was observed at this stage.6 Aer several steps of pyrolysis,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the remaining 42%mass above 800 °C indicates a higher degree
of copper-stabilized collagen in the nCu-CHB.64,65
4 Photocatalytic activities

The visible-light irradiated photocatalytic activity of nCu-CHB
was systematically assessed for MB degradation. A blank
photolysis experiment performed under identical visible-light
conditions without catalyst (Fig. 7a) showed only 9.15% degra-
dation aer 90 min, conrming that self-sensitized degradation
is negligible. In contrast, signicant degradation was observed
in the presence of photocatalyst. Prior to visible-light irradia-
tion, the suspension was kept under magnetic stirring in the
absence of light to allow equilibrium between dye adsorption
and desorption on catalyst surface. The time-dependent UV-vis
spectral changes and photocatalytic degradation proles of MB
are shown in Fig. 7a–c. The absorbance band of MB decreases
signicantly with increasing irradiation time in the presence of
photocatalysts. The nCu-CHB exhibited degradation efficiency
of 88.75%, markedly higher than that of pristine ESM which
showed only 20.21%, demonstrating its superior photocatalytic
performance. This enhanced photocatalytic activity is primarily
associated with electronic structure modication and redox
properties introduced by Cu incorporation. The signicant
reduction in band gap energy (from 3.86 eV for ESM to 2.0 eV for
nCu-CHB) strengthens of visible-light harvesting and assists in
the generation of photoinduced charge carriers.

In addition, the enhanced photocatalytic performance of
nCu-CHB can be attributed to the functional groups present in
Fig. 7 UV-vis absorbance spectra of MB under visible-light irradiation (a)
CHB (d and e) kinetic plots and (f) rate constants. Error bars represent s
conditions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
the ESM matrix, which provide abundant active sites for
adsorption of MB molecules. The adsorption of MB on the
catalyst surface is primarily governed by electrostatic interac-
tions, hydrogen bonding, and p–p interactions, depending
upon the surface charge and functional groups chemistry.30,66

Under neutral conditions, cationic MB strongly interacts with
negatively charged –COO− groups via electrostatic interaction.
Furthermore, –NH2 and –OH groups facilitate adsorption via
hydrogen bonding, promoting effective anchoring of MB
molecules on catalyst surface. In addition, p–p interaction may
occur between the aromatic rings of MB and aromatic amino
acid residues (e.g., tryptophan and tyrosine) present in the
proteinaceous structure of ESM. Thus, the overall performance
of nCu-CHB arises from the synergistic interplay between
adsorption processes governed by surface functional groups
and photocatalytic activity induced by Cu-mediated electronic
structure modication. The kinetics of MB photodegradation
were analyzed using eqn (3).

ln
C0

Ct

¼ kt (3)

where “k” is the rate constant and “t” is the time.
Fig. 7d depicts the Ct/Co vs. irradiation time plots for ESM

and nCu-CHB, revealing the highest degradation rate of MB
with nCu-CHB. As depicted in Fig. 7e, a linear correlation
between ln(Ct/Co) and irradiation time indicates that the pho-
todegradation follows pseudo-rst-order kinetics with regres-
sion coefficients (R2) of 0.9413 for ESM and 0.9931 for nCu-CHB.
The rate constants for ESM and nCu-CHB (Fig. 7f) were
without catalyst (b) in the presence of ESM (c) in the presence of nCu-
tandard deviation of triplicate experiments performed under identical

RSC Adv., 2026, 16, 28352–28365 | 28359
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calculated to be 0.0023 min−1, and 0.0231 min−1 respectively,
demonstrating nearly a tenfold increase in reaction rate upon
Cu incorporation. To further optimize reaction conditions for
MB degradation using nCu-CHB, several factors including
initial dye concentration, catalyst dose, solution pH were
studied. The pH of dye solution was precisely controlled
through dropwise addition of 1 M NaOH or HCl solutions. To
evaluate the practical efficiency of the synthesized composite,
its photocatalytic performance was compared with the previ-
ously reported catalysts and comparative data are summarized
in Table 1.

4.1 Effect of MB concentration

The inuence of MB concentration (10–40 ppm) using nCu-CHB
was systematically investigated under controlled conditions,
catalyst dose of 10 mg, and 90 min of visible-light exposure at
neutral pH. The results depicted in Fig. 8a reveal an inverse
correlation between initial pollutant load and degradation
efficiency. The degradation efficiency decreased from 88.74% to
57.53% with the increase in initial concentration from 10 to
40 ppm, as depicted in Fig. 8b. This decline in degradation
efficiency can be attributed to the binding of dye molecules on
nCu-CHB surface, which results in a lesser penetration of
photons to the surface of the photocatalyst.67 Furthermore, the
saturation of dye solution causes absorption of photons by dye
molecules, which ultimately results in a lower photoexcitation
rate of the catalyst.68 Hence, the generation of O2c

− and OHc

radicals was reduced, resulting in decreased photocatalytic
activity.44 Fig. 8c demonstrates the kinetic graph of MB degra-
dation and the estimated reaction rate constants for the
degradation of 10, 20, 30, and 40 ppm of MB are 0.0230 min−1,
0.0160 min−1, 0.0104 min−1, and 0.0093 min−1, respectively,
and the correlation coefficients (R2) are 0.9942, 0.9912, 0.9809,
and 0.9911, respectively. Fig. 8d shows the absorbance plot of
MB degradation by nCu-CHB at the optimized MB
concentration.

4.2 Effect of catalyst dose

To avoid inappropriate use of catalyst and to determine the
optimal catalyst dosage for efficient MB degradation, experi-
ments were carried out at different dosages (5, 10, 15, and 20
mg) of nCu-CHB in 50 mL of a 10 ppm MB solution at pH 7
under visible-light irradiation for 90 min. Fig. 9a illustrates the
inuence of catalyst dose on the photocatalytic reaction; as the
Table 1 Comparison of degradation efficiency of nCu-CHB with other

Catalysts Pollutant
Concentration
(mg L−1) Light source

ES/TiO2 MB 1.44 UV
ESM/Cu2O MB 30 Visible
TiO2-PEI-ESM RhB 10 Visible
HAP/CuO/GEL MB 20 Visible
BC/MoS2/TiO2 MB 10 Visible
CA/TiO2 MB 10 Visible
nCu-CHB MB 10 Visible

28360 | RSC Adv., 2026, 16, 28352–28365
dose increases, the concentration of MB dye decreases with
time. Increasing the nCu-CHB dose from 5mg to 15mg resulted
in an increase in degradation efficiency from 78.62% to 98.09%
as shown in Fig. 9b. The presence of a large amount of catalyst
provides more accessible active sites for the adsorption of dye
molecules. Consequently, the generation of electron–hole pairs
(e−/h+) increases with higher catalyst loading due to enhanced
interaction with light irradiation. These e−/h+ pairs interact
with water and dissolved oxygen to generate free radicals,
resulting in further degradation of the MB dye.69 A further
increase in catalyst dose to 20mg resulted in a slight decrease in
percentage degradation. This observation indicates that 15 mg
is found to be a more critical dose with 98.09% degradation
efficiency under irradiation of visible-light for 90 min. Further,
the reaction kinetics of MB degradation over nCu-CHB and the
corresponding rate constants were determined. The results
depicted in Fig. 9c showed a linear relation between ln(Co/C) vs.
irradiation time (min), indicating that the photocatalytic
degradation of MB over nCu-CHB is satised through pseudo-
rst-order kinetics. At doses 5, 10, 15, and 20 mg of nCu-CHB,
the reaction rate constants were 0.0176, 0.0231, 0.0432, and
0.0357 min−1, respectively, and the correlation coefficients (R2)
were 0.9980, 0.9898, 0.9975, and 0.9951, respectively. Fig. 9d
shows the time-dependent UV-vis absorbance data for MB
degradation using 15 mg of nCu-CHB.
4.3 Effect of pH

The pH of the reaction medium signicantly affects the degra-
dation of MB dye. A systematic investigation of pH inuence on
the photocatalytic activity of nCu-CHB was conducted using
10 mg of nCu-CHB in 10 ppm of MB solution at different pH
values, ranging from 3 to 11, under visible-light irradiation for
60 min. The solutions pH was controlled through the gradual
addition of 1MNaOH andHCl solutions. Fig. 10a shows the UV-
vis spectral prole of MB degradation in the presence of nCu-
CHB at various pH values. The results shown in Fig. 10b
reveal that dye degradation is relatively low in acidic medium,
while it improves signicantly under basic medium. The
percentage degradation of dye increases from 13.75% at pH 3 to
75.72% as the pH of the solution rose to 7, reaching a maximum
of 93.04% at pH 11. This drastic change in catalytic activity can
be attributed to the catalyst surface charge and the ionic nature
of the dye.70 In acidic conditions, the proton-rich medium leads
to the protonation of carboxylic acid (–COOH) and amine
reported studies

Catalyst dose
(g L−1) Time (h)

Degradation efficiency
(%) Ref.

5.0 24 95.6 71
0.40 1.0 97.0 34
0.42 1.0 95.0 72
0.5 2.0 90.8 73
— 2.0 91.2 74
0.30 5.0 85 75
0.30 1.5 98.1 This study

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Effect of MB concentrations on photocatalytic degradation using nCu-CHB: (a) kinetic plot of Ct/C0 vs. time, (b) % degradation bar graph,
(c) plot of lnC0/Ct vs. time, and (d) absorbance spectra of MB dye (10 ppm) in the presence of nCu-CHB. Error bars represent standard deviation
of triplicate experiments performed under identical conditions.
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groups (–NH2) on the photocatalyst. Since the MB is a cationic
dye, it is repelled by the positively charged surface of the pho-
tocatalyst, resulting in reduced dye adsorption and hence lower
degradation. The increase in dye degradation from acidic to
neutral pH is due to the presence of zwitterionic groups (–
COO−, –NH3

+), where negatively charged carboxylate groups
facilitate electrostatic interactions with the dye molecules and
hence, increase the dye degradation. However, the maximum
degradation is not achieved at neutral pH because the presence
of positively charged –NH3

+ groups still hinders the adsorption
of dye onto the catalyst surface. Under basic conditions, the
surface of the photocatalyst becomes predominantly negatively
charged due to the deprotonation of carboxylic groups and the
absence of –NH3

+ groups. This electrostatic interaction between
the catalyst surface and the dye molecules enhances adsorption
and consequently improve photodegradation.69
4.4 Scavenger study

Radical scavenging experiments were systematically performed
to investigate the role of dominant reactive oxygen species
involved in MB degradation using nCu-CHB. The addition of p-
© 2026 The Author(s). Published by the Royal Society of Chemistry
BQ and IPA signicantly suppressed the degradation efficiency
(Fig. 11a), indicating that O2c

− and cOH were the dominant
species responsible for MB degradation. In contrast the pres-
ence of AgNO3 and OA resulted in a comparatively smaller
reduction in degradation efficiency, suggesting that e− and h+

played secondary roles in the reaction mechanism.
4.5 Regeneration and stability

The stability and recyclability of the photocatalyst are essential
for large-scale industrial applications. To evaluate the stability
of nCu-CHB, three consecutive photocatalytic cycles were per-
formed under identical optimized conditions (50 mL of 10 ppm
MB solution, 10 mg catalyst, 90 min visible irradiation at
neutral pH), and the degradation efficiency was measured aer
each run. Aer each cycle, the catalyst was ltered, rinsed,
dried, and reused for the photocatalytic degradation. The
results depicted in Fig. 11b demonstrate a slight decrease in the
degradation efficiency aer each subsequent run. Aer the third
cycle, the degradation efficiency of nCu-CHB decreased by 11%,
indicating that the reused photocatalyst still retains consider-
able activity. This slight decrease in degradation efficiency can
RSC Adv., 2026, 16, 28352–28365 | 28361
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Fig. 9 Effect of catalyst dose on photocatalytic degradation using nCu-CHB (a) kinetic plot Ct/C0 vs. time, (b) % degradation bar graph (c) plot of
lnC0/C vs. time and (d) absorbance spectra of MB dye (10 ppm) in the presence of nCu-CHB (15 mg). Error bars represent standard deviation of
triplicate experiments performed under identical conditions.
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be attributed to minor catalyst loss during recollection or
inactivation of the active sites of the catalyst by adsorbed reac-
tion intermediates.44 To further examine the morphological
stability, SEM images of nCu-CHB before and aer photo-
catalytic degradation are presented in Fig. 11c and d. The
hierarchical brous structure of the composite is largely
Fig. 10 Effect of pH on photocatalytic degradation of MB using nCu-CH
Error bars represent standard deviation of triplicate experiments perform

28362 | RSC Adv., 2026, 16, 28352–28365
preserved aer the third cycle, with no signicant structural
collapse or severe aggregation observed. Minor surface rough-
ness is visible, which may be associated with adsorption of
reaction intermediates. These observations conrm that the
nCu-CHB composite maintains reasonable structural integrity
and stability during repeated photocatalytic experiments.
B (a) absorbance spectra (b) bar graph of degradation (%) of nCu-CHB.
ed under identical conditions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Scavenging tests (b) reusability, SEM images (c) before and (d) after photocatalytic degradation of MB using nCu-CHB.
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4.6 Possible degradation mechanism

To gain insight into the possible photocatalytic degradation
mechanism of MB using nCu-CHB, radical trapping studies
were performed. The results revealed that IPA and p-BQ signif-
icantly suppressed the photocatalytic degradation of MB,
reducing it to 17% and 13%, respectively. These ndings indi-
cate that O2c

− and cOH radicals play a dominant role in the
degradation process as shown in Fig. 11a. Fig. 12 schematically
illustrates the proposed photodegradation mechanism of MB
over nCu-CHB. Visible-light photon with Eg > 2.0 eV induce VB-
Fig. 12 Proposed degradation mechanism of MB over nCu-CHB.

© 2026 The Author(s). Published by the Royal Society of Chemistry
CB electronic transition in nCu-CHB, generating the e−/h+

pairs. The photoexcited electrons in the CB can participate in
the reduction of dissolved oxygen to generate O2c

−, while the
corresponding holes in the VB are highly oxidative species and
can react with hydroxyl groups or hydroxide ion to form cOH
radicals. These reactive species play a key role in the efficient
degradation of MB dye into less harmful products like water and
carbon dioxide. The whole mechanism has been illustrated in
the following eqn (4)–(7).
RSC Adv., 2026, 16, 28352–28365 | 28363
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nCu-CHB + hv / nCu-CHB [e−(CB) + h+(VB)] (4)

nCu-CHB (h+VB) + OH− / cOH + nCu-CHB (5)

nCu-CHB (e−CB) + O2 / O2c
− + nCu-CHB (6)

MB + OHc−/O2c
− / CO2 + H2O + degraded products (7)

5 Conclusion

In summary, the nCu-CHB photocatalyst was fabricated from
ESM hydrolysate via a simple chemical precipitation method,
and the material was characterized by advanced characteriza-
tion techniques. Structural and spectroscopic analysis
conrmed the successful incorporation of Cu species within the
biopolymeric matrix and indicated modication of the elec-
tronic structure of ESM aer copper coordination. The resulting
material, with a reduced band gap and porous morphology,
demonstrated effective visible-light photocatalytic degradation
of MB (98.09%), following pseudo-rst-order kinetics. The
improved photocatalytic activity can be attributed to the
synergistic effects of copper incorporation and the functional-
ized porous structure of the ESM matrix, which enhance light
absorption and promotes adsorption–photocatalysis interac-
tion. Overall, this study highlights the potential of waste-
derived biopolymers as sustainable matrices for developing
metal-chelated photocatalysts for environmental remediation.
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