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of a novel chitosan/
carboxymethyl cellulose/bentonite/CuO
nanocomposite for enhanced photocatalytic and
antibacterial applications†
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Devendra Singh Rathore,c Gangotri Pemawat, a Ravindra Singhd

and Rama Kanwar Khangarot *a

In this study, an eco-friendly chitosan/carboxymethyl cellulose/bentonite/CuO nanocomposite (CS/CMC/

BN/CuO NC) was synthesized utilizing algal-mediated copper oxide nanoparticles (CuO NPs). The resulting

hybrid nanocomposite was thoroughly characterized using advanced techniques, including XRD, FTIR, UV-

vis, FE-SEM, HR-TEM, and BET analysis. The photocatalytic activity of the hybrid nanocomposite was

assessed by the degradation of brilliant cresyl blue (BCB) dye under visible light irradiation, while the

antibacterial activity of the hybrid nanocomposite was evaluated against both Gram-positive and Gram-

negative bacterial strains. XRD analysis confirmed the successful synthesis of the hybrid nanocomposite

(CS/CMC/BN/CuO NC) with a crystallite size of 9.66 nm. The UV-vis analysis and Tauc plot revealed that

the hybrid nanocomposite exhibited an absorbance peak at 249 nm and a band gap of 2.81 eV,

respectively. FE-SEM and HR-TEM analysis highlighted its unique broken-tile structure. Furthermore, the

hybrid nanocomposite exhibited outstanding photocatalytic performance, achieving 98.38% degradation

of BCB dye within 60 min under optimal conditions. The scavenging experiments showed that electrons

(e−) and superoxide anion radicals (O2c
−) are the major reactive species involved in the degradation of

BCB dye. Additionally, it demonstrated remarkable antibacterial efficacy, showing a 40 mm zone of

inhibition (ZOI) against the Gram-negative Pseudomonas aeruginosa strain. The findings indicate that the

synthesized CS/CMC/BN/CuO NC holds significant promise for the photodegradation of organic dyes.

Furthermore, it exhibits strong antibacterial properties, making it a potential disinfectant for treating

wastewater contaminated with pathogenic bacteria.
Introduction

Recent advancements in nanotechnology have facilitated the
synthesis of a wide variety of nanocomposites (NCs), tailored for
specic applications in elds such as electronics, medicine,
energy storage, and environmental remediation.1 NCs are
materials formed by integrating nanoparticles (NPs) into a bulk
matrix, resulting in unique and enhanced properties compared
to their individual components. Incorporating NPs into the
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composite matrix can substantially enhance thermal stability,
electrical conductivity, mechanical strength, and other func-
tional properties.2 The biopolymer-clay matrix has garnered
remarkable attention globally from both academic and indus-
trial perspectives.3,4 The integration of biopolymer-clay matrix
into metal oxide NPs signicantly enhances their properties,
making them suitable for various applications.5

Copper oxide nanoparticles (CuO NPs) provide a highly
efficient and cost-effective alternative to expensive noble metals,
offering comparable functionalities. Their outstanding proper-
ties impart remarkable versatility, leading to widespread use
across diverse applications, including catalysis,6 sensors,7,8

photocatalysis,9 and wastewater treatments.10 Traditionally, the
synthesis of CuO NPs mainly relied on chemical methods, oen
involving harmful chemicals and hazardous by-products.
Nowadays, green synthesis methods, utilizing natural biolog-
ical sources such as plants, fungi, algae, and yeast, have
emerged as environmentally friendly alternatives. In our
previous study, we observed that Coelastrella terrestris algal-
RSC Adv., 2025, 15, 3365–3377 | 3365
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Fig. 1 XRD patterns of (a) CuO NPs, (b) chitosan (CS), (c) carbox-
ymethyl cellulose (CMC), (d) bentonite (BN), and (e) chitosan/carbox-
ymethyl cellulose/bentonite/CuO nanocomposite (CS/CMC/BN/CuO
NC).
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mediated CuO NPs displayed excellent photocatalytic and
antibacterial activity.11 The further enhancement of the prop-
erties could be achieved by combining these CuO NPs with
other organic and inorganic compounds.

Chitosan (CS), a biodegradable biopolymer, possesses a wide
range of biological properties. It is a natural polysaccharide
consisting of b-(1/ 4)-2-amino-2-deoxy-D-glucopyranose and is
formed through the deacetylation of chitin.12 This biopolymer
exhibits exceptional characteristics, such as high water perme-
ability, non-toxicity, and biocompatibility, attributed to its
amino and hydroxyl functional groups.13 Furthermore, carbox-
ymethyl cellulose (CMC), a derivative of cellulose, consists of
glucose units linked by b-(1/ 4) glycosidic bonds. Owing to its
anionic nature, CMC is water-soluble at any temperature. As one
of the most extensively utilized cellulose derivatives, it nds
signicant applications in agriculture, medicine, and environ-
mental sectors.14 Additionally, bentonite (BN), mainly
composed of over 75% montmorillonite, demonstrates
remarkable adsorption and antibacterial properties. It is
abundant in nature, cost-effective, non-toxic, and environmen-
tally friendly. The charge imbalance present in bentonite makes
it an ideal candidate for incorporating various inorganic
compounds.15,16 The synergistic combination of algal-mediated
CuO NPs with CS, CMC, and BN improves the properties of the
resulting nanocomposite (NC).

Therefore, this research paper presents the green synthesis
of a chitosan/carboxymethyl cellulose/bentonite/CuO nano-
composite (CS/CMC/BN/CuO NC). The properties of the
synthesized hybrid nanocomposite were examined using
a range of characterization techniques, including X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), UV-vis spectroscopy, eld-emission scanning electron
microscopy (FE-SEM), high-resolution transmission electron
microscopy (HR-TEM), and Brunauer–Emmett–Teller (BET)
analysis. The photocatalytic activity of the hybrid nano-
composite was investigated by evaluating its ability to degrade
brilliant cresyl blue (BCB) dye. Additionally, its antibacterial
efficacy was evaluated against four pathogenic bacterial strains:
Staphylococcus epidermis (S. epidermis), Staphylococcus aureus (S.
aureus), Escherichia coli (E. coli), and Pseudomonas aeruginosa (P.
aeruginosa).

Experimental section

Comprehensive details of the materials and methods utilized
for the synthesis of the CS/CMC/BN/CuO NC, along with the
protocols for photocatalytic experiments and antibacterial
analysis, are presented in the ESI.†

Results and discussion
XRD analysis

Fig. 1 illustrates the XRD patterns of various samples, including
CuO NPs, CS, CMC, BN, and the synthesized CS/CMC/BN/CuO
NC. In Fig. 1(a), the diffraction peaks at 2q values of 32.45°,
35.50°, 38.71°, and 48.81° corresponded to the (110), (�111),
(200), and (�202) planes, respectively. These peaks, marked with
3366 | RSC Adv., 2025, 15, 3365–3377
triangles, are consistent with the end-centered monoclinic
structure of polycrystalline CuO NPs, as per the standard JCPDS
card no. 80-1916.17 Fig. 1(b) shows the XRD pattern of CS, which
exhibited diffraction peaks at 2q values of 12.72°, 19.22°, and
26.33° (indicated by rectangles).18–20 Fig. 1(c) disclosed the XRD
pattern of CMC at 2q peaks of 15.63°, 22.51°, and 34.52° (these
peaks are marked with circles).21 Fig. 1(d) represents the XRD
pattern of BN, showing peaks at 2q values of 19.98° and 29.86°,
marked with plus signs.16,22 Finally, Fig. 1(e) reveals the XRD
pattern of the synthesized CS/CMC/BN/CuO NC. The diffraction
peaks at 2q values of 16.16°, 20.14°, 22.58°, 26.79°, 35.54°,
38.80°, and 48.89° conrm the synthesis of the hybrid nano-
composite, indicating the incorporation of CuO NPs, CS, CMC,
and BN.16,23 The distinct peaks for CS, CMC, BN, and CuO NPs
are denoted by rectangles, circles, plus, and triangles, respec-
tively, showing slight shis in peak positions and intensities
owing to the incorporation of CuO NPs within the composite
matrix. The crystallite size (tS) of synthesized NC was also
evaluated using the well-known Scherrer eqn (1).24

tS ¼ kl

bcosq
(1)

d ¼ 1

ðtSÞ2
(2)

where tS, k, l, b, q, and d denote the crystallite size of the
synthesized NC, Scherrer's constant (∼1), the wavelength of X-
ray (0.1541 nm), full width at half maximum (FWHM) of
diffraction peaks, Bragg's angle of diffraction, and dislocation
density, respectively. The crystallite sizes of the synthesized
CuO NPs and CS/CMC/BN/CuO NC were determined to be
7.62 nm and 9.66 nm, respectively, along their highest intensity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of synthesized CS/CMC/BN/CuO NC.
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planes. Dislocation density (d) is a critical parameter quanti-
fying the presence of defects within crystalline solids. The
dislocation density of synthesized hybrid nanocomposite was
assessed using eqn (2). The dislocation density (d) of the CuO
NPs and the hybrid nanocomposite was observed to be
0.0172 × 1015 m−2 and 0.0107 × 1015 m−2, respectively.
FTIR analysis

Fig. 2 illustrates the FTIR spectra of CS/CMC/BN/CuO NC. The
FTIR spectra revealed important peaks at 3433, 2923, 2125,
1712, 1632, 1420, 1366, 1222, 1065, 892, 608, 532, and 461 cm−1.
The prominent peak at 3433 cm−1 was attributed to intermo-
lecular hydrogen-bonded –O–H and –N–H stretching vibrations,
signifying the overlap of the –O–H and –N–H peaks of CMC and
CS, respectively, within the same region.11,25 The peaks at 2923
Fig. 3 (a) UV-vis spectra and (b) Tauc plot of synthesized CS/CMC/BN/C

© 2025 The Author(s). Published by the Royal Society of Chemistry
and 1420 cm−1 were ascribed to the –C–H stretching and
bending vibrations of alkanes, respectively, present in the CS/
CMC/BN/CuO NC.26,27 These peaks are due to metabolites
present in the algal extract which act as reducing, capping, and
stabilizing agents in the formation of CuO NPs.28 The minor
peak at 2125 cm−1 indicates the presence of –CH3 in the hybrid
nanocomposite.25 The band at 1632 cm−1 was assigned to the –
O–H bending vibrations and –C]O of the amide group in CS
and proteins in the algal extract.11,23 The sharp peak at
1366 cm−1 was ascribed to the interaction between –C–N
stretching and –N–H bending vibrations of CS and algal extract.
Strong peaks at 1065 and 608 cm−1 were ascribed to the Si–O–Si
and Si–O–Al vibrations of BN.23,29

The peak at 892 cm−1 corresponded to the C–O–C stretching
vibration of b-(1 / 4)-glycosidic linkages that exist in CMC.26,30

The bands at 608, 532, and 461 cm−1 were associated with Cu–O
stretching vibrations.11 The FTIR spectra revealed effective
interactions among CS, CMC, BN, and CuO NPs, conrming the
successful formation of the CS/CMC/BN/CuO NC.
UV-vis analysis and Tauc plot

Fig. 3(a) depicts the UV-vis spectra of the synthesized CS/CMC/
BN/CuO NC, which exhibit an absorption peak at 249 nm. The
CS, BN, and CuO NPs show absorbance peaks around 250 nm,31

300 nm,32 and 255 nm,33 respectively. The UV-vis spectra did not
display any signicant peaks for CMC.34,35 The bonding between
CS, CMC, BN, and CuO NPs results in a shi in the absorption
peak of synthesized NC to 249 nm. The band gap value of the
synthesized hybrid nanocomposite was determined using Tauc
plot, as illustrated in Fig. 3(b). The band gap (Eg) is the energy
difference between a nanocomposite's valence band (VB) and
conduction band (CB).36 It is a critical factor in determining the
optical and electronic properties of NC, as it inuences its
ability to absorb and emit light.10 The band gap value was
determined by extrapolating the linear region of the plot of
(ahn)2 versus hn to the x-axis. The observed band gap value for
uO NC.

RSC Adv., 2025, 15, 3365–3377 | 3367
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Fig. 4 FE-SEM images of CS/CMC/BN/CuO NC at different magnifications.

Fig. 5 HR-TEM images of CS/CMC/BN/CuO NC at different magnifications.
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the synthesized CuO NPs was 2.40 eV (Fig. S1†) and for the CS/
CMC/BN/CuO NC was 2.81 eV (Fig. 3(b)).

FE-SEM analysis

The morphology of synthesized CS/CMC/BN/CuO NC was ana-
lysed using FE-SEM, as shown in Fig. 4. The images indicate the
formation of clusters of irregularly arranged diverse structures.
The image at a 1 mm scale reveals structures resembling broken
ceramic tiles. For improved clarity, a closer inspection of one
structure was performed, and the broken tile-like morphology
was further conrmed at a 100 nm scale. The phase segregation
is not possible to observe in the obtained SEM images. Since no
denite clarity on particle size or grain size could be established
by FE-SEM, so we performed HR-TEM of the sample.

HR-TEM analysis

The HR-TEM analysis, presented in Fig. 5, clearly depicts the
formation of a single structure composed of an aggregate of
numerous ne particles. It indicates the clustering of CS/CMC/
BN/CuO NC leading towards a small piece of a broken tile
structure as discussed in the previous section. Hence, it can be
concluded here that diverse nanostructures overlap each other
contributing to the formation of the CS/CMC/BN/CuO NC. Our
XRD outcomes have already established the construction of
3368 | RSC Adv., 2025, 15, 3365–3377
crystallites of the size 9.66 nm. Such crystallites could be
noticed embedded within a single structure shown in Fig. 5.
Thus, the HR-TEM ndings further supports the XRD calcula-
tions concerning crystallite sizes. Furthermore, the segregated
phases of CS, CMC, BN and CuO NPs are not visible in the HR-
TEM. CS and BN being very small, as reected in XRD pattern,
are not visible. The broken tile structure has major content of
CuO only and the second component i.e., CMC which is visible
at the corners/circumference in black color (under red circles).

BET analysis

Fig. 6 shows the BET analysis of the hybrid nanocomposite.
Fig. 6(a) revealed a type-II adsorption–desorption isotherm,
indicating multilayer adsorption on the nanocomposite. The
calculated total surface area of the hybrid nanocomposite was
39.80 m2 g−1. Additionally, the hybrid nanocomposite is clas-
sied as mesoporous, predominantly featuring pores with
diameters ranging from 2 to 50 nm (Fig. 6(b)).

Photocatalytic degradation of BCB dye using CS/CMC/BN/CuO
NC

BCB is an oxazine dye extensively utilized in the textile and
printing industries, as well as a tracer in red blood cells for RNA
staining (Fig. 7). BCB is recognized as a carcinogenic, toxic, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Structure of BCB dye.

Fig. 6 (a) BET N2 adsorption isotherm (b) Barrett–Joyner–Halenda (BJH) pore distribution.
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mutagenic compound, posing signicant environmental risks
even at low concentrations.37 BCB is also used in the food
industry, found in products such as ice cream, syrups, dairy
products, and confectionery.38 Its presence poses a considerable
threat to aquatic ecosystems and human health, highlighting
the urgent need for efficient remediation strategies.37,39 The
photocatalytic degradation of BCB dye was monitored at the
maximum absorbance wavelength peak (lmax) of 625 nm.40

The degradation of BCB dye was investigated using three
processes: adsorption, photolysis, and photocatalysis (Fig. 8).
This was demonstrated through two plots, Fig. 8(a) Ct/C0 versus
time and Fig. 8(b) degradation percentage versus time. In the
Fig. 8 Degradation of BCB dye using three processes, i.e., adsorption
percentage versus time.

© 2025 The Author(s). Published by the Royal Society of Chemistry
adsorption process, CS/CMC/BN/CuO NC was used as the
catalyst to degrade BCB dye in the absence of light. For the
photolysis process, degradation occurred solely under light
exposure without the use of a catalyst. While the photocatalysis
process involved the degradation of BCB dye using both the
catalyst and visible light illumination. The results indicated that
aer 60 min, the degradation efficiencies of BCB dye were
53.64% for adsorption, 10.62% for photolysis, and 77.51% for
photocatalysis. Notably, the photocatalytic degradation using
CS/CMC/BN/CuO NC demonstrated superior efficacy compared
to the photolysis and adsorption. Furthermore, a series of
experiments was conducted to optimize the conditions for BCB
dye degradation using CS/CMC/BN/CuO NC under visible light
irradiation.
Optimization of reaction parameters for the degradation of
BCB dye

Effect of pH. The pH of the solution is a critical factor in the
dye degradation process. Fig. 9(a) illustrates the impact of pH
on the BCB dye degradation using CS/CMC/BN/CuO NC. To
, photolysis, and photocatalysis (a) Ct/C0 versus time (b) degradation

RSC Adv., 2025, 15, 3365–3377 | 3369
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Fig. 9 Effect of (a) pH, (b) initial dye concentration, and (c) catalyst dosages on the photodegradation of BCB dye using CS/CMC/BN/CuONC; (d)
kinetic study plot of degradation of BCB dye at optimal conditions.
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investigate the inuence of pH on the photocatalytic degrada-
tion of BCB dye, a pH range of 3.0 to 11.0 was selected, with
other parameters kept constant. The outcomes disclosed that
the degradation percentages of BCB dye were 51.34%, 61.66%,
81.57%, 91.40%, and 95.24% at pH values of 3, 5, 7, 9, and 11,
respectively, aer 60 min of light irradiation. Notably, the
degradation of BCB dye in an acidic medium was low, with
degradation percentages of 51.34% at pH 3 and 61.66% at pH 5.
In contrast, in a basic medium, the degradation is signicantly
higher, reaching 91.40% at pH 9 and 95.24% at pH 11. At
a neutral pH of 7, the degradation was 81.57%.

These ndings demonstrate that dye degradation increases
with rising pH. In an acidic medium, the degradation of BCB
dye is lower, whereas, in a basic medium, the degradation is
higher. At lower pH values, the excess of H+ ions impart
a positive charge to the catalyst surface, which electrostatically
repels the cationic BCB dye molecules, leading to reduced
adsorption of BCB dye molecules on the surface of catalyst and
lower degradation efficiency. In contrast, in a basic medium,
the presence of OH− ions results in a negative charge on the
catalyst surface, enhancing the attraction of cationic BCB dye
molecules, thus improving both adsorption and photo-
degradation efficiency. The highest degradation of 95.24% was
observed at pH 11, indicating it as the optimal pH value.
3370 | RSC Adv., 2025, 15, 3365–3377
Effect of initial dye concentration

The initial concentration of the dye has a signicant impact on
the dye degradation process. The photocatalytic efficacy of the
synthesized hybrid nanocomposite was assessed at initial
concentrations ranging from 50 ppm to 100 ppm at pH 11, with
other parameters kept constant. Fig. 9(b) demonstrates the
inuence of initial dye concentration on the degradation of BCB
dye using the CS/CMC/BN/CuO NC. Aer 60 min of visible light
illumination, the degradation percentages of BCB dye were
93.24%, 93.68%, 97.53%, 95.22%, and 75.17% at initial
concentrations of 50 ppm, 62.50 ppm, 75 ppm, 87.50 ppm, and
100 ppm, respectively. The degradation of BCB dye improved
from 93.24% to 97.53% as the dye concentration increased from
50 ppm to 75 ppm. On the other hand, increasing the initial dye
concentration from 75 ppm to 100 ppm led to a decline in the
photocatalytic degradation, dropping from 97.53% to 75.17%.
The maximum degradation efficiency of 97.53% was achieved at
an initial dye concentration of 75 ppm. Lower degradation
efficiency at lower initial dye concentrations may be due to
reduced dye adsorption on the catalyst surface, leaving many
active sites unoccupied. Conversely, at higher initial dye
concentrations, the reduced efficacy could be due to decreased
light penetration or saturation of the active sites on the catalyst
surface.11
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative photodegradation studies of BCB dye using various nanocatalystsa

S. no. Nanocatalysts Light source
Initial concentration
of dye (ppm)

Catalyst dosage
(mg) pH

Time
(min)

Degradation
(%) Ref.

1 Cu2O/AA Sunlight 50 200 7 120 73.12% 40
2 ZnO UV 7 25 7 150 92.92% 41
3 g-C3N4/ZnO Visible 25 20 10 60 99.51% 42
4 ZnAl2O4 Visible 40 1000 10 180 94.5% 43
5 ZnO/CuO Visible 15 15 11 100 97.30% 44
6 TiO2 UV 3 260 — 120 74% 45
7 Al2O3 doped Mn3O4 Sunlight 100 113 10 300 50–65% 46
8 Co3O4/Fe2O3 Sunlight 100 100 10 180 97% 47
9 CS/CMC/BN/CuO NC Visible 75 70 11 60 98.38% This work

a Abbreviation: AA – ascorbic acid.
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These ndings emphasize the importance of controlling the
initial dye concentration to attain optimal efficiency in the
photodegradation of dyes. The maximum BCB dye degradation
of 97.53% was observed at an initial concentration of 75 ppm,
leading to the selection of 75 ppm as the optimal initial
concentration for BCB dye.

Effect of catalyst dosage. To assess the inuence of CS/CMC/
BN/CuO NC catalyst dosage on the degradation of BCB dye, the
catalyst dosages were varied from 0.01 g to 0.09 g at an initial
dye concentration of 75 ppm and pH 11. Fig. 9(c) shows the
impact of varied catalyst dosages on BCB dye degradation. The
results showed that catalyst amounts of 0.01 g, 0.03 g, 0.05 g,
0.07 g, and 0.09 g achieved degradation efficiencies of 64.71%,
78.29%, 97.53%, 98.38%, and 86.87%, respectively. The degra-
dation enhanced from 64.71% to 98.38% as the catalyst dosage
increased from 0.01 g to 0.07 g. However, increasing the catalyst
dosage to 0.09 g resulted in a decreased degradation from
98.38% to 86.87%. Initially, increasing the catalyst dosage
resulted in a greater number of active sites available for dye
degradation, thereby enhancing degradation efficiency.
However, further surges in catalyst dosage can lead to agglom-
eration, turbidity, and light scattering, which hinder light
penetration and diminish the degradation efficiency. Conse-
quently, the highest degradation efficacy was achieved with
a catalyst dosage of 0.07 g, which was selected as the optimal
dosage for BCB dye degradation. The optimal conditions for
Fig. 10 Reusability of the CS/CMC/BN/CuO NC for the photo-
degradation of BCB dye.

© 2025 The Author(s). Published by the Royal Society of Chemistry
BCB dye degradation using the CS/CMC/BN/CuO NC were
established as a pH of 11, an initial dye concentration of
75 ppm, and a catalyst dosage of 0.07 g.

Fig. 9(d) represents the kinetic plot of ln(C0/Ct) versus time
under these optimized conditions. The kinetic data were well-
described by the pseudo-rst-order kinetic model, suggesting
that the degradation process follows pseudo-rst-order kinetics.
The calculated kinetic rate constant (k) and R2 values for the
photodegradation of BCB dye in the presence of CS/CMC/BN/
CuO NC were found to be 0.07149 min−1 and 0.96712, respec-
tively. Table 1 represents a comparative analysis of the photo-
catalytic degradation of BCB dye using various nanocatalysts.
Reusability of the hybrid nanocomposite

The practical applicability of the synthesized hybrid nano-
composite for photodegradation is evidenced by its photo-
stability and reusability. To evaluate this, experiments were
conducted to assess the photocatalytic degradation of BCB dye
using the CS/CMC/BN/CuO NC over four consecutive cycles
under visible light illumination (Fig. 10). Aer each cycle, the
photocatalyst was recovered via centrifugation, washed with
deionized (DI) water and ethyl alcohol, and dried in an oven at
70 °C for 4 h prior to reuse in the subsequent cycle. Fig. 10
indicates that a slight decrease in the %degradation was
observed aer each successive cycle. The degradation
Fig. 11 Effect of specific scavengers on the photodegradation of BCB
dye using CS/CMC/BN/CuO NC.
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percentage declined from 98.38% to 82.56% aer four succes-
sive cycles.

These ndings indicate that the synthesized hybrid nano-
composite exhibits remarkable stability and reusability for BCB
dye degradation. The reduction in photocatalytic activity
observed aer repeated cycles can be ascribed to two primary
factors. First, the recollection process may lead to a loss of
photocatalyst, reducing the amount of active catalyst and its
efficiency. Second, intermediate species generated during the
dye degradation process may deposit on the active sites of the
catalyst, resulting in reduced photocatalytic activity.

Scavenging activity. The primary reactive species involved in
the degradation process were identied through the reactive
species trapping experiments. These experiments targeted
specic reactive species, including holes (h+), electrons (e−),
superoxide anion radicals (O2c

−), and hydroxyl radicals (cOH),
using ethylenediaminetetraacetic acid (EDTA), potassium
dichromate (K2Cr2O7), benzoquinone (BQ), and isopropyl
alcohol (IPA), respectively. The results, depicted in Fig. 11,
highlight the contribution of each reactive species to the overall
degradation process. The control experiment, without a scav-
enger, showed the highest degradation rate of 98.38%. The
addition of K2Cr2O7, EDTA, IPA, and BQ reduced the degrada-
tion percentages of BCB dye to 47.94%, 91.66%, 82.84%, and
53.85%, respectively. The signicant reduction in degradation
efficacy to 47.94% with K2Cr2O7 and 53.85% with BQ indicates
that electrons (e−) and superoxide anion radicals (O2c

−) are the
major reactive species involved in the degradation of BCB dye.
The addition of IPA reduced the degradation percentage to
82.84%, suggesting that cOH play a minor role in the degrada-
tion process. In contrast, the addition of EDTA did not notice-
ably reduce the degradation percentage (91.66%), indicating
that holes (h+) do not directly participate in the degradation
process but contribute to the generation of other reactive
species. These results provide important insights into the
Fig. 12 A plausible mechanism of the photodegradation of BCB dye usi

3372 | RSC Adv., 2025, 15, 3365–3377
mechanistic pathways involved in the photocatalytic degrada-
tion process of BCB dye using CS/CMC/BN/CuO NC.
A plausible mechanism for photodegradation

The mechanism for the photodegradation of BCB dye of
a hybrid nanocomposite was elucidated through scavenging
experiments and band gap analysis, as depicted in Fig. 12 and
also shown by eqn (3)–(8). When CS/CMC/BN/CuO NC was
exposed to visible light irradiation, electrons (e−) were excited
from the VB to the CB, resulting in the generation of electron
(e−)–hole (h+) pairs. The incorporation of CS, CMC, and BN
signicantly enhances the adsorption capacity and porosity of
the catalyst, facilitating the adsorption of BCB dye molecules
onto the catalyst surface. This high affinity and porous structure
enable efficient migration of dye molecules from the solution to
the catalyst surface. CS, CMC, and BN also play a vital role in
preventing the recombination of electron (e−)–hole (h+) pairs,
thereby enhancing the efficiency of CS/CMC/BN/CuO NC in the
photodegradation of BCB dye.

The improved separation of electron (e−)–hole (h+) increases
the availability of these charge carriers for successive reactions
with other species, facilitating the formation of ROS critical for
dye degradation. As illustrated in eqn (6) and (7), these reactive
species react with water (H2O) and oxygen (O2) molecules,
producing superoxide anion (O2c

−) and hydroxyl (cOH) radicals.
These radicals serve as highly effective oxidants that promote
the oxidation of BCB dye molecules, ultimately converting them
into inorganic acids, water, and carbon dioxide.40,42,44 Aer
degradation, the adsorption sites on the hybrid nanocomposite
are regenerated, allowing for its recyclable use.
Antimicrobial activity of synthesized CS/CMC/BN/CuO NC

The hybrid nanocomposite (CS/CMC/BN/CuO NC) disclosed
outstanding antibacterial activity against all test pathogens, as
ng hybrid nanocomposite (CS/CMC/BN/CuO NC).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Antibacterial activity of negative control, positive control, and hybrid nanocomposite against four test pathogens (a) S. aureus, (b) S.
epidermis, (c) E. coli, and (d) P. aeruginosa.

Table 2 ZOI (mm) of negative control, positive control, and hybrid nanocomposite against four test pathogensa

S. no. Pathogens

Zone of inhibition (mm)

Negative control Positive control Hybrid nanocomposite

1 S. aureus NA 26 mm 30 mm
2 S. epidermis NA Non countable 29 mm
3 E. coli NA 30 mm 35 mm
4 P. aeruginosa NA 29 mm 40 mm

a Abbreviation: NA – not applicable.
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illustrated in Fig. 13 and Table 2. Erythromycin was employed
as the positive control (antibiotic), whereas DI water was
utilized as the negative control in the antibacterial analysis. The
calculated ZOI for S. aureus, S. epidermis, E. coli, and P. aerugi-
nosa were 30 mm, 29 mm, 35 mm, and 40 mm, respectively. For
a better comparison of antibacterial activity, a bar graph is also
represented (Fig. 14). The higher ZOI values were shown by the
hybrid nanocomposite than the positive control for all patho-
genic bacteria. The hybrid nanocomposite showed the highest
antibacterial activity against P. aeruginosa (Gram-negative
bacteria) with a ZOI value of 40 mm and the lowest against S.
© 2025 The Author(s). Published by the Royal Society of Chemistry
epidermis (Gram-positive bacteria) with a ZOI value of 29 mm.
The S. epidermis bacterial strain showed non-countable ZOI
using positive control while synthesized hybrid nanocomposite
displayed 29 mm of ZOI value. Therefore, the synthesized
hybrid nanocomposite can used as an efficient antibacterial
agent for the S. epidermis which is resistant to erythromycin
antibiotic. The hybrid nanocomposite showed higher ZOI
values against Gram-negative bacterial strains, E. coli and P.
aeruginosa, compared to Gram-positive bacterial strains, S.
aureus and S. epidermis. This difference in antimicrobial activity
is likely due to the distinct structural components of Gram-
RSC Adv., 2025, 15, 3365–3377 | 3373
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Fig. 14 Antibacterial activity of negative control, positive control, and
hybrid nanocomposite (CS/CMC/BN/CuO NC) against four test
pathogens; S. aureus, S. epidermis, E. coli, and P. aeruginosa.
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negative and Gram-positive bacteria. Gram-negative bacteria
have a thin peptidoglycan layer covered by an outer membrane
composed of lipopolysaccharides. In contrast, the Gram-
positive bacteria possess a thicker peptidoglycan layer.

1BCB0����!hn 1BCB1 (3)

1BCB1����!ISC 3BCB1 (4)

CS=CMC=BN=CuO NC ����!hn
CS=CMC=BN=CuO NC
�
eCB

� þ hVB
þ� (5)

hVB
+ + H2O / cOH + H+ (6)

O2(dissolved oxygen) + eCB
− / O2c

− (7)

3BCB1 + eCB
− + O2c

− + cOH / degraded products (8)
Table 3 Comparative analysis of antibacterial activity of some previousl

S. no. Nanocomposites/nanoparticles (NCs/NPs)

1 CuO NPs

2 CS-CuO NC

3 CS-CUR-GO/CuO hybrid nanocomposite

4 CS-CuO NC

5 CS-CuO NPs

6 CMC/CuO NC

7 CS/CMC/BN/CuO NC

a Abbreviation: CUR – curcumin, GO – graphene oxide.

3374 | RSC Adv., 2025, 15, 3365–3377
The synthesized hybrid nanocomposite interacts with amino
acids and carbohydrate components found in the peptidoglycan
layer. Gram-negative bacteria, characterized by a thinner
peptidoglycan layer, are more susceptible to damage by the
hybrid nanocomposite, while Gram-positive bacteria, possess-
ing a thicker peptidoglycan layer, exhibit greater resistance to
its effects. Furthermore, components present in the lipopoly-
saccharide layer of Gram-negative bacteria enhance the nega-
tive charge on the cell membrane which can increase the
susceptibility of Gram-negative bacteria towards the hybrid
nanocomposite.48,49Our earlier research indicated that CuO NPs
synthesized using Coelastrella terrestris algae exhibited notable
antibacterial activity, showing a zone of inhibition (ZOI) of
22 mm against S. aureus and 17 mm against P. aeruginosa.11

While the hybrid nanocomposite synthesized in this research
displayed superior antibacterial efficacy, with ZOI values of
30 mm for S. aureus and 40 mm for P. aeruginosa. Table 3
represents a comparative analysis of the antibacterial activity of
various previously reported NCs/NPs. The data clearly demon-
strates that the synthesized hybrid nanocomposite (CS/CMC/
BN/CuO NC) exhibits signicantly enhanced antibacterial effi-
cacy compared to the other NCs/NPs studied. This highlights
the superior potential of the synthesized hybrid nanocomposite
in antibacterial applications.
FE-SEM analysis of antibacterial activity

The FE-SEM images of pathogenic bacteria before and aer
exposure to the hybrid nanocomposite are shown in Fig. 15. The
FE-SEM analysis disclosed that the pathogens treated with
a hybrid nanocomposite exhibited substantial deformation and
damage to the bacterial cellular structure, whereas the
untreated (control) bacterial samples showed an intact cellular
structure. In this study, exposure of the hybrid nanocomposite
to S. aureus, S. epidermidis, E. coli, and P. aeruginosa resulted in
y reported nanocomposites/nanoparticlesa

Target bacteria ZOI (mm) References

S. aureus 22 11
P. aeruginosa 17
S. aureus ∼5 50
E. coli ∼9
S. aureus ∼12.4
E. coli ∼16
S. aureus 13 51
E. coli 10
S. aureus 17 � 1.54 52
E. coli 24 � 1.99
P. aeruginosa 23 � 1.88
S. aureus 19 53
E. coli 14
S. aureus 30 This work
S. epidermis 29
E. coli 35
P. aeruginosa 40

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 FE-SEM images of (a) all non-treated samples represent
control and (b) all treated samples with hybrid nanocomposite. The
arrows indicate rupture of the cell membrane.
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noticeable malformation of the bacterial cell membrane. The
bacterial cell membrane is crucial for maintaining electrical
potential difference of the bacterial cell. Untreated bacterial
strains display an electrical potential difference of ∼100–
Fig. 16 Schematic illustration of the antibacterial activity mechanism of

© 2025 The Author(s). Published by the Royal Society of Chemistry
200 mV. There is higher negative potential outside the cell and
lower negative potential inside the cell. Therefore, the hybrid
nanocomposite accumulates on the negatively charged bacterial
cell membrane and binds to it and reducing the potential
difference. This interaction induces membrane depolarization,
resulting in membrane leakiness. Eventually, cell rupture
occurs when the potential difference of cell reaches zero.54,55
A plausible mechanism for the antibacterial activity

The hybrid nanocomposite (CS/CMC/BN/CuO NC) demon-
strates exceptional antibacterial activity due to the synergistic
effects of the CS/CMC/BN matrix and algal-mediated CuO NPs.
The CS/CMC/BN matrix increased the surface area of the hybrid
nanocomposite thereby enhancing the antibacterial activity of
CuO NPs by promoting greater adsorption of the hybrid nano-
composite onto bacterial surfaces. CS, a natural biopolymer,
exhibits notable antibacterial properties. The positively charged
amino groups of CS can readily bind to the negatively charged
bacterial cell surfaces, disrupting normal cell membrane func-
tions. Intracellularly, CS penetrates the bacterial nuclei and
binds with DNA, inhibiting the synthesis of mRNA and
proteins.56 The incorporation of CMC with CuO NPs enhances
the dispersity and stability of CuO NPs in solution, thus
improving the antibacterial activity of CuO NPs.57

Additionally, the inclusion of BN increases the surface area
and avoids aggregation of the hybrid nanocomposite.58,59 The
plausible mechanism of antibacterial activity of synthesized
hybrid nanocomposite (CS/CMC/BN/CuO NC) is illustrated in
Fig. 16. FE-SEM analysis revealed that treatment of the hybrid
nanocomposite with bacteria resulted in the rupture of patho-
genic bacterial cell membranes, leading to the leakage of
cellular components such as plasmids, ribosomes, and cyto-
plasm. The small size of the nanocomposite enables it to
penetrate the cell membrane, interact with intracellular
components, and inhibit the synthesis of mRNA and proteins in
hybrid nanocomposite (CS/CMC/BN/CuO NC).

RSC Adv., 2025, 15, 3365–3377 | 3375
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DNA. Furthermore, this interaction also generates ROS, causing
oxidative damage to organelles, leading to damage of lipid,
protein, and DNA.11,55,60

Conclusions

The present study demonstrates the synthesis of hybrid nano-
composite (CS/CMC/BN/CuO NC) using a biogenic route. The
synthesized hybrid nanocomposite was characterized by tech-
niques such as XRD, UV-Vis, FTIR, FE-SEM, and HR-TEM. The
XRD analysis disclosed a crystallite size of 9.66 nm for the
hybrid nanocomposite along the highest intensity plane. FE-
SEM and HR-TEM images depicted a broken tile structure of
the hybrid nanocomposite. Further, both XRD and FTIR anal-
ysis conrmed the incorporation of the CS/CMC/BNmatrix with
CuO NPs. The hybrid nanocomposite disclosed excellent pho-
tocatalytic activity in the degradation of BCB dye, achieving
a maximum degradation percentage of 98.38% at pH 11, with
a catalyst dosage of 0.07 g and an initial dye concentration of
75 ppm aer 60 min. The kinetics of the photodegradation
reaction followed pseudo-rst-order kinetics, with a kinetic rate
constant (k) of 0.07149 min−1. The hybrid nanocomposite
exhibited the highest antibacterial activity against P. aeruginosa
with a ZOI value of 40 mm and the lowest antibacterial activity
against S. epidermis with a ZOI value of 29 mm. The synthesized
hybrid nanocomposite demonstrated exceptional photo-
catalytic and antibacterial activity, making it a promising
candidate for environmental and biological applications.
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