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20 April 2025 has posed significant challenges to both ecological and public health. Therefore, the development of
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7 May 2025 is crucial for effective environmental remediation. Combining photocatalytic dye degradation with
antibacterial activity offers a promising approach to address these dual concerns in a single process.
The present study investigates the copper oxide nanparticles (CuONPs) were prepared by green synthetic
Keywords: method using bamboo extract for degradation of methylene blue and inactivation of biological pathogens.
CuO NPs; The green synthesized CuONPs were characterized various spectroscopic and microscopic techniques

Flower-like structure; including XRD, FTIR, TEM, EDS, and UV-DRS analysis. Based on the XRD pattern, the average
crystallite size was calculated to be approximately 24 nm. The photocatalytic efficiency of the as
prepared CuONPs were examined through degradation of MB under UV-visible light irradiation. The
maximum degradation efficiency of 89.12% was achieved by within 150 min. The CutONPs demonstrated
significant photocatalytic efficiency, attributed to their excellent charge separation properties. Additionally,

to alter the catalyst amount, [MB] and pH to identify optimal degradation conditions. The CuONPs

Photodegradation;
Methylene blue;
Eco-friendly

also exhibited remarkable reusability, maintaining over 85% degradation efficiency after five cycles.
Furthermore, antibacterial activity was assessed against Staphylococcus aureus (S. aureus) and Escherichia
coli (E. coli) bacteria, with results indicating that the CuONPs were highly toxic to both bacterial strains.
This study highlights the potential of CuONPs as sustainable and cost-effective photocatalysts for organic
pollutant degradation. The findings suggest promising applications in environmental remediation,
including the removal of dyes, antibiotics, and pesticides under UV-visible light irradiation.

entering industrial wastewater as pollutants [7]. Many of these dyes
contain toxic and carcinogenic compounds, making their removal

1. Introduction

Water pollution caused by dye-contaminated wastewater has
become a pressing environmental challenge [1,2]. Industries such as
textile dyeing, paper production, food processing, paints, and cosmetics
are major contributors, releasing significant quantities of dye-laden
effluents into aquatic systems [3,4]. These effluents not only disrupt
aquatic ecosystems but also pose serious health risks to humans through
the consumption of contaminated aquatic organisms [5,6]. In 2020,
global dye production exceeded one million tons, with more than 15%
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critical for safeguarding both ecosystems and public health [8]. The
impact of dyes on aquatic environments is multifaceted [9]. Their
vibrant colors obstruct sunlight penetration, reducing photosynthetic
activity and adversely affecting aquatic life. Furthermore, the complex
molecular structures of dyes, particularly azo dyes, render them highly
soluble, resistant to biodegradation, and challenging to remove from
wastewater, especially in textile effluents [9]. Traditional treatment
methods, including chemical and physical approaches, have limitations
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[10,11]. Biological methods, while cost-effective and energy-efficient,
struggle with high dye concentrations[12]. Similarly, physicochemical
techniques, such as adsorption, filtration, osmosis and coagulation,
often produce secondary pollution and incur high operational costs
[13]. Therefore, the photodegradation process offers the higher removal
efficiencies compared to conventional techniques. Among these, photo-
catalysis holds particular promise, utilizing solar light to degrade dyes
and potentially produce hydrogen gas. However, challenges such as
the rapid recombination of photogenerated electron-hole pairs limit
the effectiveness of many photocatalytic materials [14,15]. Various
types of semiconductor materials including ZnO, CuO, NiO, WOs3,
TiOz plays an vital role in photocatalytic process [10,16-22]. Especially,
copper oxide (CuO) considering significant interest in photodegradation
process. CuO is an p-type semiconductor have higher number electron
holes (positive charge carriers) than electrons [23]. Syed et al. reported
the green synthesis of CuUONPs from marmelos leaves, the resulting
CuONPs act as efficient antibacterial and photocatalysts [24]. The
CuONPs is a narrow bandgap semiconduction with a bandgap energy
of approximately 1.2 eV to 1.7 eV. Various type of methods is available
for the synthesis of CuONPs including physical, chemical and
biological method. Among them, the biological method considering
greater interest due to production of zero waste [25]. Particularly, the
green synthesis methods offer an environmentally friendly alternative
for fabricating metal oxide nanoparticles. Manogar et al., developed
a copper oxide nanoparticle using green synthesis of method using
morinda citriflia leaf extract and produced stable and sphere like
structure [26]. Bamboo stem-derived extracts, for example, serve as
both reducing and stabilizing agents, enabling the sustainable synthesis
of metal oxide nanoparticles through water-based processes. Elias et al.,
studied the structural and thermal characterization of cellulose and
CuO nanocomposites for bamboo plant fiber [27]. These approaches
are simple, cost-effective, and do not require specialized equipment,
making them ideal for addressing dye pollution in a sustainable manner.
For the green synthesis process, bamboo leaf extract considering greater
interest, due to richness in bioactive compounds such as flavonoids.
It plays a crucial role as a natural and sustainable supporting agent
in the synthesis of metal oxide nanoparticles. Flavonoids, with their
antioxidant properties and ability to donate electrons, facilitate the
reduction of metal ions and stabilize the growing nanoparticles during
synthesis [28-30]. Flavonoids plays an crucial role to control the size,
morphology and also prevent the agglomeration, thereby ensuring
uniformity in the final material. The present study investigates the
development of green synthesis of flower-like hierarchical structure
of CuO NPs using bamboo plant extract, the obtained CuONPs was
utilized for photocatalyst for degradation of organic dyes in contaminated
water and antibacterial agents for the S. aureus and E. coli bacteria.
By employing a approach seeks to contribute to the development of
sustainable technologies for efficient pollutant removal from water
treatment, promoting advancements in environmental protection and
prevent aquatic organisms.

2. Methods

2.1 Preparation of plant extract
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Figure 1. Synthesis of CuONPs using bamboo leaf extract for photocatalytic
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and antibacterial applications.

The bamboo leaves (Dendrocalamus sericeus Munro) used in
this study were collected on September 25, 2024, and the crude
extract was prepared using ethanol as the solvent. Initially, 40 g of
bamboo leaves were weighed, and 200 mL of ethanol was added to
the experimental container. The experiment was divided into two sets
based on the extraction method employed. For solvent extraction,
the flask containing the bamboo leaves and ethanol was shaken at
150 rpm for 7 days at room temperature. The resulting solution was
filtered through Whatman® No. 4 filter paper, and the residue was
washed with ethanol to ensure complete extraction. The filtered
extract was evaporated under vacuum to remove the solvent. The crude
extract was stored in amber glass bottles at 4°C to prevent antioxidant
degradation and preserve its bioactivity.

2.2 Synthesis of copper oxide (CuONPs) nanoparticles

CuONPs were synthesized using a co-precipitation method with
minor modifications [31]. The synthesis was carried out using 100 mL
of bamboo plant extract (1000 ppm), which was mixed with copper
nitrate hexahydrate (1 M, 50 mL) in a flask and heated at 60°C on
a hot plate for several minutes. Subsequently, 50 mL of 1 M ammonia
solution was added dropwise to the reaction mixture, resulting black
color precipitate was formed. The solution was stirred continuously
at 60°C for 2 h. After complete precipitation, the suspension was
centrifuged at 8,000 rpm for 10 min to remove the impurities. The
black-colored powder was washed thoroughly twice with distilled
water, further purified by centrifugation, and then washed with 100%
ethanol to ensure the complete removal of residues and to neutralize
the pH. The resulting black-colored powder was dried and calcined
at 500°C for 3 h. The synthesized CuONPs were confirmed by XRD,
FTIR, and TEM/EDS analyses and were utilized as photocatalysts
and antibacterial reagents.

2.3 Photocatalytic study

The photocatalytic activity of bamboo extract derived CuONPs
was assessed through degradation of MB under UV-visible light
irradiation. In the standard procedure, 10 mg of the catalyst was
immersed in a solution containing MB (10 mg-L"). Initially, the
balance between adsorption and desorption of MB on the catalyst
surface was established by the mixture was stirred at dark condition
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for 60 min. Following this, the photocatalytic reaction mixture was
exposed to a S00W- Xe lamp as the UV light source. At 30 min intervals,
2.5 mL of the reaction mixture was extracted and remove the catalyst
particles was removed by centrifugal process. The concentration of
MB was determined by UV-Vis spectrophotometer by measuring
the absorption intensity at 665 nm. The photodegradation efficiency
was quantified by plotting the ratio of Cy (initial MB concentration)
to C (MB concentration after # min) against time (). All photocatalytic
tests were repeated at least twice to confirm the consistency and
dependability of the results.

2.4 Antibacterial activity

The antibacterial properties of CuONPs were evaluated against
S. aureus and E. coli using Nutrient Agar medium. Initially, 20 mL
of nutrient agar were poured into petri plates and seeded with a 24 h
culture. Wells containing S. aureus 902 and E. coli 443 were treated with
different concentrations of CuONPs (500, 250, 100, and 50 pg-mL™).
Incubation of the plates was carried out at 37°C for 24 h. The anti-
bacterial activity was evaluated by measuring the zone diameters
around the wells [32], with gentamicin as the positive control. The
results were analyzed using GraphPad Prism 6.0 software (USA).

3. Results and discussion

The X-ray diffraction (XRD) pattern shown in Figure 2(a) confirms
the formation of CuO NPs, as well as their crystal structure and phase
purity. The observed diffraction peaks of CuO at 32.47°, 35.58°, 38.75°,
48.81°, 53.27°, 58.24°, 61.24°, 66.23°, 68.05°, 72.12°, and 75.17°
correspond to the (110), (002), (111), (202), (020), (127), (113), (022),
(220), (222), and (313) planes, which match well with the standard
monoclinic CuO structure (JCPDS 80-1916) [33]. The sharp and intense
diffraction peaks indicate that the CuO NPs possess good crystallinity.
No additional peaks are observed in the XRD pattern, which confirms
that the green-synthesized CuO NPs exhibit high phase purity and
contain no detectable impurities [34]. Furthermore, using the Debye-
scherrer equation (D = KA/Bcos0) to calculate the particle size. The
calculated particle size was found to be approximately 24 nm.

The surface functional groups and formation of Cu-O bond can be
identified Fourier transform infrared spectroscopy (FTIR) spectrum,
as illustrated in Figure 2(b). The absorption band observed at 539 cm™
corresponds to the Cu-O stretching vibration, which is a strong indication
of CuO formation [33]. The broad peak observed at 3500 cm™' to
3200 cm! can be attributed to the O-H stretching vibrations, likely
due to adsorbed water molecules. Further, the other minor bands
observed at 1000 cm™ to 1500 cm™ might be associated with residual
organic species or other functional groups involved during the
formation of CuONPs [35]. The both spectral studies confirms the
successful preparations of pure and crystalline CuO NPs.

The green-synthesized CuO NPs were analyzed for surface
morphology and particle size using transmission electron microscopy
(TEM), as depicted in Figures 3(a-b). Figure 3(a) shows CuO NPs with
a well-defined, flower-like hierarchical structure composed of numerous
nanosheets, which are uniformly distributed and exhibit a high degree
of organization. The low-magnification TEM image in Figure 3(a)

indicates that these flower-like nanostructures have dimensions in the
submicron range, while the constituent nanosheets appear to be
extremely thin. A high-magnification TEM image in Figure 3(b)
highlights the intricate details of these nanosheets radiating from
a common core, further confirming the hierarchical flower-like
morphology. Furthermore, the crystalline nature of the CuO NPs was
confirmed by the Selected Area Electron Diffraction (SAED) pattern
shown in Figure 3(c). The obtained SAED pattern exhibits well-defined
concentric rings, which correspond to the diffraction planes of monoclinic
CuO. These rings are attributed to the (110), (002), (111), (202), (020),
and (113) planes, consistent with the XRD results. The sharpness and
uniformity of the rings indicate that the green-synthesized CuO NPs
possess high crystallinity and a polycrystalline nature. The TEM and
SAED analyses clearly establish that the green-synthesized CuO NPs
exhibit a hierarchical flower-like morphology composed of thin nano-
sheets with excellent crystallinity, which could play a significant role
in enhancing their functional properties, particularly for photocatalytic
and antimicrobial applications.

The elemental composition of the green synthesized CuO NPs
were characterized by Energy Dispersive X-ray Analysis (EDAX)
as shown in Figure 4. The EDAX spectrum displays prominent peaks
corresponding to copper (Cu), oxygen (O), and carbon (C). The high
intensity signals for Cu and O confirm the prepared samples containing
CuO NPs as a major component in the sample. The elemental
composition table reveals that the weight percentages of Cu and O are
75.74% and 12.28%, respectively, which are well matched with the
stoichiometric composition of CuO NPs. A small percentage of carbon
(11.98%) is also detected, which is due to the presence of residual organic
compounds or carbon-based materials from the green synthesis process.
Further, the atomic weight percentages of Cu and O were found to be
54.21% and 25.44%, thus evidence supports the formation of CuO.
The absence of additional peaks corresponding to other elements
indicates the purity of the synthesized CuO NPs.

UV-Vis diffuse reflectance spectroscopy (UV-DRS) was used to
examine the optical properties of the green-synthesized CuO NPs, with
the related Tauc plot presented in Figure 5(a-b). Figure 5(a) illustrates
the absorbance spectrum, indicating that the material exhibits strong
absorption in the UV-visible range, particularly below 400 nm [36,37].
This broad absorption spectrum indicates the potential for photocatalytic
activity under UV and visible light irradiation, which is effectively
degrade the organic pollutant. The slight absorption tail in the visible
region further supports the material's ability to utilize light beyond
the UV region. Further, to calculate the energy band gap values (Ey)
of the CuONPs, the Kubelka-Munk function was employed, and
a Tauc plot was constructed, as shown in Figure 5(b). The plot shows
(ahv)"? plotted against photon energy /v, where o denotes the adsorption
coefficient and 4v is the photon energy. The extrapolation of the linear
portion of the curve to the x-axis reveals the band gap energy. The
calculated energy band gap of the synthesized CuONPs is app 2.04 eV,
thus indicated by the dotted line in Figure 5(b). This relatively narrow
band gap enhances the photocatalytic efficiency by allowing for effective
absorption of visible light, facilitating the generation of electron-hole
pairs. The optical properties of the CuONPs are particularly advantageous
for enhance the degradation of MB photocatalytic degradation of
organic pollutants and antimicrobial properties.

J. Met. Mater. Miner. 35(3). 2025



TANGJAIDEBORISUT, Y., et al.

(@)

Intensity [a.u.]

(002)
(111)

(202)

(020)
(127)
(113)
022)
220)
(222)
(313)

CuO NPs

40

20 (degree)

5'0

60

70

80

(b)

iransmurance |a.u.|

Cu-O bond 539 em~1-

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure 2. (a) X-ray Diffraction (XRD) patterns, and (b) FTIR spectrum of the CuONPs.
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3.1 Photocatalytic activity of CuO NPs against MB dye

The catalytic efficiency of the CuO NPs was evaluated by the
degradation of MB dye under UV-visible light irradiation, as shown
in Figure 6. Figure 6(a) presents the UV-Vis absorption spectra of MB
at different time intervals (0 min to 180 min). The maximum intensity
absorption peak was noticed at 664 nm was gradually reduced over time
under VLI in the presence of CuO NPs. The complete disappearance
of the peak after 180 min provides clear spectral evidence of the
excellent photocatalytic efficiency of CuO NPs. Figure 6(b) illustrates
the normalized concentration ratio (C/Co) of MB as a function of
irradiation time. The results shows that the concentration of MB
significantly decreases over time, with complete degradation achieved
within 180 min. This confirms the high photocatalytic efficiency of
the green-synthesized CuO NPs. To further investigate the kinetics
ofthe photocatalytic reaction, the obtained results were fitted with
pseudo-first-order kinetic model, as illustrated in Figure 6(c). The plot
of —In(C/Co) vs. time (T) shows a linear relationship, with reaction
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coefficient values close to unity, thus reveals that MB degradation
follows pseudo first-order reaction kinetics. Additionally, reusability
is a crucial factor for photocatalytic applications. After each photo-
catalytic cycle, the CuO NPs were recovered by filtration followed
by centrifugation to remove impurities and then dried. The same
photocatalytic reaction was repeated for five consecutive cycles, as
displayed in Figure 6(d). The degradation efficiency decreased slightly
from 89.12% in the first cycle to 84.28% in the fifth cycle. This minor
decline in efficiency indicates the excellent stability and recyclability of
the CuO NPs as a photocatalyst. Overall, the green-synthesized CuO
NPs demonstrate efficient photocatalytic activity for MB degradation,
high degradation efficiency, favorable kinetic behavior, and excellent
reusability. These results highlight the potential of CuO NPs as a
promising candidate for wastewater treatment and environmental
remediation applications. The photocatalytic efficiency of the CuO
NPs was compared with various photocatalysts from similar studies
in previous publications, as displayed in Table 1.
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Figure 6. (a) UV-Visible spectra of the photodegradation of MB over CuONPs, (b) Assessment of the photodegradation of MB over CuONPs, (c) Pseudo-
first order kinetic plots for the photodegradation of MB dye, and (d) Recycling efficiency of the degradation of MB over CuONPs.

Table 1 Assessment for photocatalytic response by various nanoparticles against MB dye in comparison to the present study.

Natural reducing agent Photocatalysts Efficiency % Light irradiation Time Reference
[min]
Zizyphus jujuba NiO 65.5 Sun light 180 [38]
Cyphomandra betacea SnO, 85.1 Uv light 70 [39]
Eichhoria crassipes ZnO 72 Sun light 60 [40]
Moringa oleifera Fe;04 20 UV-light 60 [41]
Moringa oleifera Co0304 93.44 UV-light 180 [42]
Jasmin sambac CuO 97 Sun light 210 [43]
Bamboo leaf CuO 89.17 Xe lamp 180 This work

J. Met. Mater. Miner. 35(3). 2025
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3.2 Factors affecting the photocatalytic activity

The PCA of the catalyst was evaluated under varying conditions,
including catalyst dosage, dye concentration, and pH, as illustrated in
Figure 7(a-c). The optimum photocatalytic activity was observed
at a catalyst dosage of 30 mg, [MB] 20 ppm, and a neutral pH of 7,
as determined through the kinetic process.

3.2.1 Effect of catalyst dosage

Catalyst dosage plays a vital role in enhancing the photocatalytic
degradation of MB dye on the catalyst surface. Figure 7(a) depicts
how varying the dosage of CuO NPs affects the degradation of MB
dye (20 mg-L™"). An increase in catalyst dosage led to an improvement
in degradation efficiency, with a maximum efficiency of 8§9.12%
observed at 30 mg of catalyst after 180 min. This improvement can be
attributed to the increased availability of active sites and a higher
number of photogenerated electron-hole pairs, which enhance the
degradation process [44,45]. However, further increasing the catalyst
dosage to 40 mg resulted in a slight decrease in efficiency (79.12%).
This reduction is likely due to light scattering and reduced light
penetration caused by the excess catalyst in the solution, which hinders
the activation of photocatalysts. Additionally, the CuO NPs may
aggregate and scavenge the —OH radicals formed during the photo-
catalytic reaction, further limiting the degradation efficiency.

3.2.2 Effect of [MB]

The influence of the initial MB dye concentration on photocatalytic
degradation in the presence of CuO NPs under UV-visible light was
investigated. Various dye concentrations (20 mg-L™! to 50 mg-L™")
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Degrdation efficiency [%o]
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Effect of catalysts

were treated with 30 mg of CuO NPs under optimized conditions,
and the degradation efficiency is presented in Figure 7(b). The results
indicate an inverse relationship between dye concentration and
degradation efficiency. At the lowest concentration (20 ppm), the
degradation efficiency reached a maximum of 89.12%. However,
as the dye concentration increased to 30 ppm, 40 ppm, and 50 ppm,
the efficiency declined to 77.36%, 68.34%, and 52.64%, respectively.
This decrease can be attributed to the limited availability of active
sites on the catalyst surface and reduced light penetration into the
solution, both of which hinder the degradation process [46].

3.2.3 Effect of pH

The pH is a key factor in influencing the surface charge and the
aggregation behavior within the reaction system, thereby affecting
the degradation of dye molecules. As illustrated in Figure 7(c),
variations in pH notably impacted the photocatalytic performance.
The degradation efficiency was lowest in a highly acidic medium,
with a value of 24.24% at pH 1, and gradually increased with rising
pH levels. At neutral pH (pH 7), the efficiency reached 89.12%.
Further increases in pH to 11 and 14 resulted in enhanced degradation
efficiencies 0f 93.12% and 98.98%, respectively. The extremely
low degradation efficiency in acidic conditions may be attributed to
the lack of sufficient hydroxyl ions (OH") needed to generate hydroxyl
radicals ("OH), which are critical for the photocatalytic reaction [47].
Conversely, at higher pH levels, the degradation efficiency increased
significantly due to the electrostatic interaction between the cationic
MB dye and the negatively charged hydroxyl ions present on the
surface of CuO NPs. This interaction promotes the generation of
hydroxyl radicals, which accelerate the breakdown of dye molecules,
thereby enhancing the photocatalytic efficiency in basic media.
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Figure 7. Factors influencing the photodegradation of MB over CuONPs (a) catalyst dosage, (b) effect of initial dye concentration, and (c) effect of pH.
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Figure 8. Antibacterial efficiency of the CuONPs (a) S. aureus, (b) E. Coli.

3.3 Antibacterial activities

The antibacterial activity of green-synthesized CuONPs was
evaluated against S. aureus and E. coli using the disk diffusion method,
as illustrated in Figure 8(a-b), respectively. The results demonstrated
a dose-dependent antibacterial effect, where higher concentrations
of CuONPs produced larger zones of inhibition. For S. aureus
(Figure 8(a)), the largest inhibition zone was observed at 500 pg'mL™",
measuring 14.3 mm, followed by 6.35 mm at 250 pg'mL™". In contrast,
lower concentrations, such as 100 pg'mL™" and 50 pg'mL"!, displayed
reduced inhibition zones 0of4.05 mm and 3.1 mm, respectively, with
the minimal response occurring at 50 pg-mL™" (3.1 mm). A similar trend
was observed for E. coli (Figure 8(b)), where the maximum zone of
inhibition, 10.4 mm, was recorded at 500 pg-mL", followed by 5.35 mm
at 250 pg'mL1. As the concentration decreased to 100 pg-mL~"and
50 pg'mL~!, the inhibition zones were significantly reduced to
4.15 mm and 1.02 mm, respectively. The smallest zone of inhibition
was recorded at 50 ug-mL~" (1.02 mm). The results clearly indicate
that green-synthesized CuONPs exhibit significant antibacterial
activity, with higher concentrations demonstrating greater efficacy.
Notably, S. aureus exhibited higher sensitivity to CitONPs compared
to E. coli, as evidenced by the larger inhibition zones at equivalent
concentrations. This difference in sensitivity can be attributed to
variations in bacterial cell wall structure. Gram-positive bacteria
(S. aureus) possess a thicker peptidoglycan layer, which may enhance
the interaction and uptake of nanoparticles, leading to membrane
disruption and the generation of reactive oxygen species (ROS).
Conversely, Gram-negative bacteria (E. coli) contain an additional
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outer membrane that acts as a barrier, restricting the penetration of
CuONPs and, consequently, reducing their antibacterial efficacy.
The obtained results concluded that, the green-synthesized CuONPs
demonstrate promising potential as effective antimicrobial agents.
Their antibacterial activity is likely mediated through multiple
mechanisms, including ROS generation, membrane integrity disruption,
and interactions with intracellular components, ultimately causing
bacterial cell death [48,49]. These findings highlight the efficacy of
CuONPs, particularly against Gram-positive bacteria, and underscore
their potential applications in combating bacterial infections.

4. Conclusions

This study demonstrates the successful synthesis of CuO NPs
using bamboo plant extract, showcasing their dual functionality in
photocatalytic dye degradation and antibacterial activity. The
CuONPs achieved a high degradation efficiency of 89.12% for
MB dye under UV-visible and retained over 85% efficiency after
five consecutive cycles, highlighting their excellent stability and
reusability. Furthermore, the CuONPs exhibited significant anti-
bacterial properties, effectively inhibiting the growth of S. aureus
and E. coli. These findings under-score the potential of CuUONPs as
sustainable, cost-effective materials for environmental remediation,
offering a promising solution for the removal of organic pollutants and
pathogens. The demonstrated multi-functionality and environmental
applicability suggest their broader use in addressing pollution
challenges involving dyes, antibiotics, and pesticides under UV-visible
light conditions.

J. Met. Mater. Miner. 35(3). 2025
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