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A B S T R A C T

This work presents a novel and sustainable green synthesis route for copper oxide nanoparticles (CuONPs) using 
an aqueous extract of Coffea arabica leaves, an abundant and underutilized agro-waste product. The bio
synthesized CuONPs exhibited a distinctive cuboid morphology, a feature uncommon in green synthesis along 
with a pure monoclinic crystal structure. SEM and XRD analyses showed that the particles were predominantly 
100–300 nm in size, with crystallite sizes of 35–45 nm. FTIR spectroscopy confirmed the presence of phyto
chemical capping agents, while UV–Vis spectroscopy revealed characteristic absorption maxima at 283 nm and 
330 nm, corresponding to an estimated optical energy bandgap of 2.75–2.85 eV. When subjected to visible-light 
illumination, the CuONPs demonstrated efficient dye removal, degrading 93 % of methylene blue (MB) and 87 % 
of rhodamine B (RhB) within 90 min, in a process following pseudo-first-order kinetic. Furthermore, antibacterial 
disk diffusion assay demonstrated pronounced inhibition of Escherichia coli (EPEC), underscoring the dual 
functional capacity of these biosynthesized nanoparticles. This approach transforms agro-waste into high-value, 
plasmonically active nanocatalysts, offering an environmentally responsible solution for simultaneous dye 
degradation and microbial disinfection in water treatment. The simple and inexpensive process is suitable for the 
large-scale production of versatile materials for environmental remediation.

1. Introduction

The unchecked discharge of toxic industrial effluents, particularly 
synthetic dyes from the textile sector, into aquatic ecosystems consti
tutes a critical global environmental and public health crisis [1,2]. The 
textile industry, a major contributor to this problem, is responsible for 
20 % of global industrial water pollution largely due to inadequate 
treatment of dye-laden wastewater and insufficient waste management 
practices [3]. Methylene blue (MB) and rhodamine B (RhB) are 
commonly used dyes in multiple sectors such as textiles, paper 

manufacturing, cosmetics, and the pharmaceutical industry [4,5]. Once 
released into water bodies, they not only degrade water quality and 
disrupt photosynthetic activity by limiting light penetration but also 
bioaccumulate in aquatic organisms, leading to toxic effects that 
threaten biodiversity and human health. Addressing these complex and 
pressing issues demands innovative and sustainable solutions for the 
effectively remove dyes and associated pathogens from water bodies 
[6–11]. Recent advances have focused on developing metal nanocatalyst 
with dual photocatalytic and antibacterial properties, which enable the 
degradation of recalcitrant dyes and the elimination of harmful bacteria 
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through visible-light-driven processes [12,13].
The photocatalytic degradation of dyes and the provision of bacteria- 

free water, utilizing noble metal catalysts and antibacterial agents, 
presents a sustainable solution for water purification [12,14]. This 
innovative process not only effectively removes pollutants from water 
bodies but also plays a crucial role in protecting aquatic life and sup
porting the overall health of ecosystems [6]. By facilitating the break
down of harmful dyes and contaminants, photocatalysis contributes to 
cleaner water bodies, thereby supporting biodiversity and promoting 
environmental sustainability [6,12–23].

Metal nanomaterials (MNPs) have emerged as excellent supports for 
photocatalysts, primarily due to their significant charge storage capa
bility, which helps reduce electron-hole recombination, and their high 
nanoscale surface-area to volume-ratio, which boosts catalytic efficacy 
[15,24]. Among various metal nanoparticles, CuONPs stand out for their 
superior photocatalytic and antibacterial properties. The enhanced 
properties can be attributed the relatively narrow band gap of CuONPs 
typically ranging from 1.76 to 3.5 eV, which enables efficient absorption 
of visible light [17,18,23–31]. As a result, CuONPs can produce reactive 
oxygen species (ROS) when exposed to light, a critical factor in the 
breakdown of various persistent organic pollutants. In addition, the 
broad optical absorption and effective separation of charge carriers in 
CuONPs further support their role as potent agents in environmental 
remediation [12,32,33]. Compared to other metal nanoparticles, these 
features make CuONPs particularly effective for applications requiring 
both high photocatalytic and antibacterial activity [16,20,34,35].

The use of leaf extracts for the green synthesis of metal nanoparticles 
has become an increasingly popular approach, offering a sustainable 
alternative to conventional chemical methods [22,28,29,31,20]. Coffee 
leaves are rich in antioxidants, flavonoids, and polyphenols-bioactive 
compounds that not only help reduce and stabilize metal ions during 
nanoparticle formation but also provide additional health benefits by 
combating oxidative stress and inflammation. These phytochemicals act 
as natural reducing agents, facilitating the formation of nanoparticles 
while simultaneously capping and stabilizing them, which enhances 
their functional properties and stability [36]. The abundance and di
versity of such compounds in coffee leaves make them an attractive 
resource for developing novel metal-based catalysts. By utilizing these 
natural extracts, it is possible to produce nanomaterials that are both 
efficient and environmentally benign, aligning with the principles of 
green chemistry [37,38]. This methodology not only minimizes reliance 
on hazardous chemicals but also opens new avenues for the application 
of plant-derived nanomaterials in fields ranging from catalysis to 
biomedicine, ultimately supporting the development of innovative and 
sustainable technologies [27].

Although the use of plant extracts for the green synthesis of metal 
nanoparticles is widely recognized, there is an increasing demand to 
explore new, abundant, and cost-effective biological sources that can not 
only drive nanoparticle formation but also confer distinctive morpho
logical and functional characteristics. Moreover, the creation of facilely 
synthesized, dual-functional nanomaterials capable of addressing both 
chemical and biological pollutants in tandem continues to pose a 
considerable challenge for researchers. Our research introduces an 
innovative approach to synthesizing CuONPs using coffee leaf extracts, a 
method that not only enhances the stability and morphology of the 
nanoparticles but also aligns with sustainable and green chemistry 
principles [17,25]. Unlike conventional chemical synthesis techniques, 
our biosynthetic route leverages natural phytochemicals, resulting in 
CuONPs with superior multifunctional properties, including remarkable 
optical, electrical, antibacterial, and photocatalytic characteristics [26,
27,39]. A key highlight of our study is the first-time demonstration of 
the antibacterial activity and photocatalytic efficiency of coffee 
leaf-derived CuONPs for the degradation of MB and RhB water-soluble 
pollutants. This bio- synthesis method offers a dual benefit: it is envi
ronmentally benign and produces nanoparticles [40] that excel in 
antibacterial and water purification applications [41] through 

photocatalysis [13,17,20,42,43]. Furthermore, our CuONPs exhibit 
significant antibacterial activity, particularly against pathogenic strains 
such as Escherichia coli (EPEC), underscoring their potential for broader 
applications in water treatment and public health. The robustness, ease 
of recovery, and adaptability of these biosynthesized CuONPs make 
them highly suitable for integration into continuous industrial pro
cesses, including those in the environmental and biomedical sector [1,5,
27,28,31,39,44,45,36]. Despite the inherent complexities in CuONP 
structure and active site identification, our method stands out for its 
scalability, cost-effectiveness, and minimal environmental impact. A 
significant challenge in sustainable nanotechnology is the creation of 
simple, multi-purpose materials from abundant, low-cost sources. While 
green synthesis methods have advanced, finding new biological re
sources that can produce nanoparticles with distinct shapes and prop
erties remains a priority compared to other methods [11,16,18,23,36,
33,46,47]. This study addresses this need by repurposing Coffea arabica 
leaf extract, an agricultural by-product, to fabricate cuboid-shaped 
copper oxide nanoparticles (CuO NPs). The research is novel in its 
pursuit of a dual-functional nanomaterial designed to combat both 
biological pathogens and chemical pollutants, such as synthetic dyes, in 
a single system.

In summary, our study not only pioneers the use of coffee leaf ex
tracts for the green synthesis of highly effective CuONPs but also es
tablishes their dual functionality in the degradation of MB and RhB 
pollutants and antimicrobial action. These findings position our eco- 
friendly CuONPs as a promising solution for sustainable environ
mental, biomedical, and advanced water purification applications.

2. Materials and methodology

2.1. Materials

Copper II nitrate (Cu(NO3)2⋅3H2O) salts, acetone, toluene, and 
methylene blue (MB) and rhodamine B (RhB) dyes of high research 
grade were procured from Sigma-Aldrich, India, and were used without 
any further purification. Fresh coffee leaves were collected from a coffee 
garden in Andhra Pradesh, India.

2.2. Biosynthesis process of copper nanoparticles

Fresh coffee leaves were thoroughly washed, sun-dried, and ground 
into a fine powder. Two grams of the powdered leaves were steeped in 
50 mL of deionized water at 75 ◦C for 30 min. After filtration, 40 mL of 
the resulting extract was slowly added to a 0.1 M Cu(NO3)2 .3H2O so
lution maintained at 80 ◦C with 500 rpm magnetic stirring. The reaction 
was allowed to proceed for 2 h at the natural pH of the mixture (the pH 
value was maintained at approximately 7 using NaOH pallets). The 
formation of CuONPs was indicated by a distinct color change from light 
blue to dark brown. The resulting precipitate was collected by centri
fugation at 6000 rpm for 30 min, washed three times with deionized 
water and once with ethanol to remove any unreacted components, and 
then dried overnight at 60 ◦C. To ensure complete oxidation, the 
dried powder was calcined in a muffle furnace at 300 ◦C for 2 h. The 
final product was stored for further characterization and application. A 
schematic overview of the entire synthesis and testing protocol is pre
sented in Fig. 1. All experiments, including photocatalytic degradation 
and antibacterial assays, were performed in triplicate (n = 3). The data 
are presented as the mean ± standard deviation.

2.3. Characterization of CuONPs

The synthesized CuONPs were characterized using several analytical 
techniques, as described in our previous work [21]. UV–Vis spectros
copy was used to confirm the formation of CuONPs by detecting surface 
plasmon resonance (SPR) absorption peaks. FTIR analysis identified 
functional groups from the plant extracts involved in reduction and 
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stabilization of nanoparticle formation. SEM was used to examine the 
surface morphology, while XRD confirmed the crystal structure and 
phase of the CuONPs. Together, these techniques provided compre
hensive analysis of the catalyst and their functional properties.

2.4. Antibacterial activity assay

The antibacterial activity of the CuONPs was assessed using the disc 
diffusion assay against the Gram-negative bacterium EPEC. A 30 μg dose 
of CuONPs was incubated with 10⁷ CFU of EPEC in 100 μl of LB medium 
at 37 ◦C for 6 h. An Untreated EPEC culture was used as a negative 
control. Bacterial growth was estimated by measuring optical density 
(OD) at 600 nm before and after incubation. The diameter of the inhi
bition zone was measured in millimeters to quantify the antibacterial 
effectiveness of the CuONPs.

2.5. Photocatalytic activity & dye degradation process

CuONPs demonstrated strong photocatalytic performance in the dye 
degrading MB & RhB dyes when exposed to visible light. The 10 W LED 
light source (equipped with a 420 nm cut-off filter, light intensity: 8000 
Lux, distance: 15 cm) have been used to test photocatalytic activity. 
UV–Vis spectroscopy revealed a gradual reduction in the absorption at 
668 nm as the irradiation time increased. Over the 90-minute period, the 
intensity of the MB and RhB peaks significantly decreased, indicating 
substantial MB & RhB dye degradation. The calculated degradation 
percentage confirmed that CuONPs significantly accelerated the break
down of MB & RhB dye under the experimental conditions [39]. 

Degradation(%) =

(
C0 − Ct

C0

)

× 100 

Here, C0 indicates the absorption at time t = 0, Ct indicates the ab
sorption at the end of time t.

3. Results and discussion

3.1. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images presented in Fig. 2
reveal the morphological characteristics of the CuONPs, displaying a 
distinctive cuboid shape with an average particle size of 135±5 nm. The 
CuONPs were also observed to be uniformly dispersed and arranged in a 
densely packed structure. The unique morphology, characterized by a 
smooth surface and diverse particle sizes, suggests effective stabilization 
by bioactive compounds present in the coffee leaf extract. These stabi
lizing agents likely play a crucial role in enhancing the catalytic and 
antibacterial performance of the CuONPs. Variations in particle shape 
and size are most likely due to differences in nucleation and growth 
dynamics during the synthesis process. The discrepancy between the 
average CuONPs nanoparticle size from SEM micrographs (~135 nm) 
and the crystallite size from XRD analysis (35–45 nm) indicates that the 
cuboid particles are polycrystalline aggregates composed of multiple 
smaller crystallites.

3.2. Fourier transform infrared spectroscopy (FTIR)

The Fourier-transform infrared (FTIR) spectrum of the synthesized 
copper oxide nanoparticles showed a pronounced absorption band close 
to 650 cm⁻¹, which is indicative of Cu–O bond formation and confirms 
the creation of copper oxide at the nanoscale. A broad absorption feature 
observed near 3350 cm⁻¹ corresponds to the stretching vibrations of 
hydroxyl (O–H) groups present on the nanoparticle surface. The peaks in 
the 1350–1650 cm⁻¹ range, specifically at ~1630 cm⁻¹ and ~1390 cm⁻¹, 
are characteristic of amide groups from proteins and carboxylate groups 
from polyphenols present in the coffee leaf extract [48,49]. These bio
molecules are instrumental in reducing Cu²⁺ ions and capping the 
formed CuONPs, contributing to their stability and unique cuboid 
morphology. The identification of these functional groups supports the 
structural characterization of the nanoparticles and implies that 
plant-derived biomolecules serve as capping agents, which may improve 
both the stability and catalytic activity of the CuONPs. Fig. 3 displays the 
FTIR analysis results for the prepared CuONPs.

3.3. UV–VIS spectroscopy

The absorption occurred in the 270–380 nm range, with distinct 
peaks observed at 283 nm and 330 nm, which are consistent with re
ported values of CuO nanoparticles (Fig. 4) corresponding to electronic 
transitions within the nanostructures [31,31]. This pronounced 

Fig. 1. Schematic diagram illustrating the green synthesis of CuONPs using 
Coffea arabica leaf extract.

Fig. 2. SEM micrographs of CuONPs synthesized via a green method using coffee leaf extract. The inset shows the particle size distribution histogram, indicating an 
average particle size of ~135 ± 5 nm (accelerating voltage of 15 kV and high vacuum mode).
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ultraviolet absorption not only confirmed the successful synthesis of 
CuONPs but also indicated their nanoscale size, as evidenced by quan
tum confinement effects. As the wavelength approached the visible re
gion, a gradual decline in absorbance was noted, suggesting that the 
synthesized CuONPs have a relatively wide band gap and display min
imal absorption in the visible range, which aligns with typical semi
conductor behavior. A broad shoulder observed in the absorbance 
spectrum was attributed to plasmonic effects and higher-order elec
tronic transitions of Cu²⁺ ions, likely stabilized by phytochemicals from 
the coffee leaf extract used in the synthesis process. The presence of a 
wide band gap in these CuONPs supports their effectiveness as 

photocatalysts under ultraviolet irradiation and contributes to their 
distinctive optical behavior at the nanoscale. Bioactive constituents in 
the coffee extract, including polyphenols, flavonoids, and various anti
oxidants, not only aided in reducing copper ions to form CuONPs but 
also contributed to nanoparticle stabilization, ultimately shaping their 
UV–Vis absorption profile.

The optical band gap energies of the CuONPs were determined using 
UV–Vis Tauc plot analysis ((αhν)ⁿ vs. hν), yielding values of 2.75 eV for 
direct electronic transitions and 2.85 eV for indirect transitions, as 
illustrated in Fig. 5 (A & B). These band gap values are higher than those 
reported for bulk copper oxides (approximately 1.2–2.2 eV), a difference 
attributed to quantum confinement effects arising from the nanoscale 
dimensions of the CuONPs, which produce discrete energy levels instead 
of continuous bands [50,49]. The Tauc plots were analyzed for both 
direct and indirect transitions to assess the optical behavior. The 
stronger linear fit for the direct transition plot suggests that the CuONPs 
exhibit predominant direct band gap transitions. The linear region 
observed in the Tauc plot indicates that the CuONPs possess direct band 
gap characteristics, allowing electrons to transition from the valence 
band to the conduction band without the need for phonon involvement. 
The measured direct (2.75 eV) band gaps highlight the distinctive op
tical properties of the green-synthesized CuONPs, setting them apart 
from copper oxides produced by conventional methods, which typically 
exhibit bulk-like band gaps. The combination of improved optical 
characteristics and environmentally friendly biosynthesis underscores 
the promise of these CuONPs for use in environmental remediation and 
antibacterial water purification technologies.

3.4. X-Ray diffraction (XRD)

X-ray diffraction (XRD) analysis of the CuONPs produced with coffee 
leaf extract revealed a distinct crystalline structure, as illustrated in 

Fig. 3. FTIR spectrum of biosynthesized CuONPs, confirming the presence of 
phytochemical functional groups from the Coffea arabica leaf extract acting as 
capping and stabilizing agents.

Fig. 4. UV–Vis absorption spectrum confirming the synthesis of CuONPs, 
showing a characteristic absorption peak in the UV region due to surface 
plasmon resonance.

Fig. 5. Tauc plots showing the (A) direct (2.75 eV) and (B) indirect (2.85 eV) optical band gaps of the CuONPs, as calculated from UV–Vis absorption data.

Fig. 6. XRD pattern of the biosynthesized CuONPs, confirming a monoclinic 
crystal structure matched to the reference pattern for CuO 
(JCPDS 01–0866–8837).
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Fig. 6. The analysis showed distinct diffraction peaks at specific 2θ an
gles: 32.5◦ (− 110), 35.5◦ (002), 38.7◦ (111), 48.8◦ (− 202), 53.6◦ (020), 
58.3◦ (202), 61.5◦ (− 113), 66.0◦ (311), 72.2◦ (− 313), and 74.6◦ (311) 
[29]. These reflections matched the standard pattern for monoclinic 
copper oxide, as referenced by JCPDS card number 01–0866–8837, 
confirming the successful green synthesis and crystallinity of the nano
particles. The pronounced sharpness and intensity of these peaks further 
emphasized the nanoscale features of the synthesized CuONPs. The 
average crystallite size of the CuONPs was estimated using the 
Debye-Scherrer equation, which is expressed as D = 0.9λ/βcosθ, where D 
is the crystallite size, k is a constant typically taken as 0.9, λ is the 
wavelength, β is the full width at half maximum (FWHM) of the peak in 
radians, and θ is the Bragg angle corresponding to the maximum in
tensity peak position. The crystallite sizes of the CuONPs were found to 
range between 35 and 45 nm. The lack of extraneous peaks in the XRD 
pattern indicated the high purity of the synthesized nanoparticles, 
highlighting their suitability for applications in bionanotechnology and 
advanced materials research.

Table 1 presents the specific diffraction angles along with the cor
responding crystallite sizes of the synthesized copper oxide nano
particles (CuONPs). Additionally, the lattice constants were calculated 
using Bragg’s law, providing further insight into the crystalline structure 
of the nanoparticles. The formation mechanism of CuONPs using coffee 
leaf extract is thought to involve both oxidation reactions and electro
static interactions. A noticeable color change was observed within 20 to 
30 min of synthesis, indicating that oxidation plays a central role in the 
formation of CuONPs. Electrostatic stabilization further contributed to 
controlling the nucleation and growth of the nanoparticles. Employing 
plant extracts as green reducing and stabilizing agents offers a cost- 
effective, non-toxic, and environmentally sustainable approach, sup
porting the scalable production of CuONPs and other nanomaterials.

3.6. Antibacterial activity-disc diffusion

Enteropathogenic E. coli (EPEC) is recognized as a leading cause of 
persistent diarrhea globally, representing a serious public health issue. 
The antibacterial activity of copper oxide nanoparticles (CuONPs) syn
thesized from coffee leaf extract against EPEC was evaluated using a disc 
diffusion assay, as illustrated in Fig. 7. The disc loading concentration 
(30 μg/disc) was used and a distinct zone of inhibition formed around 
the CuONPs disc. A clear zone of inhibition with an average diameter of 
10 mm was observed, demonstrating pronounced antibacterial effects 
against EPEC. A gentamicin disc (10 µg/disc) was used as a positive 
control, showing a zone of inhibition of 22 mm. In contrast, no inhibi
tion zones were observed around the CL extract, PBS, or untreated EPEC 
discs, confirming that the CuONPs were solely responsible for sup
pressed bacterial growth. This antibacterial activity is likely mediated 
by the release of Cu²⁺ ions and the generation of reactive oxygen species, 
which cause damage to the bacterial cell envelope and internal 
components.

3.7. Photo-catalytic activity of CuONPs

Fig. 8(A) and (B) demonstrate the photocatalytic activity of the 

CuONPs in degrading MB and RhB dyes at a concentration of 50 ppm. 
The rate of dye degradation depended on several parameters, including 
exposure time, light intensity, initial dye concentration, and catalyst 
dosage. In this work, a 10 W LED bulb served as the illumination source. 
A total of 3 mg of the CuONPs catalyst was added to the dye solution, 
which was the stirred and kept in the dark for 5 min to reach adsorp
tion–desorption equilibrium. Afterward, the mixture was subse
quently exposed to 10 W LED light, and aliquots were withdrawn at 
specific intervals to monitor the absorbance using UV–Vis spectroscopy.

The UV–Vis spectra showed a significant reduction in absorbance at 
661 nm, indicating an effective degradation of the MB dye. Initially, the 
absorbance peak was at its highest absorption but decreased markedly, 
reaching almost zero within 90 min of light exposure. RhB dye is a more 
complex molecules with a carboxylate group, making it potentially more 
recalcitrant than the smaller, planar thiazine dye MB. As summarized in 
Table 2, the photocatalytic efficiency of our coffee-leaf-derived CuONPs 
is competitive with, and in some cases superior to, other green- 
synthesized CuO nanomaterials reported in recent literature, particu
larly considering the relatively short degradation time of 90 min. These 
results highlight the catalyst efficiency of CuONPs , which was likely due 
to their large surface area, nanoscale size, and well-defined crystalline 
structure. These characteristics enhanced electron transfer and pro
moted the formation of reactive oxygen species (ROS), which acceler
ated the breakdown of MB dye molecules. The consistent decrease in 
absorbance underscores the potential these CuONPs for applications in 
wastewater treatment and remediation of organic pollutants, providing 
a sustainable approach to addressing environmental challenges.

A direct comparison of degradation efficiencies across studies is 
limited by differences in experimental conditions such as light source, 
catalyst loading, and dye concentration. Despite these variables, our 
coffee-leaf-derived CuONPs show competitive performance under 
moderate visible-light conditions, which we attribute to their unique 
morphology, crystallinity, and phytochemical capping. This highlights 
their potential as effective, green-synthesized photocatalysts.

Fig. 9 (A & B) illustrates the photocatalytic degradation of methylene 
blue (MB) and rhodamine B (RhB) dyes, each at an initial concentration 
of 50 ppm, using 3 mg of CuONPs as the catalyst. Over a 90-minute 
reaction period, a marked reduction of its absorbance reaching near to 
zero and underscoring the high catalytic efficiency of the CuONPs. At 
the start of the experiment, the absorbance values were at their highest, 
corresponding to the initial concentrations of MB and RhB. As the 
photocatalytic reaction proceeded, the absorbance values steadily 
declined, indicating efficient degradation of both dye molecules. By the 
end of the 90-minute period, the absorbance had reached its lowest 
levels, highlighting the superior catalytic performance of the CuONPs. 
The observed difference in degradation efficiency between MB (93 %) 
and RhB (87 %) can be attributed to the distinct molecular structures 
and degradation pathways of the two dyes. The smaller size and simpler 
structure of MB likely facilitate easier adsorption onto the catalyst sur
face and subsequent radical-based breakdown compared to the more 
complex RhB molecule. The lower degradation efficiency for RhB (87 %) 
compared to MB (93 %) can be attributed to its more complex molecular 
structure and a carboxylate group, which enhance its stability and 
resistance to oxidative degradation. The remarkable photocatalytic ac
tivity can be attributed to the high surface area and crystallinity of the 
CuONPs, which enhance the degradation process. These findings un
derscore the promise of CuONPs as effective catalysts for wastewater 
treatment applications.

Initially, the absorbance readings were at their maximum, reflecting 
the starting concentrations of methylene blue (MB) and rhodamine B 
(RhB). The degradation of MB and RhB was primarily driven by the 
generation of reactive oxygen species and hydroxyl radicals, which 
attacked and decomposed the dye molecules. As light exposure 
continued, the color intensity of both dye solutions progressively 
diminished, signifying ongoing photocatalytic degradation. At an initial 
concentration of 50 ppm, the degradation efficiency reached 

Table 1 
Crystallographic parameters of green-synthesized CuONPs derived from XRD 
analysis, including peak position (2θ) and calculated crystallite size.

S.NO 2θ(CuONPs) Crystalline size (nm)

1 35 21.9
2 38.2 44.1
3 48.3 44.5
4 50.87 46.1
5 61.13 46.5
6 67.7 45.5
7 74.7 34.4
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approximately 93 % for MB and 87 % for RhB, as shown in Fig. 10 (A and 
B). These findings highlight the remarkable photocatalytic performance 

of the catalyst and provide valuable insights for developing efficient dye 
removal technologies for industrial wastewater treatment.

3.8. Kinetic studies of CuONPs catalyst

The photocatalytic degradation of MB and RhB dyes using CuONPs 
was analyzed with the first-order kinetic model, where the rate of 
degradation was proportional to dye concentration at any time. Math

ematically, this model was expressed [46] as ln
(

C0
Ct

)

= kt here, Co 

concentration at begging of process and Ct concentration at a given time 
t.

Fig. 11 (A and B) shows the kinetic plots for the degradation of MB 
and RhB dyes using green-synthesized CuONPs, which were analyzed 
using a first-order kinetic theory model. The plot between ln(C0/C) 
versus time produces a straight line, indicating that the reaction follows 
first-order kinetics. The slope of the line, 0.027min-1, and 0.030 min-1 

represented the reaction rate constant (k), and provided a measure of the 
effectiveness of the CuONPs in promoting the dye degradation. An R- 
squared value of 0.94 demonstrated a strong linear correlation, con
firming the reliability of the first-order kinetic model. This analysis 
highlighted the catalytic potential of bio-synthesized CuONPs for 

Fig. 7. Antibacterial activity of biosynthesized CuONPs against enteropathogenic E. coli (EPEC), evaluated using a disc diffusion assay.

Fig. 8. Photocatalytic degradation of (A) methylene blue (MB) and (B) rhodamine B (RhB) dyes using coffee-leaf-synthesized CuONPs.

Table 2 
Comparative analysis of dye degradation efficiency: The performance of coffee- 
leaf-synthesized CuONPs (this work) versus other green-synthesized catalysts.

Plant exatract Nanoparticle Target 
Pollutant

Degradation 
(%) / Time

Reference

Coffea arabica 
leaf (This 
work)

CuO Methylene 
Blue (MB)

93 % / 90 min This work

Coffea arabica 
leaf (This 
work)

CuO Rhodamine B 
(RhB)

87 % / 90 min This work

Durian Husk CuO Methyl 
Orange

91 % / 120 min [23,51]

Garcinia 
mangostana 
leaf

CuO POME ~85 % / 150 
min

[50]

Muntingia 
calabura leaf

CuO Rhodamine B 95 % / 180 min [30]

Papaya Peel CuO Methylene 
Blue

89 % / 100 min [28]

Fig. 9. Time-dependent UV–Vis absorption spectra for the photocatalytic degradation of (A) methylene blue (MB) and (B) rhodamine B (RhB) using 3 mg of CuONPs.
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environmental applications.
Fig. 12 (A and B) shows the degradation kinetics of MB and RhB dyes 

using CuONPs catalyst, showing the normalized concentration ratio (C/ 
C0) plotted against time. The curve showed a gradual decline in the dye 
concentration over time, indicating the catalytic activity of the CuONPs 
in degrading MB and RhB. The downward trend follows first-order ki
netic behavior, as evidenced by the exponential decay-like profile of the 
plot. This analysis highlighted the effectiveness of CuONPs as a green 
catalyst for removal of a wide range of pollutants.

3.9. Possible mechanism of CuONPs catalyst

Photocatalytic detoxification of MB and RhB dyes present several 
challenges, especially under light irradiation [52]. The mechanism, 
illustrated in Fig. 13, utilizes CuONPs as the catalyst. Due to their nar
row band gap, these NPs efficiently generate electron-hole pairs with 
reduced recombination, requiring less energy for electron transitions 
[53]. Upon exposure to light, CuONPs absorbed photons with matching 
their band gap, rapidly initiating the photocatalytic degradation of the 
dye. The fundamental catalytic process is shown below.

Photcatalyst CuONPs + hv→e− + h+

Photcatalyst CuONPs (e− ) + hv→O−
2

Photcatalyst CuONPs (h+)→H2O − OH−

O−
2 (or)OH− + MB/Rd dyes→Degraded manterial

During photocatalysis, electron excitation from the valence band to 
the conduction band creates electron-hole pairs. The holes (h⁺) in the 

Fig. 10. Photocatalytic degradation percentage of (A) methylene blue (MB) and (B) rhodamine B (RhB) dyes using 3 mg of CuONPs.

Fig. 11. Pseudo-first-order kinetic plots (ln(C₀/C) vs. time) for the photocatalytic degradation of (A) methylene blue (MB) and (B) rhodamine B (RhB) dyes 
using CuONPs.

Fig. 12. First-order kinetic analysis for the degradation of (A) MB and (B) RhB dyes catalyzed by CuONPs, showing the plot of C/C₀ versus time.

Fig. 13. Schematic illustration of the proposed photocatalytic mechanism for 
CuONPs, showing the generation of reactive oxygen species (ROS) under light 
irradiation leading to dye degradation.
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valence band acting as electron acceptors from pollutant molecules, 
thereby initiating dye breakdown. This process generated reactive spe
cies: water molecules convert into hydroxyl radicals (•OH), and oxygen 
molecules react with conduction band electrons to form superoxide 
radicals (•O₂-), both of which play a crucial role in degrading organic 
contaminants [54]. The high catalytic activity of CuONPs is attributed to 
their rapid charge carrier release and enhanced electron delocalization, 
which contributes to NPs stabilization. Additionally, phenolic and 
bioactive compounds from coffee leaf extract adsorbed onto the CuONPs 
surface, further promote superoxide radical generation, resulting in 
increased photocatalytic efficiency. Our findings demonstrated that 
hydroxyl and super oxide radicals were central to the degradation of 
water-soluble MB and RhB dyes, supporting the use of the CuONPs as an 
effectiveness and sustainability of CuONPs as catalysts for environ
mental remediation. The phytochemical capping layer from coffee leaf 
extract not only stabilizes the CuONPs but also facilitates electron 
transfer, acting as a sensitizer under visible light. This enhances charge 
separation and promotes the generation of reactive oxygen species 
(ROS), thereby improving photocatalytic efficiency.

4. Conclusion

This study pioneers a facile and eco-friendly synthesis of multi
functional copper oxide nanoparticles (CuONPs) using Coffea arabica 
leaf extract, a renewable agro-waste material. The phytochemical profile 
of the extract directly influenced the formation of CuONPs with a unique 
cuboid morphology, a monoclinic crystal structure, and bio-derived 
surface functional groups that enhance their stability and reactivity. 
Thorough characterization confirmed these attributes, including a 
distinct optical bandgap (2.75–2.85 eV) conducive to visible-light pho
tocatalysis. The biosynthesized CuONPs demonstrated exceptional dual- 
functionality: they achieved rapid degradation of methylene blue (93 %) 
and rhodamine B (87 %) within 90 min under visible light, with per
formance comparable or superior to conventional catalysts, as 
confirmed by pseudo-first-order kinetics. Furthermore, the nano
particles exhibited potent antibacterial activity against pathogenic 
E. coli (EPEC). This effective combination of superior dye degradation 
and significant antibacterial efficacy positions coffee-leaf-derived 
CuONPs as a highly promising, sustainable, and cost-effective nano
catalyst for next-generation water purification technologies. Future 
work will focus on evaluating the reusability of the CuONPs over mul
tiple cycles, assessing their ecotoxicity, and validating their efficacy 
with real industrial wastewater samples to determine practical 
applicability.
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