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INTRODUCTION

The global water crisis presents a formidable and imminent
threat to humanity, exacerbated by the relentless contamination
of our water bodies with industrial wastewater [1]. Among the
major culprits in this environmental degradation is the textile
industry, responsible for the prodigious annual discharge of
80 × 104 tons of azo dyes, the synthetic colourants that lend
vibrancy to textiles [1,2]. Synthesized using hazardous aromatic
hydrocarbons like benzene, toluene, naphthalene, phenol and
aniline, these dyes contribute significantly to water pollution
as 10-15% remain unfixed to textile materials during produ-
ction, leading to resource loss and environmental damage [3].
Upon entering aquatic ecosystems, azo dyes pose severe ecol-
ogical threats by increasing the chemical and biological oxygen
demand, disrupting pH levels and altering the inorganic comp-
osition of water bodies. This necessitates the urgent develop-
ment of effective mitigation strategies to combat the impact
of industrial activities, particularly in the textile industry, on
our precious water resources.
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The growing demand for environmentally sustainable and economically viable techniques for synthesizing nanoparticles is driving the
advancement of green nanotechnology. This study presents an innovative approach for synthesizing copper oxide nanoparticles (CuO
NPs) by utilizing an extract derived from Syzygium aromaticum. The XRD analysis verified the reliable synthesis of CuO, as indicated by
the presence of the monoclinic phase and the extremely small crystallite size of 7.89 nm. FTIR spectrum illustrated the functionalizing of
CuO with S. aromaticum phytochemicals, whereas FE-SEM and HR-TEM micrographs demonstrate the intricate nanostructure of the
NPs. The SAED signals provide further confirmation of the crystalline structure. The clear existence of a well-defined absorption peak at
276 nm and an energy band gap of 3.58 eV undeniably confirms the effective synthesis of CuO NPs. Furthermore, the synthesized nanoparticles
showed exceptional capability in degrading the resilient pollutant Congo red dye. By applying a dosage of 200 mg L–1, a remarkable 97%
removal of Congo red dye (100 mg L–1) was achieved after 100 min following the pseudo-first-order kinetics.
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Nanotechnology is increasingly recognized as a transfor-
mative solution in the field of wastewater treatment, namely in
addressing the long-standing issue of azo dye pollution. Nano-
catalysis plays a significant role in advanced oxidation proce-
sses (AOPs) and has great promise. Significantly, advanced
oxidation processes (AOPs) such as sonochemical oxidation,
electrochemical oxidation and the photo-Fenton reaction prod-
uce potent oxidizing agents (such as hydroxyl radicals) that
efficiently break down intricate dye molecules into less compli-
cated and less harmful substances [4]. Furthermore, the process
concludes with the safe discharge of carbon dioxide and water,
reducing the environmental impact in contrast to the traditional
methods.

Copper oxide nanoparticles (CuO NPs) dominate the field
of photocatalysis due to their exceptional properties and metrics
that validate their status as exemplary photocatalysts. The
electrical structure of CuO is optimized because of its low band-
gap, which has been accurately determined to be in the range
of 1.2 to 4 eV [5]. This attribute encompasses the ability to
effectively absorb light across the UV, visible and near-infrared
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spectra, hence optimizing the utilization of solar energy. There-
fore, CuO is notable for its high efficiency as a photocatalyst
due to its exceptional ability to capture light. The redox potentials
of CuO, namely the +0.15 V (vs. NHE) for the Cu2+/Cu+ redox
couple, explain its successful catalytic performance [6]. The
numerical affirmation emphasizes the ability of CuO to easily
separate charge carriers and undergo redox transformations,
which are essential for many photocatalytic reactions. The
electron affinity of CuO, which is measured to be roughly 0.15
eV, enhances charge carrier dynamics, reducing recombination
and assuring a high quantum efficiency in photocatalytic proc-
esses [7]. CuO has a large surface area of around 35 m2/g, which
allows for a wide range of catalytic processes [8]. The numer-
ical value leads to an increased number of active sites, enhan-
cing its ability to catalyse reactions and making CuO a highly
attractive option for many photocatalytic applications. The
recorded breakdown temperature of CuO, which is around 600
ºC, highlights its thermal stability [9]. This value represents the
ability of CuO to withstand photocatalytic conditions, allowing
for long-lasting and efficient exploitation without affecting
its catalytic efficiency. When exposed to light, CuO demons-
trates its ability by revealing a hydroxyl radical generation
rate of around 0.2 µmol/g–1 h–1 [10]. This quantification not
only demonstrates the inherent reactivity of CuO but also
expands its potential applications in environmental remedi-
ation, highlighting its versatility and significant influence as a
photocatalyst.

The use of plant extracts for synthesizing diverse nano-
materials has gained significant traction in recent years, offering
several advantages. Firstly, these methods are cost-effective,
as plant extracts are readily available and often less expensive
than conventional chemicals used in nanoparticles synthesis.
Additionally, plant-based approaches are biocompatible,
showing lower toxicity and better compatibility with biological
systems compared to synthetic materials. Several studies high-
light the successful synthesis of CuO nanoparticles using various
plant extracts. Examples include Punica granatum leaves,
Penicillium fungi and specific leaf extracts such as Ocimum
sanctum, Abies spectabilis, Stachys lavandulifolia, Catha edulis
and Parthenium hysterophorus [11-16]. Syzygium aromaticum,
derived from the dried flower buds of an Indonesian tree,
contains active ingredients such as eugenol and acetyl eugenol
[17]. Eugenol, responsible for Syzygium aromaticum’s aroma,
possesses antimicrobial and antioxidant properties, making it
an attractive choice for nanoparticle development. The rich
phytochemical profile of S. aromaticum underscores its poten-
tial for eco-friendly and biocompatible nanoparticles synthesis.

Numerous studies have shown the versatile applications
of CuO NPs synthesized through plant extracts. In a study
conducted by Vidovix et al. [18], CuO NPs synthesized with
Punica granatum leaf extract exhibited an outstanding 96.91%
removal efficiency of methylene blue dye, highlighting their
potential for wastewater treatment. Usha et al. [19] reported a
green synthesis of CuO NPs using Streptomyces sp., demon-
strating their application in developing antimicrobial textiles
to counter hospital-acquired infections. Moreover, Ganesan
et al. [20] harnessed Acalypha indica leaf extract to synthesize

CuO NPs with promising dual capabilities in cancer therapy
and dye degradation. These nanocomposites displayed 70%
cytotoxic activity against human colon cancer cells and an
83.20% efficiency in degrading methylene blue dye, highlig-
hting their potential in biomedical and environmental contexts.
Similarly, Kaur et al. [21] facilitated the synthesis of CuO NPs
with Punica granatum extract with enhanced photocatalysis
efficiencies up to 97.8%, emphasizing their effectiveness in
the dye decolourization.

The resistance of azo dyes to biodegradation and their resul-
ting environmental impact highlights the need for efficient
mineralization in wastewater treatment systems. This research
aims to utilize the enhance photocatalysis characteristics of
green synthesized CuO NPs from S. aromaticum extract against
the commonly used azo dye i.e. Congo red. This unique method
entails a thorough analysis of the generated biomediated CuO
NPs, with a specific focus on their structural, morphological
and optical properties.

EXPERIMENTAL

All chemicals and solvents used in this work were obtained
from Sigma-Aldrich, USA. The specific chemicals i.e. copper(II)
acetate hydrate [Cu(CO2CH3)2·2H2O, ≤ 99%], ammonia (≤
30%) and ethanol (≤ 99.9%) were of highest purity. The synth-
esis of CuO NPs involved the utilization of bud extract derived
from Syzygium aromaticum, sourced from the Punjab region
in India (30.6355ºN, 76.3870ºE). To maintain the precision
and reliability throughout the experimental work, double-
distilled (DD) water and Whatman filter papers with a pore
size of approximately 1.21 µm were employed.

Syzygium aromaticum bud extract: S. aromaticum buds,
commonly referred to as cloves, present a valuable repository
of bioactive compounds with diverse potential medicinal prop-
erties [22]. This study introduces a refined extraction approach,
emphasizing efficiency, environmental sustainability and the
preservation of bioactive integrity. The initial phase involved a
thorough cleansing of S. aromaticum buds with distilled water
to eliminate any extraneous impurities. Subsequently, the purified
buds underwent an air-drying process at room temperature. In
order to optimize the extraction process, the dehydrated buds
were subjected to a thorough grinding using a mill, therefore
enhancing the available surface area for extraction. Afterwards,
the powder obtained was allowed to soak in 80% ethanol for
one day. Ethanol, selected for its efficiency in extracting a diverse
range of phytochemicals from the buds, facilitated a compre-
hensive extraction process. The ethanol-based extract under-
went careful vacuum filtration to eliminate insoluble particles.
Following this, a further clarification step was executed through
centrifugation at 10,000 rpm for 14 min, ensuring the removal
of finer particles and enhancing the purity of the extract. The
concentration of the alcoholic extract was achieved using a
rotary evaporator to eliminate excess ethanol and the concentra-
ted solution was then stored at room temperature to ensure the
stability and preserve the inherent bioactive constituents. The
utilization of a low-temperature procedure effectively reduces
the risk of thermal degradation, hence preserving the structural
integrity of volatile bioactive chemicals obtained from cloves.
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Synthesis of CuO NPs using Syzygium aromaticum bud
extract: The synthesis process was initiated by dissolving
copper(II) acetate hydrate in distilled water at a controlled temp-
erature of 70 ºC for an optimized duration of 25 min, ensuring
complete solubilization of the precursor and the availability of
copper ions for subsequent nanoparticle formation and then
S. aromaticum bud extract was introduced. The naturally occur-
ring phytochemicals act as potent reducing and stabilizing
agents, facilitating the reduction of Cu2+ ions to CuO NPs while
preventing agglomeration for uniform dispersion. The pH of
the reaction medium was adjusted to 10 using NaOH, a critical
step for controlling the morphology and size of the CuO NPs.
By adjusting the pH, the conditions were optimized for the nucle-
ation and development of nanoparticles, which leads to the preci-
pitation of copper ions and the creation of CuO nuclei. Addit-
ionally, it enhances the deprotonation of phytochemicals extracted
from S. aromaticum.

The synthesis procedure was further optimized by adjusting
reaction time and temperature. The reaction mixture undergoes
the reaction period of 45 min at the optimized temperature of
70 ºC, allowing the sufficient time for CuO nanoparticles growth
and maturation. Following the carefully optimized synthesis
steps, the precipitates were collected via filtration, subjected
to thorough washing with distilled water and ethanol to remove
impurities and dried at 80 ºC for 6 h. The obtained dried material
was precisely pulverized to obtain CuO nanopowder of superior
quality.

Characterization: To investigate the structural and comp-
ositional aspects of CuO NPs synthesized with S. aromaticum
bud extract, an X-ray diffraction (XRD) pattern was recorded
using a PANalytical XRD diffractometer. For the determination
of band gap energy, a UV-visible spectrum was acquired using
a Shimadzu UV–visible spectrophotometer, providing insights
into the electronic structure and optical properties of the CuO
NPs. Fourier transform infrared (FTIR) spectra of both the S.
aromaticum bud extract and the CuO NPs were recorded using
a Bruker FTIR spectrometer, facilitating the identification of
functional groups and molecular interactions involved in the
synthesis process. A high-resolution transmission electron
microscope (HRTEM) from JEOL model JSM-6390 LV was
utilized to observe the particle size and morphology at high
magnification. Additionally, the scanning electron microscope
(SEM) from Carl-Zeiss provided further insights into the surface
morphology of the green synthesized CuO NPs. The elemental
composition of the CuO NPs was determined using an energy
dispersive X-ray detector (EDX) from model Oxford XMXN,
facilitating the comprehensive analysis of elemental constituents.

Photocatalytic activity: In this study, the photocatalytic
activity of green synthesized CuO NPs, exploring their effective-
ness in degrading a common textile dye Congo dye was investi-
gated. Understanding the many complexities of photocatalysis
is our primary goal in this study, particularly discerning the
effectiveness of S. aromaticum mediated CuO NPs in the degra-
dation of Congo red dye, a ubiquitous textile dye, under UV
irradiation. The experimental protocol unfolded systematically,
encompassing the dispersion of different quantities of green
synthesized CuO NPs (100 and 200 mg L–1) within an aqueous

Congo red solution. Following an equilibrium period for
adsorption/desorption, the suspension underwent exposure to
UV light under continuous agitation. At the fixed intervals of
20 min, 7 mL of samples were pipetted out. After separating
nanoparticles and quantifying the residual dye concentration
with a UV-Vis spectrometer, Congo red removal percentage
was calculated using eqn. 1:

o t

t

C C
Removal of Congo red dye (%) 100

C

−= × (1)

where Co  = the initial concentration in the absence of UV light
and Ct = the final concentration of the Congo red dye solution
at regular 20 min intervals during UV light exposure.

RESULTS AND DISCUSSION

XRD studies: The crystallinity, purity and size of the S.
aromaticum mediated CuO NPs were identified with the X-ray
diffraction (XRD) patterns at 2θ 33.29º, 36.22º, 39.45º, 49.49º,
54.22º, 58.90º, 62.28º, 66.99º, 68.50º, 73.07º, 75.64º, which
were allocated to the planes (110), (002), (200), (112), (202),
(020), (202), (113), (022), (220) as depicted in Fig. 1. The observed
diffraction peaks were matched with the monoclinic CuO phase
specified by JCPDS card no. 01-089-2531. The diffractograms
showed no characteristic peak caused by any impurity, indic-
ating the synthesis of the pure crystalline CuO phase. The XRD
pattern obtained from the CuO NPs has well-defined peaks with
significant broadening, suggesting a high level of crystallinity
and a small crystallite size. The Debye-Scherrer’s equation
was used to determine the average size of the CuO NPs;

K
D

cos

λ=
β θ (2)

where λ is the wavelength of X-ray radiation, β is the full-
width half maxima (FWHM) of the peaks at diffraction angle
θ and K is a constant equal to 0.94. The FWHM for all indicated
peaks was examined and calculated via Lorentz fitting of the
curve, resulting in an R2 value over 0.99. Upon calculating the
crystallite sizes of all the peaks, the resulting value for the
average crystallite size (D) was found to be 43.44 nm for CuO
NPs synthesized from S. aromaticum bud extract.

Bragg’s law was used to calculate the d-spacing and lattice
constant parameters:

2d sin θ = nλ (3)

where d is the inter-atomic spacing between planes, λ is the
wavelength of the X-ray, n is the order of diffraction and θ
diffraction angle. The cell volume was found to be 70.73 nm,
while the dimensions of the unit cell have been determined as
a = 4.58 nm, b = 3.12 nm and c = 4.95 nm. The volume of the
monoclinic CuO unit cell, as determined for the synthesized
sample, is 70.73 nm, far below the optimal value of 82.64 nm
for the monoclinic structure (Table-1). There is a variation
from the ideal volume that occurs as a result of grain reduction
and compression, which may be attributed to the influence of
lattice solidity.

UV-visible studies: The spectral peak resonance (SPR)
absorption band of S. aromaticum bud extract mediated CuO
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TABLE-1 
STRUCTURAL AND GEOMETRICAL PARAMETERS  

OF S. aromaticum MEDIATED CuO NPs 

2θ (°) 
θ 

(radians) 
θ (°) 

β  
(radians) 

d-
spacing 

D (nm) 

33.2984 0.291 1.616 0.0282 2.68855 5.36 
36.2224 0.316 0.775 0.0135 2.47795 11.27 
39.4524 0.344 0.826 0.0144 2.28220 10.68 
49.4994 0.432 1.042 0.0182 1.83994 8.77 
54.2254 0.473 1.922 0.0335 1.69021 4.85 
58.9004 0.514 0.790 0.0138 1.56671 12.06 
62.2834 0.544 1.209 0.0211 1.48949 8.02 
66.9924 0.585 1.710 0.0299 1.39577 5.82 
68.5054 0.598 1.462 0.0255 1.36859 6.87 
73.0784 0.638 1.571 0.0274 1.29381 6.57 
75.6454 0.660 1.608 0.0281 1.25616 6.53 

Average crystallite size = 7.89 nm 

Lattice parameters Calculated values Experimental values 
a (Å) 4.58 4.66 
b (Å) 3.12 3.48 
c (Å) 4.95 5.11 

Cell volume (Å3) 70.73 82.24 

 

NPs emerged as a crucial indicator, prominently at 276 nm
(Fig. 2a). The biosynthesized CuO NPs exhibited strong absor-
bance across the visible wavelength range (200-350 nm),
emphasizing their potential for various applications [23].
Remarkably, a gradual decrease in the absorbance intensity
with wavelength suggests the controlled and efficient formation
of CuO NPs within a specific range. Tauc’s plot was employed
to analyze the band gap values of the CuO NPs. The extra-
polation of the (αhν)2 versus (hν) plot unveiled a bandgap energy
of 3.58 eV for the synthesized  CuO NPs (Fig. 2b). The increa-
sed band gap indicates distinctive electrical characteristics,
which may be impacted by the bioactive constituents present
in the S. aromaticum extract.

FTIR studies: The green synthesized CuO NPs were exam-
ined in order to identify the potential biomolecules that may
have contributed to the effective stabilization of the CuO NPs.
The FTIR spectrum of S. aromaticum extract is illustrated in
Fig. 3a. The extract exhibits distinct absorption bands at certain
wavenumbers, which are suggestive of distinct molecular func-
tionalities. Remarkably, the absorption peak at 3806 cm–1 is
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ascribed to the stretching vibration of the alcoholic –OH group in
eugenol and the –NH group prevalent in other phytochemicals.
Furthermore, the presence of secondary amines appeared at
2937 cm–1, corresponding to the asymmetric stretching of C–H
and C–N groups. The C-O stretching band and the C-H bending
vibration of the alkanes band are noticeable at 1268 cm–1 and
1263 cm–1, respectively, enriching the spectrum with additional
molecular insights. The amide-I vibrations at 1011 cm–1, along
with the aromatic stretching vibrations of –C=C– and carboxyl
(C=O) stretching vibrations associated with protein amide bonds,
contribute to the complexity of the spectrum. Moreover, the
complex interaction of various compounds in the extract is evid-
enced by the emergence of a prominent peak at 857 cm–1, indic-
ative of multiple modes of vibration. The main compounds present
in the extract of S. aromaticum are esters, phenyl propanoid,
oxygenated sesquiterpenes and sesquiterpenes. Various compo-
sitions were reported in the ingredients including α-humulene
(2.75%), caryophyllene (14.84%), eugenol (55.60%) and eugenyl
acetate (20.54%). Additionally, there were trace amounts of
β-elemene (0.04%), α-cadinene (0.05%) and ledol (0.06%).
These findings are  good matched with the GC-MS spectra of
oil obtained from S. aromaticum [24].

In the FTIR spectrum of synthesized CuO NPs from the
extract of S. aromaticum, several significant peaks emerged,
for example, at 3842, 3733 and 3254 cm–1 signify the O-H bending
vibrations, while the strong peaks at 2344 cm–1 and others at
1689 and 911 cm–1 revealed the C-H bending vibrations (Fig.
3b). The peaks at 1539 and 1028 cm–1 correspond to the stretc-
hing vibrations of the N-O group of nitro compounds and the
C-O bond of phenols, respectively. Additionally, the aromatic
stretching frequencies of C=O and C=C, as well as saturated
hydrocarbons, are distinguished through peaks at 1250 cm–1.
A sharp absorption band at 668 cm–1 within the characteristic
region of the CuO spectrum (4000–500 cm–1) serves as a key
indicator of the metal–oxygen or Cu-O stretching mode, there-
by confirming the formation of CuO (Fig. 3b).

Morphological studies: The surface structure of the S.
aromaticum bud extract mediated CuO NPs was examined

using field-emission scanning electron microscopy (FESEM).
The close inspection at 50 KX magnification (Fig. 4a) reveals
a miniature of CuO NPs with a clear scale bar denoting a 200
nm length. The CuO NPs appear in this high-resolution image
as interesting sphere clusters elongated in length and dispersed
over a large area. The unique morphology is highlighted by the
uniform spherical rod shape of both single and clustered nano-
particles. Moreover, the results indicated that the CuO NPs
have a higher surface area due to their spherical elongated rod
like topography [25]. The unique topography is a direct result
of the significant effect of the plant extract, which influenced
the arrangement of these linked spherical rod structures. Further-
more, Fig. 4b shows the results of increasing the FESEM magni-
fication to an 100 KX times. Under this higher magnification,
the examination of CuO NPs is intensified, verifying the exis-
tence of clusters with a characteristic cylindrical elongated
shape consisting of a spherical clustered shape. These elongated
cylindrical rods have an average diameter of less than 20 nm.
Additionally, a closer look at individual spherical nanoparticles
inside the rod shows an undetected size variety that falls within
the 10 nm range and adds to the variability in the nanoparticles
composition. The nanoparticles observed aggregations suggest
a possible mechanism involving the existence of ionic bridges
linking various phytochemical groups. This minor interaction
helps CuO NPs to form stable clusters and clarifies the function
of plant extract in supporting both the spherical form and
complex interconnectivity of these nanostructures.

To investigate the elemental composition of the synthesized
CuO NPs, X-ray spectroscopy in the form of energy-dispersive
X-ray (EDX) analysis was also performed. The acquired spectra
exhibited distinct peaks that corresponded to the components
which were expected to be present in CuO (Fig. 4c). According
to the study, the main elements are copper and oxygen, with
atomic percentages of 58.44% and 41.56%, respectively and
weight percentages of 84.81% and 15.19%. These results certainly
underline the significant amount of copper and oxygen in the
composition, closely agreeing with the ideal stoichiometry of
CuO. These distinct peaks and the absence of any impurity peaks
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within the EDX detection range clearly support the purity of
the synthesized CuO NPs.

Furthermore, the FESEM analysis revealed a uniform
spherical topography with different levels of aggregation in
every area of the sample as shown in Fig. 4d. A closer look at
the distinct ways that the copper and oxygen atoms within the
spherical forms aggregate shows an exceptional degree of homo-
geneity and spatial ordering of the atoms (NPs). In other words,
the observed clusters indicate that the elements within the nano-
particles spread uniformly. As shown in Fig. 4d, there are clusters
of moderately agglomerated and aggregated spherical particles.
In spite of that a remarkable degree of dispersity has been
maintained throughout the process.

Figs. 4e and 4f provide important information about the
spatial distribution of copper and oxygen atoms in the green
synthesized CuO sample. These maps provide a visual depiction
of the concentration and arrangement of these components
throughout the sample, with each dot representing the X-ray
signal detected from a particular place. The oxygen atoms in
the CuO sample are distributed uniformly and consistently as
can be seen by analyzing the map in Fig. 4e. A uniform presence
of oxygen within the material is suggested by the dots generally
constant intensity in most places. The expected stoichiometry
of CuO, which states that for each unit cell, an oxide ion (O2–)
bonds with copper ions, is consistent with this result. In the
same manner, the copper dot map (Fig. 4f) depicts a consistent

Fig. 4. S. aromaticum mediated CuO NPs through FESEM images (a) at 50,000x and (b) 100,000x magnifications. The corresponding EDX
analyses include (c) the spectrum, (d) dot-mapped focus, (e) oxygen-mapped and (f) copper-mapped distributions
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distribution of copper atoms across the sample. A uniform pres-
ence of copper is indicated by consistent dot intensity, which
supports the overall homogeneity of the elemental composition
of the CuO NPs. The desirable characteristics of the CuO NPs
greatly depend on this even distribution of copper and oxygen.
The accuracy and predictable performance of the material in
various applications, such as photocatalysis and sensing, is certain
through sustaining a well-defined and consistent elemental
composition. Any alterations to this consistency may result in
differences in the functionality or activity of the nanoparticles.
Therefore, one of the main factors influencing the CuO NPs’
reliability and effectiveness in their intended applications is the
uniformity that has been seen in the dot maps.

HRTEM studies: As seen in Fig. 5a, HRTEM specifically
focused on a single particle chosen from one of these clusters.
The CuO NPs have a spherical overall shape with noticeable
size differences. These nanoparticles have dimensions primarily
in the range between 5 and 20 nm. A clear crystalline structure
can be seen in the HRTEM image, which reveals the lattice
fringes inside the nanoparticles. The crystal structure is calcu-
lated from the interfringe spacing; for CuO, this typically has
a monoclinic shape. When examined more closely, the surface
of nanoparticles was shown to be smooth and free of large faults
or defects. This indepth examination supports the finding of an
aggregated configuration in which the nanoparticles are enclosed
in a prominent spherical rod of around 200 nm in diameter.

Fig. 5. The morphology of CuO NPs synthesized by S. aromaticum (a-c) HRTEM images; (d) particle size distribution; (e) d-spacing HRTEM
and (f) SAED pattern
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Interestingly, the outer edge of rod is covered with many fringes,
suggesting that it may have secondary growth surrounding a
core.

At higher magnification of 50 nm, Fig. 5b displays the
HRTEM image of CuO NPs, which shows that a particle are
quite porous having a network of interconnected pores with
different shape and size. While some pores have a spherical
shape and are considerably smaller, some are rather massive,
resembling capsules. The pores’ walls seem to have a lot of
roughness and to be uneven and rough, which might be due to
the presence of grains or other foreign particles. With some
size fluctuation, the CuO NPs in Fig. 5c seem to be primarily
spherical or somewhat elongated and range in diameter from
around 2 to 10 nm. The HRTEM image in Fig. 5c also displays
the lattice fringes within the nanoparticles suggesting a crystalline
structure, as similar to Fig. 5a. The crystal structure may be
determined from the spacing between the fringes and for CuO,
it is probably monoclinic. Due to the increased magnification
of 50 nm, the surface of the nanoparticles in Fig. 5c seems to
be largely smooth, with scattered steps or edges evident. How-
ever, Fig. 5a provides a more comprehensive understanding
of the size range and dispersion of nanoparticles within the
sample.

Examining Fig. 5d, it is observed that the nanoparticles
appear as dark, elongated and generally spherical, with a size
distribution between 10 and 20 nm. The stability and ability
to avoid aggregating are enhanced by this coating nanoparticles.
Lattice fringes or the atom-by-atom lines that comprise the
crystal structure of nanoparticles, are also visible in the inset
of the HRTEM image. The crystal structure can be determined
from the fringes’ spacing. The HRTEM micrograph taken at a
high magnification with a bar scale of 2 nm provides a detailed
perspective of the crystallographic details of the synthesized
CuO NPs as shown in Fig. 5e. Crystallite fringes are visible
upon closer inspection and are highlighted by white arrows.
The interplanar spacing between these fringes is consistently
measured and it matches the d-spacing of atomic planes (0.25
nm) of the CuO monoclinic phase quite well. This alignment
provides strong evidence supporting the X-ray diffraction (XRD)
results and supports the unambiguous identification of the
monoclinic phase. Upon close examination of the lattice fringes
in the micrograph, it becomes evident that there are few defects
or irregularities. However, the absence of heterojunctions or
surface defects with the S. aromaticum extract suggests that
these factors do not impact the catalytic or photocatalytic activity
of the nanoparticles. As we move to Fig. 5f, HRTEM is directed
towards the selected area electron diffraction (SAED) pattern,
which is an essential instrument for determining a material’s
crystallinity. The concentric circles comprising the pattern
correspond to the recognized characteristic of a polycrystalline
material. Interestingly, the concentric rings in the diffraction
pattern indicate that the CuO NPs are spherical. An extensive
procedure was also used on the SAED patterns to gain further
insight into the details of the crystallographic planes that corre-
late to the observed rings. This process produced more evidence
supporting the monoclinic phase identification, which showed
excellent agreement with the results of the XRD analysis.

Photocatalytic activity: Fig. 6a demonstrates the inherent
photostability of Congo red dye, revealing a negligible concen-
tration decrease even after 60 min of UV exposure. In contrast,
Fig. 6b illustrates the remarkable photocatalytic efficacy of S.
aromaticum extract mediated CuO NPs. Both concentrations
led to substantial Congo red dye degradation, evident in the
progressive reduction of 401 nm absorption peak. Remarkably,
200 mg L–1 dosage achieved near-complete degradation (97%)
within 100 min, compared to ~76% achieved with 100 mg L–1

in 220 min (Fig. 6c). This superior performance at higher nano-
particle dosage stems from several factors, e.g. (i) increased
active surface sites: a higher concentration of nanoparticles
provides more surface area for dye adsorption and interaction
with light-induced charge carriers, which translates to more
active catalytic sites readily available for promoting the degra-
dation process; (ii) enhanced charge separation: abundant nano-
particles lead to the increased light absorption, promoting the
excitation of electrons in the CuO NPs. This creates more
electron-hole pairs, which can further react with water mole-
cules to generate highly reactive hydroxyl radicals (OH•) crucial
for breaking down the dye molecules; and (iii) efficient dye
adsorption: increased nanoparticle concentration facilitates
greater adsorption of dye molecules onto their surfaces. This
brings the dye molecules closer to the active sites on the nano-
particles, enhancing the efficiency of charge transfer and subse-
quent degradation. Fig. 6d further emphasizes the significant
impact of nanoparticle dosage on Congo red dye removal per-
centage, with 200 mg L–1 achieving faster and more complete
degradation compared to 100 mg L–1. This finding aligns with
prior research highlighting the crucial role of photocatalyst
dosage in optimizing photocatalytic activity [26].

Comparative studies: Table-2 displays the most recent
performance characteristics obtained utilizing CuO NPs as
photocatalysts, together with other findings from our ongoing
research for the sake of comparison. Furthermore, the present
investigation demonstrates that S. aromaticum-mediated CuO
NPs, particularly in the context of Congo red dye degradation,
shows superior efficacy in comparison to alternative catalysts.
Moreover, the use of CuO NPs in this study ensures rapid and
efficient degradation of the dye under UV-light, with a remark-
able degradation percentage of 97%.

Kinetic studies: The degradation kinetics of Congo red
dye using S. aromaticum-mediated CuO NPs were scrutinized
employing diverse kinetic models, encompassing pseudo-zero,
first and second-order formulations (eqns. 4-6). These models
not only factor in the variables influencing the reaction rate
but also assess the actual rate at which Congo red dye interacts
with S. aromaticum-mediated CuO NPs.

Ct = –k0t + C0 (5)

Ln Ct = –k1t + Ln C0 (6)

1/Ct = k2t + 1/C0 (7)

where C0 and Ct denote concentrations at t = 0 and various
time points during the reaction, respectively. The response rate
coefficients are represented by k0, k1 and k2. Fig. 7 illustrates
the kinetic modelling for Congo red dye degradation facilitated
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Fig. 6. Photocatalytic degradation of Congo red dye via S. aromaticum mediated CuO NPs (a) Congo red dye under UV light, (b-c) different
dosage of photocatalyst and (d) dye removal percentage-wise

TABLE-2 
COMPARATIVE ANALYSIS OF PHOTOCATALYTIC DEGRADATION ACROSS  

VARIOUS POLLUTANTS EMPLOYING VARIOUS CATALYSTS 

Catalyst used Pollutant used Degradation (%) Time (min) Source of light Ref. 
CuO NPs Acid red 88 dye 96.35 120 UV-light [27] 

Ag-TiO2 NPs Acid red 88 dye 65.00 70 UV-light [28] 
CuO NPs Methyl orange 96.00 120 UV-light [29] 
CuO NPs Methyl orange 45.23 60 UV-light [30] 
CuO NPs Methyl orange 31.95 60 Sunlight [30] 
CuO NPs Nile blue 93.00 120 Solar light [31] 
CuO NPs Reactive yellow-160 81.00 120 Solar light [31] 

Cu2O-Cu NCs Methyl blue 50.00 90 Visible light [32] 
TiO2 Malachite green 75.00 95 UV-light [33] 

CuO nano leaves Methyl blue 89.00 180 UV-light [34] 
CuO nano leaves Methylene violet 96.00 180 UV-light [34] 

Zn-Mn Malachite green 93.00 120 UV-light [35] 
CuO NPs Methyl blue 93.00 120 Sunlight [36] 
CuO NPs Methyl red 90.00 120 Sunlight [36] 
CuO NPs Congo red 85.00 120 Sunlight [36] 
CuO NPs Congo red 97.00 100 UV-light This study 

 

[27]
[28]
[29]
[30]
[30]
[31]
[31]
[32]
[33]
[34]
[34]
[35]
[36]
[36]
[36]
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by S. aromaticum-mediated CuO NPs, where the slope of the
graphs corresponds to the reaction rate. Table-3 presents the
kinetic rate response values obtained using pseudo-zero, first
and second-order models. The pseudo-first-order model exhi-
bited reasonable agreement with the experimental data in com-
parison to other kinetic models. The influence of S. aromaticum
mediated CuO NPs dosages (100 and 200 mg L–1) on the photo-
degradation rate of Congo red dye was examined. The graphs
indicated that higher concentrations of  green synthesized CuO
NPs (200 mg L–1) enhanced the reaction rate constant values.
At a concentration of 200 mg L–1, the reaction rate was highest
(k1 = 0.03077 min–1), leading to the fastest photocatalytic degra-
dation of the dye. The rapid removal of 97% of Congo red dye
in 100 min highlighting the efficacy of S. aromaticum-mediated

CuO NPs as photocatalysts. The dosage of the specific contami-
nant in the effluent significantly influences photodegradation
efficiency [37]. Using pseudo-first-order or Langmuir kinetic
models may shed light on rapid response rates at large conta-
minant dosages, which cannot be accurately explained by pseudo
zero-order modeling [38]. The reaction rate tends to increase
with an increase in the catalyst dose until deviation occurs,
representing light scattering or reduced transparency. The rise
in the catalyst amount hinders light penetration further into
the process medium [39].

To evaluate sustainability and practicality, seven consecutive
rounds of the photodegradation process at a concentration of
200 mg L–1 were employed. Fig. 7d demonstrates that even after
seven cycles, the removal efficiency of Congo red dye remained
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Fig. 7. Kinetic modeling of reactive yellow dye photodegradation: (a) pseudo-zero-order, (b) first order, (c) second order and (d) recyclability

TABLE-3 
DEGRADATION KINETIC MODEL PARAMETERS DATA OF S. aromaticum MEDIATED CuO NPs 

Pseudo-zero-order Pseudo-first-order Pseudo-second-order Catalyst dose 
(mg/L) k0 (mg/L.min) R2 k1 (min–1) R2 k2 (L/mg.min) R2 

100 0.02357 0.92 0.00585 0.98 0.00157 0.64 
200 0.05208 0.82 0.03077 0.97 0.03633 0.99 
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above 91%. The slight decrease in the photocatalyst’s removal
effectiveness suggests that prolonged usage may have led to
the blocking of some active surface areas on the CuO surface.

Mechanism: Fig. 8 delineates the efficient photocatalytic
degradation mechanism of Congo red dye via S. aromaticum-
mediated CuO NPs. Under exposure to UV radiation, the surface
of the nanoparticles generate electron-hole pairs. The generated
electrons are subsequently transferred to the conduction band
of CuO. The reaction of these electrons with oxygen leads to
the generation of superoxide ions. The positive charge on the
CuO surface attracts electrons from the surroundings or air,
resulting in the formation of hydroxyl radicals. These hydroxyl
radicals and superoxide ions effectively react with Congo red
dye molecules, breaking them down into less harmful comp-
ounds. In addition to providing a high specific surface area
for the CuO NPs, the phytochemicals in S. aromaticum extract
enhance the photocatalytic process by donating electrons and
accepting holes from the oxygen and carbon atoms.

The photocatalytic mechanism of S. aromaticum-mediated
CuO NPs are elucidated through the following steps:

a) Electrons and holes are generated when UV light
interacts with the surface of nanoparticles.

hνUV + SA/CuO → e– + h+

b) Hydroxyl radicals are produced when oxygen reacts
with humid air.

h+ + H2O → H+ + OH•

c) Superoxide is produced during the reduction reaction.

e– + O2 → O2
•−

d) Recombination of electrons and holes may occur,
triggering subsequent reactions.

O2
•− + H+ → HO2

•

O2
•− + H+ + HO2

• → H2O2 + O2

H2O2 + hv → 2OH•

e– + HO2
• → HO– + H+

h+ + OH– → OH

e) Dye elimination through oxidizing agents, where reactive
species (O2 or OH•) combine with Congo red dye compounds,
producing simpler compounds than just H2O and CO2.

Conclusion

This work revealed the interesting prospects for CuO NPs
produced by Syzygium aromaticum bud extract. The indepth
study found some unique features, including a small crystallite
size of 7.89 nm and the presence of monoclinic phase, which
is different from the bulk CuO NPs. A thorough FTIR study
supported the successful incorporation of phytochemicals into
the CuO surface. Additionally, the spherical nanostructure was
visualized and explained using FESEM and HR-TEM micro-

Fig. 8. Mechanism of photocatalytic degradation
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graphs. This study demonstrates the exceptional efficacy of
employing photocatalytic activity to break down the highly
resistant Congo red dye molecules under UV radiation. The
enhanced performance of these nanoparticles is due to their
unique features, including their small crystallite size, high crys-
tallinity, correct band-gap energy, custom surfaces and complex
nanostructure. The study sheds light on S. aromaticum medi-
ated CuO NPs as a potential solution to environmental issues
and also gives details regarding the green synthesis process.
These discoveries provide crucial knowledge and enable the
development of sustainable and highly effective photocatalysts.
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