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ABSTRACT

This study reports the green synthesis of CuO nanoparticles (NPs) using mint (Mentha spicata) leaf extract as an
environmentally friendly reducing and stabilizing agent. The structural, optical, and photocatalytic properties of the
synthesized CuO nanoparticles were systematically investigated. The nanoparticles were characterized by XRD, FE-
SEM, FT-IR, and UV-Vis analyses. The results confirmed the formation of nanosized CuO particles with a
monoclinic crystal structure and indicated that phytochemical compounds present in the plant extract contributed to
the surface stabilization of the nanoparticles. The photocatalytic activity of the synthesized CuO nanoparticles was
evaluated through the degradation of methylene blue (MB) and crystal violet (CV) dyes under visible light irradiation
using a 300 W xenon lamp. A gradual decrease in dye concentration was observed with increasing irradiation time,
and maximum degradation efficiencies of 92.4% for MB and 83.2% for CV were achieved after 105 minutes. Kinetic
analysis revealed that the degradation of both dyes followed a pseudo first order reaction model, indicating a surface
controlled photocatalytic process. Overall, the findings demonstrate that green synthesized CuO nanoparticles exhibit
efficient visible light driven photocatalytic performance and hold significant potential for wastewater treatment and
environmental remediation applications.
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OZET

Bu c¢alisgmada nane (Mentha spicata) bitki oziitii kullanilarak g¢evre dostu bir yesil sentez yontemiyle CuO
nanoparcaciklar (NP’ler) sentezlenmistir. Elde edilen CuO nanopargaciklarinin yapisal, optik ve fotokatalitik
Ozellikleri sistematik olarak incelenmistir. Sentezlenen CuO nanopargaciklart XRD, FE-SEM, FT-IR ve UV-Vis
analizleri kullanilarak karakterize edilmistir. Elde edilen sonuglar, monoklinik kristal yapiya sahip nano boyutlu CuO
parcaciklarinin olustugunu ve bitki Oziitiindeki fitokimyasal bilesenlerin nanopargacik yiizeyinde stabilizasyon
sagladigim1 gostermistir. Sentezlenen CuO nanoparcaciklarinin fotokatalitik aktivitesi, 300 W’lik ksenon lamba
altinda goriiniir 151k kosullarinda metilen mavisi (MB) ve kristal viyole (CV) boyalarinin bozunmasi ile
degerlendirilmistir. Artan 1simlama siiresiyle boya konsantrasyonunda kademeli bir azalma meydana gelmis ve 105
dakika sonunda MB i¢in %92,4 CV ig¢in ise %83,2 bozunma verimine ulasilmistir. Kinetik analiz sonuglari, her iki
boyanin bozunma siirecinin sézde birinci dereceden reaksiyon modeline uydugunu ve siirecin yiizey kontrollii
fotokatalitik mekanizma ile gergeklestigini gostermistir. Elde edilen bulgular, yesil sentez yontemi ile tiretilen CuO
nanoparcaciklarmin gorliniir 151k altinda etkin fotokatalitik performans sergiledigini ve atik su aritimi ile ¢evresel
iyilestirme uygulamalar1 i¢in dnemli bir potansiyele sahip oldugunu ortaya koymustur.

Anahtar Kelimeler: CuO NP’ler; siirdiiriilebilir sentez; fotokatalitik bozunma; reaksiyon kinetigi; katyonik boyalar
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INTRODUCTION

Water pollution has emerged as one of the most urgent environmental challenges in recent decades due to rapid
population growth, urbanization, and intensified industrial activities (Turkten and Karatas, 2025). Water, which is
naturally colorless, odorless, and tasteless, is frequently contaminated by a wide range of pollutants, including
industrial effluents, agricultural fertilizers, pesticides, and synthetic dyes. Among these contaminants, organic dyes
released from textile, leather, paper, and dyeing industries represent a major threat to aquatic ecosystems and human
health because of their high stability, toxicity, and resistance to biodegradation (Islam et. al., 2023; Periyasamy,
2014). Even at low concentrations, dyes significantly reduce light penetration in water bodies, disrupt photosynthetic
processes, and generate harmful by products (Alsukaibi, 2022).

Cationic dyes such as methylene blue and crystal violet are widely used in industrial and biomedical applications
(Hammou et al., 2025). However, their complex aromatic structures and strong coloration make them particularly
persistent in aquatic environments. CV is known for its mutagenic and carcinogenic effects (Kwak et. al., 2024),
while MB can cause adverse impacts on aquatic organisms and human health upon prolonged exposure (Li et al.,
2023). Consequently, the effective removal of cationic dyes from wastewater has become a critical objective in
environmental engineering and water treatment research. Conventional wastewater treatment methods, including
coagulation flocculation, adsorption, biological treatment, and chemical oxidation (Sentiirk, 2024), often suffer from
limitations such as incomplete mineralization, high operational costs, sludge generation, and secondary pollution. In
this context, photocatalytic water treatment has gained significant attention as a sustainable and advanced oxidation
technology (Zheng et al., 2025). Photocatalysis offers several advantages, including operation under ambient
temperature and pressure, low chemical consumption, minimal secondary waste formation, and the potential for
complete mineralization of organic pollutants into harmless end products (Al-Nuaim et al., 2023). Therefore, the
development of efficient and environmentally friendly photocatalysts remains a key research focus in contemporary
water treatment engineering.

Nanotechnology plays a crucial role in enhancing photocatalytic processes by enabling the design of materials with
tailored structural, morphological, and optical properties (Tahir et al., 2021). Nanoparticles, particularly
semiconductor metal oxide nanoparticles, exhibit high surface area, enhanced reactivity, and tunable band gap
energies, which significantly improve photocatalytic performance. Among these materials, copper oxide (CuO) has
attracted considerable attention due to its narrow band gap, strong visible light absorption, chemical stability, low
cost, and nontoxic nature (Alizadeh et al., 2024). These properties make CuO nanoparticles promising candidates for
visible light driven photocatalytic applications in wastewater treatment. However, conventional synthesis routes for
metal oxide nanoparticles often involve hazardous chemicals, high energy consumption, and environmentally
harmful by products (Garg et al., 2021). These drawbacks have driven increasing interest in green and sustainable
synthesis approaches. Green synthesis utilizes natural reducing and stabilizing agents, such as plant extracts,
microorganisms, and biopolymers, to produce nanoparticles in an eco friendly, cost effective, and scalable manner
(Iravani, 2020). Plant mediated synthesis is particularly attractive because plant extracts contain diverse
phytochemicals, including phenols, flavonoids, terpenoids, and alkaloids that act as natural reducing, capping, and
stabilizing agents during nanoparticle formation (Khan et al., 2022). Mentha spicata (mint), belonging to the
Lamiaceae family, is rich in bioactive compounds such as polyphenols, flavonoids, and essential oils, which provide
strong reducing and chelating capabilities (Awoke et al., 2022). These phytochemicals play a vital role in controlling
particle size, morphology, and stability while preventing nanoparticle agglomeration. The use of mint extract as a
biogenic agent not only supports sustainable nanoparticle synthesis but also enhances the environmental
compatibility of the resulting photocatalysts. Despite the growing number of studies on plant mediated synthesis of
metal oxide nanoparticles (Turkoglu et. al., 2026; Disha et. al., 2025; Kaur et. al., 2025), several reports have focused
on the green synthesis of CuO nanoparticles using different plant extracts and their application in dye degradation
processes (Halfadji et. al., 2024; Nguyen et. al., 2023). However, studies investigating CuO nanoparticles synthesized
using Mentha spicata extract and evaluating their photocatalytic activity toward multiple cationic dyes remain
limited. Therefore, investigating the photocatalytic efficiency of CuO nanoparticles synthesized via Mentha spicata
extract against different cationic dyes is important for a better understanding of their environmental application
potential.

In this study, CuO NPs were sustainably synthesized using aqueous Mentha spicata extract as a natural reducing and
stabilizing agent. The structural, morphological, optical, and surface functional properties of the synthesized CuO
NPs were systematically characterized using X-ray diffraction (XRD), field emission scanning electron microscopy
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(FE-SEM), UV-Vis spectroscopy, and Fourier transform infrared (FT-IR) spectroscopy. The photocatalytic
performance of the CuO NPs was evaluated through the degradation of MB and CV dyes under simulated solar
irradiation. Reaction kinetics were analyzed to assess degradation efficiency and photocatalytic behavior. This work
aims to demonstrate the potential of plant mediated CuO NPs as an effective and sustainable photocatalyst for the
removal of cationic dyes, contributing to environmentally friendly water treatment technologies.

MATERIALS AND METHODS
Materials

Copper(Il) acetate monohydrate (Cu(CHsCOO),-H,0) were purchased from Merck. Methylene blue (C16H1sCINsS)
and crystal violet (C2sH30CIN3) were obtained from Sigma-Aldrich. All chemicals were of analytical grade and used
as received without further purification.

Sustainable Green Synthesis of CuO Nanoparticles

Fresh plant material of Mentha spicata L. was obtained from a local market in Kahramanmaras, Tirkiye, and
employed as a natural reducing and stabilizing agent. The plant material was thoroughly washed with tap water to
remove surface impurities, followed by repeated rinsing with distilled water. After shade drying under ambient
conditions, the material was ground into a fine powder using a mechanical grinder. To prepare the plant extract, 10
g of the powdered M. spicata was dispersed in 60 mL of distilled water and heated at 50 °C for 60 minutes under
continuous stirring (Yousef et al., 2025). The mixture was allowed to cool naturally to room temperature and
subsequently filtered using Whatman filter paper to remove solid residues. The resulting aqueous extract was stored
at 4 °C and used as the stock solution for nanoparticle synthesis. The pH of the freshly prepared extract was measured
as 6.6. For the synthesis of CuO NPs, 2.41 g of copper (II) sulfate pentahydrate (CuSQO,-5H20) was dissolved in 40
mL of deionized water and sonicated for 30 minutes to ensure complete dissolution. Subsequently, 60 mL of the M.
spicata extract was placed under magnetic stirring at room temperature, and the copper precursor solution was added
dropwise while maintaining constant stirring. After the addition of the copper precursor, the pH of the reaction
mixture was measured as 6.2. The reaction mixture was then heated to 70 °C and stirred overnight to facilitate the
reduction of copper ions and the formation of CuO NPs. After completion of the reaction, the suspension was
centrifuged at 4000 rpm for 10 minutes to separate the synthesized nanoparticles. The collected precipitate was
washed and dried at room temperature. Finally, the dried CuO NPs were calcined in a muffle furnace at 400 °C for 1
hour to enhance crystallinity and phase purity (Mathaiyan et al., 2024).

Characterization of CuO Nanoparticles

The structural and crystallographic properties of the synthesized CuO NPs were analyzed by X-ray diffraction (XRD)
using a Rigaku SmartLab diffractometer with Cu Ka radiation (A = 1.54 A). The morphology and surface features of
the nanoparticles were examined by field emission scanning electron microscopy (FE-SEM, Zeiss Supra 55).
Functional groups CuO NPs and phytochemicals were identified using Fourier transform infrared spectroscopy (FT-
IR, PerkinEImer Spectrum Two UATR). The optical properties and photocatalytic activity were evaluated by UV—
Vis spectroscopy (Shimadzu UV-160A), while photodegradation experiments were conducted under simulated solar
irradiation using a 300 W xenon lamp solar simulator (LuzChem SolSim, AM 1.5). All characterization and
photocatalytic experiments were carried out at Mersin University Advanced Technology Education, Research and
Application Center (MEITAM) and KSU University Industry Public Cooperation Development Application and
Research Center (USKIM) facilities.

Photocatalytic Degradation of Cationic Dyes and Investigation of Reaction Kinetics

The photocatalytic performance of the synthesized CuO NPs was evaluated through the degradation of MB and CV
dyes under a 300 W visible light source using a solar simulator. Aqueous cationic dye solutions with a concentration
of 15 ppm were prepared, and 0.1 g of CuO NPs was dispersed in each solution. Prior to illumination, the suspensions
were stirred in the dark for 1 hour to reach adsorption-desorption equilibrium between the nanoparticles and dye
molecules. During the photocatalytic experiment, 2.5 mL aliquots of the suspension were withdrawn at 15 minute
intervals and analyzed using a UV-Vis spectrophotometer to monitor the dye concentration.

The apparent rate constant (k) was determined, which provides a measure of photocatalytic activity independent of
the initial adsorption period and residual dye concentration. The reaction kinetics were analyzed using the Langmuir-
Hinshelwood (L-H) model (Equation 1), which is widely applied to describe heterogeneous photocatalytic
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degradation processes at low dye concentrations (Sedefoglu, 2023; Baxter and Hu, 2002). The degradation efficiency
(%) of the dyes was calculated based on the Beer-Lambert law (Equation 2) (Dileepan and Jeyaram, 2026).

In (%) = —k.t 1)
Degradation Ef ficiency (%) = (%) x 100 2
0

Here, Co represents the initial dye concentration before illumination, C; the concentration at a specific irradiation
time (t), and k the Kinetic rate constant. The photocatalytic activities of CuO NPs were monitored over 105 minutes
at 15 minute intervals, and the kinetics of dye degradation were analyzed to calculate the relative photocatalytic
efficiency of each nanoparticle sample.

RESULTS AND DISCUSSION
Structural, Morphological and Optical Characterization of CuO Nanoparticles

XRD measurements were carried out using Cu Ko radiation (A = 1.5406 A) over a 20 range of 20°-80°. The phase
purity and crystalline nature of the synthesized CuO NPs were scrutinized via XRD analysis, as depicted in Figure
1. The XRD diffractogram shows well defined Bragg reflections at 26 positions of 32.52°, 35.48°, 38.74°, 39.36°,
48.87°, 58.29°, 61.63°, 66.46°, 68.12°, 72.35°, and 74.92°, corresponding to the (110), (002), (111), (-202), (020),
(202), (-113), (-311), (113), (311), and (004) planes, respectively. The observed 26 angles and interplanar spacings
(d) are compared with standard values of monoclinic CuO (JCPDS Card No. 00-041-0254) in Table 1, confirming
excellent agreement and high phase purity of the synthesized nanoparticles. (Nejanthan et al., 2025). The absence of
any extraneous peaks corresponding to precursor residues or other copper oxides confirms the high phase purity of
the final product. Furthermore, the high intensity of the characteristic peaks indicates a high degree of crystallinity
in the fabricated nanoparticles. Crystallite sizes, estimated from the most intense peaks using the Scherrer equation,
fall within the nanometer range, aligning with values reported for green synthesized CuO NPs.

Table 1. Comparison of Observed and Standard XRD Data for CuO Nanoparticles
Measured 26 (°) Standard 28 (°) Measured d (A) Standard d (A) (hkl)

32.47 32.53 2.73 2.74 (110)
35.28 35.55 253 2.52 (002)
39.12 38.96 2.28 2.30 (111)
48.96 48.75 1.84 1.85 (-202)
53.12 53.50 1.69 1.70 (020)
58.48 58.35 1.58 157 (202)
61.42 61.57 1.48 1.50 (-113)
65.78 65.84 1.41 1.42 (-311)
68.23 68.14 1.37 1.37 (113)
72,51 72.42 131 1.30 (311)
74.81 75.82 1.27 1.26 (004)

To further quantify the structural parameters, the average crystallite size (D) was estimated using the Debye-Scherrer
formula (3) (Djeghloul et al., 2025):

kA

D= 3)

- Lcos6

where K is the Scherrer constant (0.89), A is the wavelength of the Cu-Ka radiation (1.5406 A), B represents the full
width at half maximum (FWHM) of the diffraction peaks, and 0 is the Bragg angle. Based on the most intense
reflections (002) and (111), the average crystallite size was determined to be approximately 16.8 nm (corresponding
to 168 A as derived from the experimental data). Furthermore, the dislocation density (8), which indicates the degree
of defects within the crystal lattice, was calculated using the relation (4) (Saleem et al., 2025):

§== (4)
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The relatively low dislocation density (3.54 x 10" lines/m?) together with the high intensity of the characteristic
diffraction peaks indicates a high degree of crystallinity and structural ordering in the synthesized CuO nanoparticles.
Similar dislocation density values have been reported for CuO nanostructures in previous studies, where the
dislocation density () is inversely related to the crystallite size and reflects the defect density within the crystal lattice
(Siddiqui et al., 2016). Lower dislocation density generally suggests improved crystalline quality and fewer lattice

imperfections in the synthesized nanoparticles.
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Figure 1. XRD Pattern of the Synthesized CuO Nanoparticles
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Figure 2. FE-SEM Image of the Synthesized CuO Nanoparticles

The surface morphology of the synthesized CuO NPs was investigated via FE-SEM analysis, as depicted in Figure
2. The micrographs reveal a predominantly spherical morphology with a relatively uniform size distribution and an
average particle diameter of approximately 20 nm. This observation is in excellent agreement with the crystallite size
calculated from the XRD data (16.8 nm), confirming the successful formation of nanostructured CuO. The controlled
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growth and reduced particle size can be attributed to the capping and stabilizing roles of bioactive secondary
metabolites such as anthocyanins, phenolics, and saponins present in the plant extract (Baldelli and Aguilera, 2025).
These phytochemicals effectively accelerate the nucleation rate while inhibiting excessive grain growth through
surface adsorption. Furthermore, the high surface to volume ratio of these small scale nanoparticles provides a greater
density of active sites and enhanced light absorption capacity.

Fourier transform infrared (FT-IR) spectroscopy was employed to identify the chemical bonds and surface functional
groups of the synthesized CuO nanoparticles (Figure 3). A distinct absorption band appearing in the low wavenumber
region between 500 and 530 cm™ is characteristic of Cu-O stretching vibrations, indicating the formation of CuO
with a monoclinic crystal structure (Ren et. al., 2025). The band observed near 1030 cm™ is assigned to C-O-C
stretching vibrations (Khojasteh et. al., 2025), whereas the absorption feature around 2350 cm™ is commonly
attributed to C-O stretching vibrations or the presence of adsorbed atmospheric CO2 (Bouachma et. al., 2022). The
absorption band around 1030 cm™ can also be associated with C-O stretching vibrations of phenolic and flavonoid
compounds naturally present in Mentha spicata extract (Shanmuganathan et. al., 2023). These absorption bands
suggest the existence of organic moieties on the nanoparticle surface, originating from bioactive constituents of the
plant extract, including phenolic compounds and saponins. Such phytochemicals, including polyphenols, flavonoids,
and terpenoid compounds commonly reported in Mentha spicata, can act as both reducing and stabilizing agents
during the green synthesis process. Such phytochemicals play a crucial role in the reduction and stabilization of the
nanoparticles during the green synthesis process. The FT-IR results therefore confirm the successful capping of CuO
nanoparticles by plant derived biomolecules.
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Figure 3. FT-IR Spectrum of the Synthesized CuO Nanoparticles

The optical absorption behavior of the synthesized CuO nanoparticles was examined using UV-Vis spectroscopy, as
shown in Figure 4a. The absorption spectrum exhibits a clear absorption onset in the ultraviolet region, with a distinct
absorption edge located between 300 and 350 nm (Nejanthan et. al., 2025). Such absorption characteristics are typical
of monoclinic CuO nanostructures and indicate strong interaction between the incident light and the nanoparticles.
Compared to bulk CuO, the absorption edge displays a noticeable blue shift, which can be attributed to the reduced
particle size (~20 nm), as corroborated by XRD and FE-SEM analyses. This shift arises from quantum confinement
effects, where the electronic band structure is modified due to nanoscale dimensions. Moreover, the pronounced
absorption intensity within the UV-Vis region suggests that the green synthesized CuO nanoparticles exhibit
enhanced optical properties, making them promising candidates for photocatalytic applications by facilitating the
generation of a high concentration of photo induced charge carriers for the degradation of organic pollutants.
Correspondingly, the transmittance spectrum (Figure 4b) shows a sharp decrease near the absorption edge, consistent
with the strong light matter interaction observed in the absorbance data. At longer wavelengths, the gradual increase
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in transmittance reflects lower optical absorption, further supporting the nanoscale optical behavior of the CuO
nanoparticles and their suitability for photocatalytic applications.
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Figure 4. UV-Vis Characterization of the Synthesized CuO Nanoparticles: (a) Absorbance Spectrum, (b)
Transmittance Spectrum

Photocatalytic Degradation Performance of CuO Nanoparticles for Methylene Blue

The photocatalytic degradation of synthetic organic pollutants using green synthesized CuO NPs was carried out at
room temperature under visible light irradiation provided by a 300 W xenon lamp. Photocatalytic degradation
experiments were conducted at room temperature and using the solution pH without adjustment (pH ~6.5-6.6). The

photocatalytic activity toward MB and CV was evaluated by recording UV-Vis absorption spectra in the 400-800 nm
range at 15 minute intervals.

The time dependent UV-Vis absorption spectra of MB in the presence of CuO NPs are presented in Figure 5a, where
a gradual decrease in the characteristic absorption intensity with increasing irradiation time is observed, indicating
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continuous dye degradation. After a total irradiation period of 105 minutes, degradation efficiencies of 7.7%, 42.8%,
49.6%, 51.7%, 72.9%, 76.6%, and 92.4% were achieved at 15, 30, 45, 60, 75, 90, and 105 minutes, respectively.
During the initial irradiation stage, a rapid degradation of MB was observed, reaching 42.8% within the first 30
minutes, which can be attributed to the abundant availability of active sites on the CuO NP surface and the high dye
concentration in solution. As the reaction progressed to intermediate irradiation times, the degradation rate slowed
slightly, likely due to partial surface coverage by intermediate products and a reduced concentration of MB
molecules. At prolonged irradiation times, the degradation efficiency increased again, reaching 92.4% after 105
minutes, which may be associated with the sustained generation of reactive oxygen species and the gradual
mineralization of intermediates that regenerate active catalytic sites. Overall, the observed variation in degradation
rates reflects the dynamic interplay between dye adsorption, surface reaction kinetics, and catalyst site availability
throughout the photocatalytic process (Suhaimi et. al., 2022).
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Figure 5. Photocatalytic Degradation of Methylene Blue Over Green Synthesized CuO Nanopatrticles: (a) UV-Vis
Spectral Evolution, (b) C/Co Versus Irradiation Time, (c) Pseudo First Order Kinetic Plot, and (d)Ddegradation
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Figure 5b shows the time dependent variation of the normalized concentration (C: /Co) of MB during photocatalytic
degradation under visible light in the presence of CuO NPs. A gradual decrease in C; /Cy is observed with increasing
irradiation time, indicating continuous dye degradation (Miraeez and Mohammed 2025). In the early stage, C: /Co
decreases to 0.57 within 30 minutes, reflecting rapid photocatalytic activity attributed to effective dye adsorption and
active surface sites. The degradation rate becomes slightly slower during the intermediate period (45-60 min), likely
due to partial surface coverage by intermediate species. At prolonged irradiation times, a sharp decline in C/Cy is
observed, reaching 0.08 after 105 minutes, which indicates near complete degradation of MB.

Figure 5¢ presents the kinetic analysis of MB degradation over CuO nanoparticles based on the pseudo first order
model. The linear relationship between -In(Ci/Co) and irradiation time confirms that the photocatalytic degradation
follows pseudo first order kinetics (Subash et. al., 2023). The corresponding linear fit yields the equation y=0.021x
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—0.198, where the apparent rate constant (k) is calculated as 0.021 min™'. The relatively high regression coefficient
(R2 = 0.898) indicates a good correlation between the experimental data and the kinetic model, demonstrating that
the degradation process is predominantly governed by surface controlled photocatalytic reactions.

Figure 5d illustrates the relative contribution of irradiation time intervals to the overall photocatalytic degradation of
MB in the presence of CuO NPs. The pie chart clearly shows that the degradation process is time dependent, with a
progressively increasing contribution at longer irradiation periods. While the initial stage (0-30 min) accounts for a
relatively small fraction of the total degradation, a significant contribution is observed during the intermediate and
extended irradiation times (60-105 min). In particular, the highest degradation contribution is achieved at 105
minutes, indicating sustained photocatalytic activity of the CuO nanoparticles under visible light irradiation. This
distribution confirms that prolonged irradiation enhances dye mineralization due to continuous generation of reactive
species and gradual decomposition of intermediate products.

These results are consistent with previous studies reported for green synthesized CuO nanoparticles. For instance,
Nouren et al. oreported approximately 97% degradation of MB within 210 min using CuO nanoparticles synthesized
from Jasminium sambac leaf extract (Nouren et. al., 2024). Similarly, Khedr and Ali reported degradation efficiencies
of 95.34% and 97.5% within 120 min using CuO and CuO-OP nanoparticles synthesized from Citrus aurantium peel
extract, with corresponding pseudo first order rate constants of 0.0255 and 0.033 min’, respectively (Khedr and Alj,
2024). In comparison, the CuO nanoparticles synthesized in the present study achieved 92.4% degradation within
105 min with an apparent rate constant of 0.021 min', indicating a competitive photocatalytic performance for MB
degradation.

Photocatalytic Degradation Performance of CuO Nanoparticles for Crystal Violet

The time dependent changes in the UV-Vis absorption spectra of CV during photocatalytic degradation in the
presence of CuO nanoparticles are presented in Figure 6a. A continuous decrease in the absorbance intensity of CV
with increasing visible light irradiation time was observed, indicating the gradual degradation of dye molecules. The
total irradiation period was extended to 105 minutes, during which a steady decline in the characteristic absorption
band of CV confirmed a progressive reduction in its concentration in the aqueous solution. The degradation
efficiencies were calculated to be 8.2%, 33.6%, 43.7%, 46.3%, 67.9%, 71.9%, and 83.2% after 15, 30, 45, 60, 75,
90, and 105 minutes of irradiation, respectively. The relatively rapid degradation observed during the initial
irradiation period can be attributed to the efficient adsorption of CV molecules onto the active surface sites of the
CuO nanoparticles. As the reaction proceeded, the degradation rate gradually slowed due to the reduced availability
of dye molecules and partial surface coverage by intermediate products. Nevertheless, the continued increase in
degradation efficiency at longer irradiation times demonstrates the sustained photocatalytic activity of the green
synthesized CuO nanoparticles under visible light conditions.

Figure 6b illustrates the time dependent variation of the normalized concentration (C{Co) of CV during photocatalytic
degradation under visible light irradiation in the presence of CuO NPs. A continuous decrease in the C/Co value with
increasing irradiation time is clearly observed, demonstrating the progressive degradation of CV molecules. In the
initial stage of the reaction, C+/C, decreases to 0.66 within the first 30 minutes, indicating a relatively fast degradation
rate attributed to the high availability of active surface sites and effective adsorption of CV molecules onto the CuO
nanoparticle surface. During the intermediate irradiation period (45-60 minutes), the degradation rate becomes
moderately slower, with C/Cy values of 0.56 and 0.53, respectively. This behavior is likely associated with partial
occupation of catalytic sites by intermediate degradation products and a gradual reduction in dye concentration. At
extended irradiation times, a further decline in Ci/Co is observed, reaching 0.17 after 105 minutes, which confirms
the substantial degradation of CV under visible light. These results demonstrate the effective photocatalytic
performance of the green synthesized CuO NPs toward CV degradation.

Figure 6¢ depicts the kinetic evaluation of CV degradation in the presence of CuO NPs using the pseudo first order
kinetic model. A clear linear correlation between —In(Ci/Co) and irradiation time is observed, indicating that the
photocatalytic degradation of CV follows pseudo first order reaction kinetics. The linear fitting results in the equation
y=0.111x — 0.127, from which the apparent rate constant (k) is determined to be 0.111 min™'. The high regression
coefficient (R2 = 0.958) confirms an excellent agreement between the experimental data and the kinetic model,
suggesting that the degradation process is strongly influenced by surface mediated photocatalytic reactions and
efficient charge transfer at the CuO NP interface.
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Figure 6d shows the percentage contribution of CV degradation at different irradiation times in the presence of CuO
NPs. The degradation contribution gradually increases from 2.3% at 15 min to 23.4% at 105 min, indicating
continuous photocatalytic activity under visible light. The increasing contribution at longer irradiation times confirms
the sustained generation of reactive species and the effective photocatalytic performance of the CuO NPs toward CV
degradation.

Similar findings have been reported in the literature for CuO based photocatalysts used in CV degradation. For
example, Oviedo et al. reported that an eco friendly nSOD@CuO nanocomposite achieved 79.4% degradation of CV
after 180 min with a pseudo first order rate constant of 0.008 min™' under optimal conditions (Oviedo et. al., 2025).
In comparison, the CuO nanoparticles synthesized in the present study achieved a degradation efficiency of 83.2%
within a shorter irradiation time of 105 min, with an apparent rate constant of 0.111 min™". These findings highlight
the effective photocatalytic performance of the green synthesized CuO nanoparticles toward CV degradation under
visible light irradiation.

The observed photocatalytic degradations can be explained by the generation of reactive oxygen species on the CuO
nanoparticle surface under visible light. The photocatalytic degradation of MB and CV dyes by CuO nanoparticles
proceeds through the generation of electron hole pairs upon illumination. The excited electrons react with molecular
oxygen to form superoxide radicals (¢O27), while the holes oxidize water or hydroxide ions to generate hydroxyl
radicals (*OH). These reactive oxygen species play a key role in decomposing the dyes into non toxic end products
such as CO: and H20O (Negash et. al., 2024).
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Figure 6. Photocatalytic Degradation of CV Over Green Synthesized CuO Nanoparticles: (a) UV-Vis Spectral
Evolution, (b) C/Co Versus Irradiation Time, (c) Pseudo First Order Kinetic Plot, and (d) Degradation Efficiency.

CONCLUSION
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The present study demonstrates that CuO nanoparticles were synthesized via a green route using Mentha spicata.
Extract exhibits stable structural features and effective photocatalytic behavior under visible light. The employed
synthesis strategy enabled the formation of well crystallized monoclinic CuO nanoparticles while simultaneously
providing surface functionalization through plant derived biomolecules, which contributed to improved dispersion
and catalytic stability. The optical response of the synthesized nanoparticles indicates efficient utilization of visible
light, supporting their suitability for photocatalytic applications. Photocatalytic experiments showed a clear time
dependent decrease in dye concentration during irradiation. After 105 minutes of visible light exposure, maximum
degradation efficiencies of 92.4% for methylene blue and 83.2% for crystal violet were achieved. The higher
degradation efficiency and faster reaction rate observed for MB compared with CV suggest that the photocatalytic
performance is influenced by the molecular structure of the dyes and their adsorption affinity toward the catalyst
surface. Kinetic evaluation further revealed that the degradation of both dyes follows a pseudo first order reaction
model, indicating that the process is predominantly governed by surface reactions and the generation of reactive
oxygen species on the CuO nanoparticle surface. From an application perspective, these findings indicate that green
synthesized CuO nanoparticles can function as efficient and sustainable photocatalysts for the removal of cationic
organic dyes from aqueous systems. The environmentally benign synthesis route, together with the high
photocatalytic degradation efficiency, highlights the potential of these nanoparticles for future wastewater treatment
applications.
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