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and photocatalytic activities for malachite green decolorization
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A B S T R A C T

Highly porous, clay-supported nanomaterials have great potential to advance catalysis. In this 
study, we synthesized a clay-supported copper oxide nanocomposite (CuO NCPs) using the co- 
precipitation method, specifically designed for the photocatalytic decolorization of malachite 
green dye (MG). The copper oxide nanoparticles (CuO NPs (1)) and clay-supported CuO NCPs (2) 
were characterized using UV-Vis, FTIR, XRD, BET, and SEM-EDX to investigate optical properties, 
molecular structure, crystal structure, surface area and pore size distribution, surface 
morphology, and elemental composition. Key quantitative results include: average crystallite 
sizes of 11.73 nm (CuO NPs) and 11.97 nm (CuO NCPs) by XRD; approximate band gap energies 
of 2.16 eV and 2.07 eV, respectively. The clay-supported CuO NCPs (2) achieved 89.67 ± 1.4% 
decolorization compared to 82.96 ± 1.8% for unsupported CuO NPs (1) under identical condi-
tions, a modest but statistically significant improvement (p = 0.012) after 180 min under a 200 W 
tungsten lamp. Adsorption during dark equilibration accounted for 9.8% and 11.3% of total 
removal, respectively, confirming that photochemical processes dominate. We report decolor-
ization (loss of chromophore) rather than complete mineralization; TOC analysis was not per-
formed. Raw smectite clay exhibits a moderate BET surface area of 73.67 m2/g with a total pore 
volume of 0.156 cc/g and an average pore diameter of 8.47 nm, characteristic of mesoporous 2:1 
layered aluminosilicates with interlayer and interparticle voids. Upon synthesis of unsupported 
CuO NPs (1), a significant reduction in surface area to 27.05 m2/g was observed, accompanied by 
a decrease in pore volume to 0.094 cc/g and an increase in average pore diameter to 13.90 nm. 
Notably, the clay-supported CuO NCPs (2) recovered a substantially higher surface area of 36.14 
m2/g and pore volume of 0.132 cc/g compared to unsupported CuO, while maintaining a large 
average pore diameter of 14.61 nm. We acknowledge the absence of reusability studies and 
scavenger tests as limitations of this study. Overall, composite materials combining adsorption 
and photocatalysis exhibit promising properties for removing hazardous dyes from wastewater, as 
the clay support improves CuO NPs dispersion and increases accessible surface area. However, 
further optimization, mineralization studies (TOC/COD), and mechanistic studies are required 
before industrial application.

1. Introduction

According to the World Water Development Report 2025, approximately 2.2 billion people lack access to safely managed drinking 
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water, with industrial pollution from textile effluents being a major contributor in developing countries. The global textile industry 
produces an estimated 280,000 tons of synthetic dyes annually, of which 10-15% are released into wastewater without adequate 
treatment [1]. The relentless pace of global industrialization, particularly within the textile, leather, and aquaculture sectors, has led to 
a steady increase in the discharge of hazardous synthetic dyes into aquatic ecosystems [2,3]. Among these, malachite green (MG), a 
cationic triphenylmethane dye, is of particular concern. While it has been used globally as an industrial colorant and an effective 
antifungal and antiparasitic agent in aquaculture, substantial evidence has unequivocally linked MG to severe health risks, including 
carcinogenicity, teratogenicity, and mutagenicity in aquatic life and humans [4,5]. Even at low concentrations (mg/L levels), MG poses 
a significant threat, interfering with photosynthesis in aquatic plants, obstructing sunlight penetration, and accumulating in the fatty 
tissues of organisms where it metabolizes into the more persistent leuco-malachite green (LMG) [6]. Consequently, MG has been 
banned or strictly regulated in many countries, yet it remains a pervasive pollutant in industrial effluents due to its low cost and 
continued illicit use, necessitating urgent and effective remediation strategies.

Traditional wastewater treatment methods, such as membrane filtration, coagulation, and biological treatments, often fall short 
when applied to MG. These methods can be costly, energy-intensive, or inefficient, frequently leading to secondary pollution or merely 
transferring the contaminant to another phase rather than destroying it [7,8]. In response, semiconductor-based heterogeneous 
photocatalysis has emerged as a superior, sustainable, and cost-effective advanced oxidation process (AOP). This technology leverages 
solar or artificial light to generate reactive oxygen species (ROS) that can mineralize complex organic pollutants like MG into harmless 
byproducts such as carbon dioxide (CO2) and water (H2O) [9,10]. In the search for efficient photocatalysts, copper oxide (CuO) has 
garnered significant attention. As a narrow band gap (1.2–1.5 eV) p-type semiconductor, CuO is capable of harvesting a broad 
spectrum of visible light, which constitutes a major portion of solar radiation [11,12]. Recent advances in 2024 and 2025 have 
demonstrated the remarkable potential of CuO-based systems. For instance, a novel dual Z-scheme CuO/BCN/MXene heterojunction 
was engineered to achieve 98.3% degradation of MG, attributed to its tailored band alignment that dramatically improves charge 
carrier separation [13,14]. Similarly, a green-synthesized LaCeO3/CuO nanocomposite achieved 92.88% MG degradation within 120 
min, showcasing the synergy of combining CuO with other metal oxides [15]. Ionic liquid-coated metaloxide nanoparticles have also 
exhibited enhanced photodegradation efficacy compared to their bare counterparts [16]. Despite these advancements, the practical 
application of bare CuO nanoparticles is often hindered by several intrinsic drawbacks. Their high surface energy leads to severe 
aggregation, which reduces the number of available active sites. Furthermore, the rapid recombination rate of photo-generated 
electron-hole pairs significantly limits their quantum efficiency and overall photocatalytic performance [10,17]. To overcome these 
limitations, a widely adopted strategy involves dispersing and stabilizing CuO nanoparticles onto robust, high-surface-area support 
materials. Among various supports, natural clay minerals, particularly smectites like montmorillonite, are exceptionally promising. 
Clays offer unique advantages: they are naturally abundant, low-cost, and possess a layered structure with high specific surface area, 
excellent adsorption capacity, and favorable cation-exchange properties [18,19]. The clay matrix serves a dual role: it acts as a physical 
barrier to prevent CuO nanoparticle agglomeration and enhances the adsorption of dye molecules, concentrating them near the 
photocatalytic active sites [20]. Recent literature from 2024 to 2025 strongly supports the clay-supported approach. Chagour et al. 
(2025) demonstrated that monometallic catalysts supported on clay exhibit superior MG removal due to synergistic adsorption and 
photocatalysis [21]. Fatimah et al. (2022) extensively reviewed the role of clay-supported metal oxides in catalytic AOPs, highlighting 
their enhanced stability and activity [12]. Furthermore, Asamoah et al. (2020) confirmed that clay-nanocomposites significantly 
outperform their individual components in water purification applications [22]. This synergistic combination of adsorption and 
photocatalysis not only enhances pollutant removal efficiency but also improves the longevity and reusability of the catalyst.

In this study, we build upon these cutting-edge advancements to develop a novel, cost-effective, and sustainable clay-supported 
CuO nanocomposite (CuO NCPs (2)). Using a simple co-precipitation method, we anchored CuO NPs (1) onto a natural smectite 
clay matrix sourced from Ethiopia. The synthesized materials were rigorously characterized to analyze their structural, optical, and 
morphological properties. We then systematically evaluated the photocatalytic performance of the nanocomposite for the decolor-
ization of MG under visible light (tungsten bulb) irradiation. We hypothesize that the intimate interaction between the CuO NPs and 
the clay support will ensure a more uniform dispersion of the nanoparticles and reduce agglomeration, thereby increasing the number 
of accessible active sites for dye adsorption and photocatalytic reaction. The objective is to demonstrate that the clay-supported CuO 
NCPs (2) exhibit superior photocatalytic efficiency, stability, and reusability compared to unsupported CuO NPs (1), offering a 
promising and scalable solution for the remediation of MG-contaminated wastewater from textile and aquaculture industries. In 
general, In this study, the selection of smectite clay as the support material for CuO NPs was based on four key considerations: (i) 
smectite's high specific surface area (typically 200–800 m2/g) provides abundant sites for CuO nanoparticle deposition and dye 
adsorption; (ii) its cation exchange capacity (80–150 meq/100g) enables efficient ion exchange for metal precursor loading; (iii) its 2:1 
layered structure (tetrahedral-octahedral-tetrahedral, TOT) offers excellent chemical and thermal stability during calcination at 
450 ◦C; and (iv) its natural abundance in Ethiopia, particularly in the Awi zone near the Abay River, makes it a locally available, low- 
cost alternative to synthetic supports like graphene or carbon nanotubes. The weight ratio of CuO to clay was optimized based on 
preliminary experiments to maximize photocatalytic activity while maintaining structural integrity; higher CuO loadings led to 
nanoparticle agglomeration, while lower loadings resulted in insufficient active sites for efficient dye decolorization. While clay- 
supported CuO systems have been reported in the literature [23], significant gaps remain: (i) most studies use commercially puri-
fied clays rather than locally sourced natural clays; (ii) systematic comparison of unsupported versus clay-supported CuO under 
identical conditions is lacking; (iii) the specific performance of Ethiopian smectite clay for this application has not been reported; and 
(iv) the distinction between adsorption and photocatalytic decolorization is often blurred. This study addresses these gaps by syn-
thesizing and characterizing clay-supported CuO NCPs using locally sourced Ethiopian smectite clay and comparing their decolor-
ization efficiency with unsupported CuO NPs under controlled conditions. In this context, decolorization of MG is defined as the loss of 
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the characteristic green color due to the destruction of the chromophore. While complete mineralization to CO2 and H2O is the ultimate 
goal of photocatalysis, decolorization provides a rapid, cost-effective screening metric for photocatalytic activity and is widely used in 
the literature [24,25]. Therefore, this study focuses on the synthesis and characterization of CuO NPs (1) and clay-supported CuO NCPs 
(2) through a co-precipitation process for the decolorization of MG, a common dye in industrial effluents. By leveraging the synergistic 
properties of CuO and clay, this research aims to improve photocatalytic performance and offer a sustainable solution for dye removal 
from wastewater. The enhanced stability and catalytic activity of these nanocomposites hold potential for broader applications in 
energy storage, environmental remediation, and catalysis [26,27].

2. Experimental section

2.1. Sample site

A clay soil sample was collected from the Amhara region of northern Ethiopia, specifically from the Awi zone in Ligaba Kebele, 
located near the Abay River (Blue Nile). The sampling site is approximately 20 km from Dangla town, 68 km northwest of Bahir Dar 
city, and 500 km northwest of Addis Ababa. The sample was extracted at a depth of 3.5 m below the surface using a hand drill, sealed in 
a polyethylene bag, and stored under dry, cool conditions at the Bahir Dar University laboratory for further experimental analysis [20]. 
Smectite, a widely used clay in catalytic applications, was identified as the primary clay type for supporting metal and metal oxide 
catalysts, particularly in advanced oxidation processes (AOPs) and specific catalyzed organic reactions. Smectite is a 2:1 layered clay 
mineral, also referred to as Tetrahedral-Octahedral-Tetrahedral (T-O-T) in its crystal structure. It belongs to the hydroxyl alumino-
silicate family and is composed of two tetrahedral silica layers sandwiching one octahedral alumina layer. Naturally occurring 
smectites, such as montmorillonite, saponite, beidellite, nontronite, and hectorite, form through the weathering of soils or volcanic 
ash. These smectites exhibit variable chemical compositions, with Fe2+, Mg2+, or Mn2+ often replacing Al3+ in the octahedral positions 
and Al3+ or Fe3+ substituting Si4+ in the tetrahedral sites [18]. Smectites are particularly notable for their high swelling capacity, 
which results from their ability to hydrate easily and their elevated cation-exchange capacity. Their large surface area, derived from 
their thin, layered structure and small particle size, facilitates the absorption of various substances, including organic molecules, 
making them valuable in catalysis and other industrial processes [28,29].

2.2. Materials

All chemicals utilized in the synthesis were commercially obtained and of analytical reagent grade, and were employed without 
additional purification. The materials included CuSO4⋅5H2O (98%, Sigma-Aldrich, USA), C2H5OH (99.5%, Himedia, India), NaOH 
(98%, Merck, Germany), and HCl (37%, Sigma-Aldrich, USA). In contrast, the clay supporting material was collected from Ligaba 
Kebele, Awi zone, Amhara region, Ethiopia. The experiment was conducted using distilled water (prepared in the laboratory, with a 
resistivity of 18.2 MΩ cm, using an Aqua Solutions water purification system) for solution preparation. All glassware was cleaned with 
aqua regia (3:1 HCl: HNO3) and rinsed thoroughly with deionized water before use to prevent contamination.

2.3. Synthesis of CuO NCPs (1)

CuO NPs (1) were synthesized following the procedure outlined in our previous work [30]. A 0.2 M solution of CuSO4⋅5H2O (3.5 g) 
was prepared and added to a 250 mL Erlenmeyer flask containing 70 mL of ethanol. The mixture was then heated to 70 ◦C with 
continuous stirring. To this solution, 0.2 M NaOH (0.56 g) was introduced dropwise while monitoring the pH, which was adjusted to 
12, accompanied by a color change from green to black. The appearance of the black color indicated the formation of amorphous Cu 
(OH)2 [31]. The resulting dark residue was filtered and washed several times with deionized water to remove sulfate ions, followed by 
centrifugation at 4000 rpm for 15 min. The product was then dried in an oven at 70 ◦C for 12 h and subsequently calcined at 450 ◦C for 
4 h. The final product, designated as CuO NPs (1), was stored for future characterization. 

CuSO4.5H2O+2NaOH → Na2SO4 + Cu(OH)2 (1) 

Cu(OH)2 +Heat → CuO+H2O ↑ (2) 

2.4. Synthesis of clay-supported CuO nanocomposites (2)

The distribution of metal oxide nanoparticles on the natural clay structure can be achieved through an ion exchange process, where 
metal ions replace the native cations of the clay mineral, or by directly dispersing the metal oxide nanoparticles in situ within the clay 
matrix. Clay-supported CuO NCPs were prepared using a slightly modified procedure [32,33]. The dried natural clay was first ground 
into a fine powder using a mortar and pestle. A 10 g sample of the ground clay was then dispersed in 1000 mL of distilled water to form 
a clay suspension with a concentration of 10 g/L. The mixture was shaken at 150 rpm for 72 h at room temperature to ensure complete 
dispersion of the clay particles. The suspension was then allowed to settle, and the supernatant was decanted. The clay was washed 
several times with distilled water to remove impurities. The wet clay was subsequently dried in an oven at 100 ◦C for 12 h, followed by 
sieving through a 250 μm mesh to ensure uniform texture and homogeneity. The treated clay was stored in tightly sealed polyethylene 
bags, labeled as clay sample A, and kept in a cool, dry place until further use. To prepare the clay-supported CuO NCPs, 30 mL of the 
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clay suspension from sample A was added to a solution containing 0.2 M CuSO4⋅5H2O (4.994 g). Based on the initial 10 g/L clay 
concentration, the 30 mL aliquot provided 0.3 g of clay; this was combined with 4.994 g of CuSO4⋅5H2O (equivalent to approximately 
1.27 g of CuO after complete conversion), giving a theoretical CuO-to-clay mass ratio of roughly 1:10. NaOH was then added dropwise 
to adjust the pH to 10.7 under continuous stirring. The reaction mixture was heated to 70 ◦C and maintained for 24 h. After cooling, the 
dark brown residue was washed several times with deionized water to remove residual sulfate ions and centrifuged at 4000 rpm for 15 
min. The final product was dried in an oven at 80 ◦C for 12 h and then calcined at 450 ◦C for 4 h. The resulting material was designated 
as clay-supported CuO NCPs (2) (Fig. 1).

2.5. Photocatalytic decolorization studies

The catalytic performance of the synthesized CuO NPs (1) and clay-supported CuO NCPs (2) was evaluated for the decolorization of 
MG. The photocatalytic experiments were conducted using a tungsten fluorescent lamp as the light source, with both photocatalysts (1) 
and (2) tested under identical conditions. The photocatalytic decolorization experiments were conducted in a custom photoreactor 
consisting of a cardboard box lined with aluminium foil (internal dimensions: 30 × 30 × 40 cm) to maximize light reflection and 
minimize external interference. A 250 mL borosilicate glass beaker served as the reaction vessel, containing a mixture of 0.0492 g of 
photocatalyst powder and 150 mL of 20 ppm malachite green (MG) aqueous solution. The suspension was continuously stirred at 3000 
rpm using a magnetic stirrer to ensure uniform catalyst dispersion and mass transfer. Before irradiation, the reaction mixture was 
stirred in the dark for 30 min to establish adsorption-desorption equilibrium. During this dark period, 5 mL aliquots were withdrawn 
every 5 min (at t = 5, 10, 15, 20, 25, and 30 min) to monitor the adsorption kinetics. After the dark equilibration period, the tungsten 
lamp (200 W) was switched on to initiate photocatalysis. Thereafter, 5 mL aliquots were withdrawn every 30 min (at t = 30, 60, 90, 
120, 150, and 180 min of illumination). Heat generated by the lamp was carefully managed; the reaction temperature was monitored 
throughout and maintained at 32 ± 2 ◦C. At 30-min intervals. All aliquots were centrifuged at 3000 rpm for 5 min, filtered to remove 
catalyst particles, and analyzed. The aliquots were discarded after analysis and not returned to the reaction vessel. The reduction in 
reaction volume was accounted for in the decolorization calculations using equations (2.3) and (2.4). The light source was a tungsten 
fluorescent lamp (Philips Tornado, 200 W, 220 V, 0.18 A, 50 Hz) positioned 9 cm above the reaction vessel, delivering a measured 
irradiance of 8.26 mW/cm2 over an illuminated area of approximately 50 cm2 at the solution surface. According to the manufacturer's 
specifications and confirmed by preliminary measurements with a USB4000 spectrometer (Ocean Optics), the lamp emits over a broad 
spectral range of 350–800 nm, with a maximum intensity around 650 nm (visible region). The ultraviolet contribution (300–400 nm) is 
minimal, accounting for less than 5% of the total integrated intensity, while the infrared portion (>700 nm) constitutes approximately 
30%, contributing primarily to heat generation. No optical filters were employed, so the reaction system was exposed to the full 
emission spectrum of the lamp. The tungsten lamp was selected due to its broad visible-light emission suitable for simulating solar- 
driven photocatalysis, its affordability and availability in Ethiopia, its low UV output enabling emphasis on visible-light activity, 
and its prior application in similar studies [34,35]. The absorbance of the MG solution was then measured at its maximum absorption 
wavelength (617 nm), with the pH maintained at 7. A notable limitation of the tungsten lamp is its significant heat generation; 
however, this was carefully monitored as summarized in Table 8 (Section 3.8). The percentage of MG decolorization was calculated 
using Eq. (3) [36]. 

Removal percentage %=
Co − Ct

Co
× 100 (3) 

In the equation above, Co denotes the initial dye concentration, while Ct represents the concentration at time t. Furthermore, the rate 
of dye decolorization at a specific time t was determined using Eq. (4) [37]. 

ln
Ct
Co

= − κt (4) 

Fig. 1. Synthesis path of clay-supported CuO NCPs (2).
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2.6. Characterization techniques

This study was conducted at the College of Natural Sciences, Department of Chemistry, Bahir Dar University, Ethiopia. The syn-
thesized CuO NPs (1) and clay-supported CuO NCPs (2) were characterized using UV-Vis spectroscopy (DU-8800D spectrophotometer, 
optical system: Double Beam, Blazed Holographic Grating (1200 lines/mm), China) and FT-IR spectroscopy (FT/IR-6600 FTIR 
Spectrometer, JASCO, USA). Scanning electron microscopy, combined with energy-dispersive X-ray spectroscopy (SEM-EDX), was 
employed using a HITACHI S4700 microscope with Quantax (China) for morphological analysis. X-ray diffraction (XRD) measure-
ments were performed using a BRUKER D8 Advance XRD system (Germany), equipped with a Cu target for generating Cu Kα radiation 
(wavelength 1.5406 Å). The XRD analysis was conducted at Addis Ababa University, Ethiopia. Brunauer-Emmett-Teller (BET) analysis 
was conducted at Bahir Dar Institute of Technology, Bahir Dar, Ethiopia, to provide further information on the surface area and pore 
size distribution of raw clay, and the photocatalyst was analyzed by the BJH model. For UV-Vis characterization, 1 mg of each syn-
thesized photocatalyst (1) and (2) was dispersed in 10 mL of a mixed solvent of DMF/ethanol (1:2 v/v) and sonicated using a Sonar- 
made (40 kHz) ultrasonicator to obtain a stable suspension for optical absorption measurement (see Fig. 1).

3. Results and discussion

3.1. UV-visible spectra analysis

The ultraviolet-visible (UV-Vis) absorption spectra for clay (a), the synthesized photocatalysts (1) (b), and (2) (c) are presented in 
Fig. 2 and Table 1. Both CuO NPs (1) and clay-supported CuO NCPs (2) exhibit light absorption in the ultraviolet region. The spectra 
reveal characteristic deep-UV absorption peaks at 264 nm for clay (a), 222 nm for photocatalyst (2) (b), and 226 nm for photocatalyst 
(1) (c), corresponding to their respective electronic transitions. Whereas the band-to-band transitions and defect-related transitions 
were observed as a broad peak at 485 nm for clay (a), 573 nm for CuO NPs (1) (b), and 598 nm for clay-supported CuO NCPs (2) (c), 
which is related to the electronic transition from the valence to the conduction band [38,39]. Notably, a red shift was observed in the 
NCPs (2) (c) compared to clay (a), which may be attributed to the synergistic effect of the higher concentration of CuO in the 
clay-supported CuO NCPs (see Tables 4 and 5). The broad absorption band observed in the visible region (485–598 nm) is attributed to 
a combination of band-to-band electronic transitions and defect-related states, such as oxygen vacancies and copper interstitials [38]. 
This absorption originates from transitions between the valence and conduction bands, as well as from localized states within the band 
gap. The optical behavior is influenced by nanoparticle size, which affects the electronic structure and, consequently, light–matter 
interactions. Additionally, the surrounding chemical environment, including the solvent, can modify the optical properties of both CuO 
nanoparticles (1) and clay-supported CuO nanocomposites (2). These effects are characteristic of nanoscale materials, where variations 
in size and environment lead to changes in absorption behavior [40].

Furthermore, the broad and featureless UV–Vis absorption spectra observed for both CuO NPs (1) and clay-supported NCPs (2) are 
characteristic of such systems and do not imply unsuccessful synthesis. This behavior is mainly attributed to small particle size and size 
distribution (polydispersity), which lead to overlapping absorption bands, as well as surface defects and lattice strain that introduce 
localized states and extend absorption into the visible region (Figs. 3 and 4). In addition, nanoparticle agglomeration enhances light 
scattering, further smoothing spectral features. For NCPs, the clay support contributes additional scattering and interfacial interactions 
with CuO, which can shift and broaden the absorption edge. The predominantly indirect bandgap nature of CuO NPs, along with 
possible minor contributions from Cu2O phases, results in a gradual, poorly defined absorption profile. Therefore, complementary 
techniques such as XRD, BET, FTIR, and SEM-EDX were essential to confirm phase composition and structural characteristics 

Fig. 2. UV-Visible spectra of the CuO NPs (1) (0.001 M) and clay-supported CuO NCPs (2) (0.001 M), at 25 ◦C with a mixed solvent of DMF/ 
ethanol (1:2).
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(Figs. 3–7).
The band gap energy (Eg) of CuO NPs (1) and clay-supported CuO NCPs (2) were calculated using the equation depicted below 

[30]: 

Eg =
1240eV

λ
(5) 

Where Eg is the band gap energy in electron volts, and λ is the wavelength (nm) corresponding to the absorption edge. The optical band 
gap of CuO is significantly affected by its size. In its bulk form, CuO has a typical band gap of 1.2-1.5 eV, while synthesized CuO NPs can 
exhibit band gap energies from 1.5 eV up to 3.5 eV due to quantum confinement effects and surface interactions [11,38]. The observed 
Eg values (2.16 eV for CuO NPs and 2.07 eV for clay-supported CuO NCPs) fall within this range for nanocrystalline CuO. The slightly 
lower band gap of the clay-supported sample compared to unsupported CuO may be attributed to interfacial interactions between CuO 
and the clay matrix, which can modify the electronic structure. Importantly, these values represent apparent optical band gaps derived 
from the absorption edge using the simplified Tauc plot method (Eg = 1240/λ). This approach assumes direct allowed transitions and 

Table 1 
Absorbance, maximum wavelengths, and band gaps of CuO NPs (1) and clay-supported CuO NCPs (2).

Compounds Absorbance Maximum-wavelength (nm) Band gap (Eg) (eV)

CuO NPs (1) 0.51 573 2.16
Clay-supported CuO NCPs (2) 0.94 598 2.07
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Fig. 3. FTIR spectra of a) CuO NPs (1) (black) and b) Clay-supported CuO NCPs (2) (red).

Fig. 4. The XRD diffractograms of as-synthesized photocatalysts (1)(a) (black) and (2)(b)(red) NCPs.
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Fig. 5. SEM image of the synthesized photocatalysts (1) (a-e) and (2) (f-j) in different size ranges (1-50 μm).

Fig. 6. EDX spectrum of CuO NPs (1).
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does not distinguish between direct and indirect band gap behavior. CuO is known to exhibit predominantly indirect transitions, and a 
more rigorous Tauc plot analysis (absorbance vs. photon energy with appropriate power exponents) would be required for precise band 
gap determination. Additionally, defect-related absorption tails (Urbach tails) arising from oxygen vacancies, copper interstitials, and 
lattice strain contribute to the broad absorption observed in the visible region (485-598 nm). The Urbach energy (Eu), which quantifies 
disorder-induced band tailing, can be estimated from the exponential absorption edge; however, such analysis requires high-resolution 
absorption data near the band edge that were not collected in this study. Therefore, the reported Eg values should be considered as 
approximate indicators of optical behavior rather than definitive electronic parameters.

3.2. The FTIR spectra analysis

The FTIR spectra, shown in Fig. 3, were recorded in the range of 400-4000 cm− 1 for both CuO NPs (1)(a) and clay-supported CuO 
NCPs (2)(b). The FTIR analysis clearly confirms the successful formation of both CuO NPs (1) and clay-supported CuO NCPs (2), while 
also highlighting key structural differences arising from the clay matrix. For pristine CuO NPs, the characteristic peaks at ~516–606 
cm− 1 are assigned to Cu–O stretching vibrations of the monoclinic phase, accompanied by peaks at ~1638 and 3454 cm− 1 corre-
sponding to adsorbed water (H–O–H bending and O–H stretching), and weak features near ~2930 cm− 1 attributed to residual organic 
species from synthesis. In contrast, the clay-supported CuO NCPs exhibit additional distinct peaks, particularly at ~1043 cm− 1 

(Si–O–Si/Si–O–Al stretching), confirming the presence of layered aluminosilicate structures such as montmorillonite, alongside Cu–O 
peaks at ~509 and 605 cm− 1. The enhanced intensity and broadening of the O–H stretching (~3454 cm− 1) and H–O–H bending 
(~1632 cm− 1) peaks in the composite indicate increased surface hydroxylation and interlayer water retention due to the hydrophilic 
clay matrix. These findings suggest strong interfacial interactions between CuO and the clay support, which can improve nanoparticle 
dispersion, reduce agglomeration, and introduce additional active sites compared to bare CuO NPs. Recent studies report similar FTIR 
features and conclude that clay-supported CuO systems exhibit superior structural stability and surface functionality, leading to 
enhanced catalytic and adsorption performance relative to unsupported CuO nanoparticles [41,42]. Overall, for pristine CuO NPs 
(Fig. 3a, black spectrum), the characteristic peaks at ~516-606 cm− 1 are assigned to Cu-O stretching vibrations of the monoclinic 
phase. A very weak feature near 1043 cm− 1 is occasionally observed, which may arise from trace silicate contamination (e.g., from 
glassware or commercial ethanol stabilizers) or baseline artifacts; importantly, this feature is substantially weaker than the corre-
sponding Si-O-Si/Si-O-Al peak in the clay-supported composite (Fig. 3b, red spectrum), confirming that the unsupported CuO sample is 
not significantly contaminated by clay. The peaks at ~1638 and 3454 cm− 1 correspond to adsorbed water (H-O-H bending and O-H 
stretching), with weak features near ~2930 cm− 1 attributed to residual organic species from synthesis. The incorporation of clay into 
the CuO NCPs (2)(b)) has a relatively minor impact on the positions and intensities of the FTIR peaks, but it does influence the 
vibrational modes of the functional groups present in the CuO NPs (1)(a)). The interaction between the clay and CuO particles leads to 
small shifts in certain FTIR peaks, particularly those corresponding to hydroxyl (-OH) groups and Cu-O bonds. These shifts are likely 
due to alterations in the bonding or hydrogen bonding interactions between the clay and CuO. Moreover, the stretching vibrations of 
Si–O bonds in the clay component may cause new peaks to appear or result in shifts in the Si–O region of the spectrum. These changes 
in peak intensity may indicate variations in the number of active sites available for catalysis or reflect modifications in the structural 
arrangement of CuO within the clay matrix [12].

Fig. 7. EDX spectrum of clay-supported CuO NPs (2).
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3.3. X-ray diffraction analysis

The XRD diffractograms of CuO NPs (1) and clay-supported CuO NCPs (2) are presented in Fig. 4. The diffraction peaks at 2θ values 
of CuO NPs (1) occur at 14.02◦, 16.61◦, 22.89◦, 28.14◦, 35.61◦, 38.83◦, 48.83◦, 52.74◦, 58.38◦, 61.57◦, 66.25◦, and 75.42◦, corre-
sponding to reflections from the (100), (220), (040), (100), (111), (111), (202), (022), (202), (113), (331), and (004) planes (Fig. 4a). 
While clay-supported CuO NCPs (2), the peaks appear at 32.45◦, 35.59◦, 38.86◦, 48.65◦,53.83◦, 58.36◦, 61.64◦, 66.19◦, 68.23◦, and 
75.36◦ corresponding to the (110), (111), (111), (311), (020), (110), (220), (022), (202), and (331) crystal planes of monoclinic CuO, 
respectively, which are in good agreement with JCPDS card No. 48-1548 [21,38]. The sharp and intense peaks indicate good crys-
tallinity of both samples. For clay-supported CuO NCPs (2), additional small peaks in the 5–30◦ 2θ range, specifically at approximately 
6.8◦ and 14.5◦, correspond to the basal spacing of smectite clay (d001 and d002 reflections), consistent with JCPDS card No. 13-0135 
[21]. These peaks are absent in the unsupported CuO NPs (1) pattern, confirming successful incorporation of the clay support. The 
absence of other distinct diffraction peaks from the clay in the 10–30◦ range is attributed to the relatively low clay content and its 
partially disordered structure. The reduced intensity of CuO peaks in the composite (2) compared to pure CuO is attributed to the 
dilution effect of the clay matrix and potential partial coverage of CuO by clay layers [43]. Moreover, no visible peak was observed in 
Fig. 4b within the XRD pattern, covering the diffraction angle range of 10◦–30◦, which provides strong evidence for the presence of an 
amorphous SiO2 shell surrounding the CuO core. However, the presence of the SiO2 shell does not significantly impact the crystallinity 
of the CuO NCPs (2). The prominent diffraction peaks observed at 35.61◦ for CuO NPs (1) and 38.86◦ for clay-supported CuO NCPs (2) 
indicate that both materials exhibit a preferred (111) crystal orientation, suggesting the formation of Cu-O bonds in the nano-
composites. The sharpness and intensity of these peaks reflect the well-defined crystalline structure of both materials. The average 
crystallite sizes for the photocatalysts (1) and (2) were calculated using the Debye-Scherrer equation (Eq. (6)) [44], based on the most 
intense diffraction peaks corresponding to the (111) crystal planes. The calculated values (11.73 nm for CuO NPs and 11.97 nm for 
clay-supported CuO NCPs) are within the typical range for nanocrystalline CuO prepared by co-precipitation [39,45]. The similarity in 
crystallite sizes suggests that the clay support does not significantly alter the primary crystallite growth, consistent with observations 
by Chagour et al. [21] for clay-supported monometallic catalysts. Additionally, slight shifts in the higher 2θ angles indicate lattice 
strain or distortion in the CuO structure, likely due to interactions with the clay. The incorporation of clay restricts the growth of CuO 
crystallites, acting as a physical barrier and resulting in smaller crystallite sizes, which leads to peak broadening and further shifts in 
the XRD pattern. Overall, the presence of clay influences both the position and width of the XRD peaks, with the smaller-angle peaks 
attributed to the clay structure and the broader peaks reflecting changes in the crystallite size and lattice structure of CuO [21].

The calculated crystallite sizes for CuO NPs (1) and clay-supported CuO NCPs (2) are 11.73 nm and 11.97 nm, respectively. This 
similarity in sizes suggests that the presence of the clay support does not notably influence the crystal size of CuO. The average 
crystallite sizes (D) of the particles were determined using the Debye-Scherrer equation: 

D=
kλ

β cos θ
(6) 

In Eq. (6), D represents the average crystallite size, k is the shape factor (commonly taken as 0.9), λ is the wavelength of the X-ray 
(0.15406 nm for Cu target Kα radiation), β is the width at half-maximum (FWHM) of the diffraction peak, and θ is the Bragg diffraction 
angle. These findings suggest that both synthesized photocatalysts (1) and (2) possess well-defined crystalline structures, as indicated 
by the sharp diffraction peaks at the (111) plane and the calculated crystallite sizes. The consistency in the crystalline nature and size 
across both materials underscores the successful synthesis of CuO NPs (1) and their clay-supported CuO NCPs (2). Consequently, the 
most intense (111) peaks in the XRD patterns were used to calculate the average crystallite size (D) for both photocatalysts, as 
summarized in Tables 2 and 3 below.

Overall, to deconvolute the contributions of crystallite size and lattice strain to peak broadening, Williamson-Hall (W-H) analysis 
was performed using the uniform deformation model: β cosθ = (kλ/D) + (4ε sinθ), where ε is the lattice strain. From the W-H plots (β 
cosθ vs. 4 sinθ), the intercept yields kλ/D and the slope yields ε. For CuO NPs (1), the W-H analysis gave a crystallite size of 10.8 ± 1.2 
nm (consistent with the Debye-Scherrer average of 11.73 nm) and a lattice strain of 0.0032 ± 0.0005 (dimensionless). For clay- 
supported CuO NCPs (2), the crystallite size was 11.2 ± 1.0 nm (comparable to the Debye-Scherrer value of 11.97 nm) with a 
slightly higher lattice strain of 0.0041 ± 0.0006. The increased strain in the clay-supported sample likely arises from lattice distortion 
at the CuO-clay interface due to mismatched lattice parameters and differential thermal expansion during calcination at 450 ◦C. This 
interfacial strain may influence the electronic structure and, consequently, the photocatalytic behavior, though the precise effect 

Table 2 
Selected XRD analysis of numerical values and average crystal size (nm) of CuO NPs (1).

2θ (degree) 2θ/2 (degree) FWHM 2θ/2 (radian) β(radian) Crystal size (nm) Average size (nm)

16.61 8.306 0.263 0.145 0.00459 30.517 ​
22.89 11.445 0.292 0.199 0.00510 27.725 ​
35.61 17.806 0.711 0.311 0.0124 11.732 = 10.06
38.83 19.415 1.005 0.338 0.0175 8.381
48.83 24.41 0.979 0.426 0.0170 8.911 ​
61.57 30.788 0.784 0.537 0.0136 11.787 ​
66.85 33.423 2.338 0.583 0.0408 4.070 Total ¼ 14.73
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requires further investigation through techniques such as Raman spectroscopy or high-resolution TEM. Based on the Debye-Scherrer 
analysis of the most intense (111) diffraction peaks, the average crystallite sizes were 11.73 nm for CuO NPs (1) and 11.97 nm for clay- 
supported CuO NCPs (2). Williamson-Hall analysis, which accounts for both size and strain broadening, yielded mean crystallite sizes 
of 10.8 ± 1.2 nm and 11.2 ± 1.0 nm, respectively, confirming that the two methods are in good agreement.

3.4. Surface morphology (SEM) analysis

The surface morphology of CuO NPs (1) and clay-supported CuO NCPs (2) was examined using a JCM-6000 Plus scanning electron 
microscope (SEM) at various magnifications (Fig. 5). The SEM images of CuO NPs (1) (Fig. 5a–e) reveal irregular, agglomerated 
secondary particles ranging from 100 nm to 5 μm. This agglomeration is typical for unsupported metal oxide nanoparticles synthesized 
by co-precipitation due to high surface energy. It is crucial to distinguish this agglomerate size from the primary crystallite size. The 
XRD analysis (Section 3.3, Tables 2 and 3) determined the average primary crystallite size to be ~11–12 nm for both samples. The 
much larger structures observed in SEM are secondary agglomerates composed of many primary crystallites. In contrast, the clay- 
supported CuO NCPs (2) (Fig. 5f–j and 7) show a more dispersed morphology, with smaller agglomerates (50 nm to 1 μm) distrib-
uted across the layered clay surface [46]. The clay matrix appears as flake-like structures typical of smectite clays, with CuO particles 
adhering to the clay surface and edges. This improved dispersion is attributed to the physical barrier provided by the clay layers, which 
prevents direct contact and agglomeration of CuO NPs [22,47]. The SEM-EDX elemental mapping (Tables 4 and 5, Figs. 6 and 7) 
confirms the presence of Cu, O, Si, Al, and Mg, with Cu signals colocalized with clay elements, suggesting reasonably uniform dis-
tribution at the micrometer scale. In addition, a clear distinction must be made between crystallite size, primary particle size, and 
agglomerate size when interpreting structural data. XRD analysis indicates similar crystallite sizes (~11–12 nm) for both CuO NPs and 
clay-supported CuO NCPs, representing the coherently diffracting domains (Fig. 4). However, SEM reveals significant differences in 
agglomeration behavior. Unsupported CuO NPs exhibit large agglomerates (~100 nm to 5 μm) due to high surface energy and the 
absence of stabilizing agents, which promotes particle clustering. In contrast, the clay-supported system shows reduced agglomeration 
(~50 nm to 1 μm) and more uniform particle distribution, as the clay matrix acts as a physical barrier that limits particle–particle 
interaction (Fig. 5). Despite this improvement, complete dispersion of individual crystallites is not achieved, which is typical for 

Table 3 
Selected XRD analysis of numerical values and average crystal size (nm) of clay-supported CuO NCPs (2).

2θ(degree) 2θ/2 (degree) FWHM 2θ/2 (radian) β(radian) Crystal size (nm) Average size (nm)

35.59 17.796 0.648 0.3106 0.0113 12.866 ​
38.86 19.429 0.703 0.339 0.0122 11.975 ​
48.65 24.328 0.917 0.424 0.0160 9.501 = 11.20
58.36 29.183 0.705 0.509 0.0123 12.898
61.64 30.822 0.780 0.537 0.0136 11.847 ​
66.19 33.099 0.963 0.577 0.0168 9.847 ​
68.233 34.116 0.847 0.595 0.0147 11.328 Total ¼ 11.466

Table 4 
EDX result of CuO NPs (1).

Elements Line type Apparent 
Concentration

Wt% Wt% 
Sigma

Atomic 
Percent

Standard 
Sample level

C K 10.01 39.03 0.38 61.74 C
O K 17.88 22.18 0.27 26.34 SiO2

S K 0.95 1.11 0.06 0.66 FeS2

Cu L 20.95 37.69 0.34 11.27 Cu

Total ​ ​ 100 ​ 100 ​

Table 5 
EDX result of clay-supported CuO NCPs (2).

Elements Line type Apparent 
Concentration

Wt% Wt% 
Sigma

Atomic 
Percent

Standard 
Sample level

C K 11.11 41.92 0.34 65.05 C
O K 15.35 20.27 0.23 23.61 SiO2

Mg K 0.04 0.08 0.05 0.06 MgO
Si K 0.4 0.55 0.04 0.36 SiO2

Ca K 0.01 0.01 0.04 0.01 Wollastonite
Fe K 0.24 0.32 0.1 0.11 Fe
Cu L 20 36.85 0.29 10.81 Cu

Total ​ ​ 100 ​ 100 ​
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co-precipitation methods without advanced dispersion control. These observations highlight the role of the clay support in improving 
morphological uniformity and potentially enhancing surface accessibility compared to unsupported CuO NPs [21,22].

3.5. EDX analysis

The purity and elemental composition of the nanomaterials were determined using energy-dispersive X-ray (EDX) spectroscopy. 
The EDX results, presented in Figs. 6 and 7, confirm the presence of copper and oxygen, validating the formation of CuO nanoparticles. 
The purity of the synthesized CuO NPs (1) is supported by the EDX spectrum shown in Table 4. Traces of sulfur are attributed to sulfate 
impurities, while carbon signals are likely due to the ethanol solvent used during synthesis. To achieve a purer sample, repeated 
washing with distilled water is recommended to remove residual sulfur and carbon. The weight percentages of copper and oxygen in 
photocatalyst (1) were found to be 37.69% and 22.18%, respectively. The corresponding atomic percentages of copper and oxygen 
were calculated to be 11.27% and 26.34%, respectively, indicating a uniform distribution of these elements in the CuO structure [44].

Fig. 7 presents the EDX analysis of clay-supported CuO NCPs (2), confirming the presence of C, O, Mg, Si, Ca, Fe, and Cu as the 
primary components, thus indicating the formation of the nanocomposite with the respective elements. The weight and atomic 
compositions of these elements are detailed in Table 5. In conclusion, the CuO NPs (1) appear to be the dominant phase in the clay- 
supported CuO NCPs (2), with clay particles present in relatively small quantities, potentially as a thin layer or unevenly distributed. 
This could result in a weaker EDX signal from the clay elements, as clay primarily serves as a support material rather than a major 
constituent. Furthermore, elements such as Si, Al, Mg, Ca, and Fe from the clay may be present in trace amounts, given that clay is 
typically used in limited quantities that do not significantly impact the overall elemental composition. Consequently, the low con-
centration of clay may produce a faint EDX signal, with CuO NPs more abundantly represented in the analyzed regions, leading to 
lower concentrations of clay elements in these areas.

Overall, EDX analysis (Tables 4 and 5) reveals a high apparent carbon content (39–42 wt%) in both samples, likely arising from 
residual carbon species retained within the clay structure and contributions from carbon coating/tape during measurement. The 
measured Cu content is similar for CuO NPs (37.69 wt%) and clay-supported CuO (36.85 wt%), despite the latter having a much lower 
theoretical CuO loading (~9 wt% based on the synthesis ratio). This discrepancy indicates that EDX results are not representative of 
the bulk composition, but rather reflect localized, Cu-rich regions due to the limited analysis volume (~1 μm) relative to sample 
heterogeneity. Additionally, attenuation of X-rays from lighter elements (e.g., Si, Al, Mg) by carbon-based mounting materials further 
biases the results toward higher apparent Cu content [12]. These findings highlight the limitations of EDX for quantitative bulk 
analysis in heterogeneous nanocomposites.

3.6. BET surface area analysis

The surface area of materials plays a critical role in their performance as adsorbents, catalysts, and catalyst supports. In this study, 
three related materials were characterized: raw natural clay (smectite-rich), pure CuO NPs, and clay-supported CuO NCPs. The 
Brunauer–Emmett–Teller (BET) model was employed to determine the surface area, pore size, and pore volume of the Ethiopian 
smectite clay, CuO NPs (1), and clay-supported CuO NCPs (2), which are tabulated in Table 6.

The surface area and porosity data presented in Table 6 reveal crucial insights into the structural evolution and photocatalytic 
implications of the synthesized materials. Raw smectite clay exhibits a moderate BET surface area of 73.67 m2/g with a total pore 
volume of 0.156 cc/g and an average pore diameter of 8.47 nm, characteristic of mesoporous 2:1 layered aluminosilicates with 
interlayer and interparticle voids. Upon synthesis of unsupported CuO NPs (1), a significant reduction in surface area to 27.05 m2/g 
was observed, accompanied by a decrease in pore volume to 0.094 cc/g and an increase in average pore diameter to 13.90 nm. This 
behavior is typical for aggregated metal oxide nanoparticles, where primary nanocrystallites (11–12 nm from XRD) assemble into 
larger secondary agglomerates, creating larger interparticle macropores while drastically reducing the accessible micro- and mesopore 
volume [46,48]. While the increased surface area (36.14 vs. 27.05 m2/g) and pore volume (0.132 vs. 0.094 cc/g) of the clay-supported 
composite compared to unsupported CuO provide a structural basis for the observed enhancement in decolorization efficiency 
(Table 6), we caution that surface area alone does not guarantee improved photocatalytic activity. Other factors, including light 
absorption efficiency, charge carrier separation, surface defect density, and mass transport limitations, also play critical roles. Notably, 
the clay-supported CuO NCPs (2) recovered a substantially higher surface area of 36.14 m2/g and pore volume of 0.132 cc/g compared 
to unsupported CuO, while maintaining a large average pore diameter of 14.61 nm. This represents a 33.6% increase in surface area 
relative to unsupported CuO, directly demonstrating that the smectite clay matrix acts as an effective physical spacer, preventing 
excessive CuO nanoparticle agglomeration and preserving a porous network. The fractal dimension values (clay: 2.61, CuO NPs: 2.72, 
CuO NCPs: 2.68) indicate that all three materials possess rough, irregular surfaces typical of mesoporous systems, with unsupported 
CuO showing the highest surface irregularity due to uncontrolled aggregation. These findings align closely with recent literature: 

Table 6 
Textural properties derived from N2 adsorption-desorption isotherms for clay, CuO NPs, and clay-supported CuO NCPs.

Sample BET Surface Area (m2/g) Total Pore Volume (cc/g) Average pore Diameter (nm) Fractal Dimension

Raw smectite clay 73.67 0.156 8.47 2.61
CuO NPs (1) 27.05 0.094 13.90 2.72
Clay-CuO NCPs (2) 36.14 0.132 14.61 2.68
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Chagour et al. (2025) reported a similar enhancement from 24.8 m2/g for unsupported CuO to 38.2 m2/g for clay-supported CuO, 
attributing the improvement to the exfoliation effect of clay platelets [21,27]. Similarly, Fatimah et al. (2022) demonstrated that 
montmorillonite-supported CuO achieved surface areas of 40–85 m2/g depending on loading, with optimal photocatalytic perfor-
mance observed at intermediate surface areas where dye adsorption and light penetration are balanced [12]. The hierarchical porosity 
observed in CuO NCPs (2), combining the intrinsic micropores/mesopores of the clay host with larger interparticle voids from CuO 
nanoparticle assemblies, is particularly advantageous for photocatalysis. This structure facilitates rapid mass transport of MG dye 
molecules to active sites while providing multiple light scattering pathways, enhancing photon absorption efficiency. In comparison, 
commercially available synthetic supports like graphene oxide (typically >200 m2/g but at >100× higher cost) or activated carbon 
(800–1500 m2/g but with poor thermal stability during calcination) offer higher surface areas but lack the synergistic cation-exchange 
and structural stabilization properties of natural smectite clay [47,49]. The intermediate surface area of 36.14 m2/g for CuO NCPs (2) 
represents an optimal balance: sufficient for good dye adsorption and CuO dispersion, yet not so high as to cause excessive light 
scattering or electron trap recombination. This structural advantage directly explains the superior photocatalytic decolorization ef-
ficiency of clay-supported CuO NCPs (89.67%) compared to unsupported CuO NPs (82.96%), as the improved surface area and pore 
architecture enhance adsorption capacity and provide more accessible active sites for photocatalytic reaction. We note, however, that 
surface area measurements alone do not directly demonstrate improved charge carrier separation; such claims would require com-
plementary techniques such as PL or EIS spectroscopy, which were not performed in this study. These results confirm that locally 
sourced Ethiopian smectite clay serves as an effective, low-cost support for engineering high-performance CuO-based photocatalysts 
for wastewater remediation.

3.7. Photocatalytic decolorization of MG dye using as-synthesized photocatalysts

The UV-Vis spectral analysis of MG dye decolorization using CuO NPs (1) and clay-supported CuO NCPs (2) demonstrates the 
effectiveness of both catalysts in dye removal under tungsten lamp irradiation, as a function of contact time, as shown in Fig. 8(a) and 9 
(a). The UV-Vis spectrum of the MG solution exhibits a prominent absorption peak at 617 nm, consistent with previous studies [50]. 
During the decolorization process, a new peak around 425 nm emerges, signifying the breakdown of MG dye molecules through 
photodecolorization. The absorbance of the dye decreases over time, with a rapid initial decolorization phase followed by a slower rate 
of decolorization. This decrease in rate occurs as the available surface-active sites on the catalysts become increasingly occupied by dye 
molecules [51]. Before irradiation, each reaction mixture was stirred in the dark for 30 min to establish adsorption-desorption 
equilibrium. In the preliminary experiment (optimization), the adsorption kinetics were monitored by taking samples every 5 min 
during this dark period. Adsorption of MG onto CuO NPs (1) reached equilibrium after approximately 20 min, with a maximum 
adsorption of 9.8 ± 0.9% of the initial dye concentration. For clay-supported CuO NCPs (2), adsorption reached equilibrium after 25 
min with slightly higher adsorption (11.3 ± 1.2% removal). For comparison, pure clay under dark conditions adsorbed 8.5 ± 1.1% of 
MG. The decolorization percentages reported in Fig. 8b and 9b are calculated relative to the concentration at the start of irradiation, 
not the initial concentration before adsorption. This is why the decolorization at t = 0 appears as 0% in the figures. The separation 
between adsorption and photocatalysis is essential for accurately assessing the photocatalytic activity. After correcting for adsorption 
contributions (9.8% for CuO NPs and 11.3% for CuO NCPs) and photolysis (4.2% for MG alone under light without catalysts), the net 

Fig. 8. (a) UV-Vis spectral changes of MG dye during photocatalytic decolorization using CuO NPs (1) under tungsten lamp (200 W) irradiation. 
During the first 30 min (dark equilibration), spectra were recorded every 5 min. After illumination started, spectra were recorded every 30 min up to 
180 min. (b) Corresponding percentage decolorization as a function of time.
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photocatalytic removal is 68.9% for CuO NPs and 74.2% for clay-supported CuO over 180 min. This confirms that photochemical 
processes dominate the observed decolorization, though adsorption plays a non-negligible role, particularly for the clay-supported 
CuO NCPs, which have higher surface energy and greater tendency for dye binding.

A comparison of the MG dye decolorization efficiencies between CuO NPs (1) and clay-supported CuO NCPs (2) shows that, after 
180 min of irradiation (Fig. 8(a), (b), and 9(a), (b)), CuO NPs achieve a decolorization efficiency of 82.96%, while the clay-supported 
CuO NCPs exhibit a slightly higher efficiency of 89.67%. Comparison with literature shows that our clay-supported CuO NCPs (2) 
achieves 89.67% decolorization, which is comparable or superior to many previously reported systems under similar conditions. For 
example, Chagour et al. [21] reported 94% decolorization of MG (10 ppm) using CuO/kaolin under a halogen lamp, while our system 
achieved 89.67% at a higher MG concentration (20 ppm). The rate constant for clay-CuO (0.0112 min− 1) is lower than the 0.025 min− 1 

reported by Chagour et al., possibly due to differences in light source (tungsten vs. halogen) and catalyst loading (0.328 vs. 1.0 g/L). 
Our clay-CuO outperforms unsupported CuO NPs by approximately 7% absolute (89.67% vs. 82.96%), consistent with the 
enhancement reported in most clay-supported systems. The enhanced performance of the clay-supported catalyst is attributed to 
improved nanoparticle dispersion and increased accessible surface area provided by the clay support, which likely enhances 
adsorption capacity and provides more active sites for photocatalytic reaction. We note that the term synergistic effects implies 
cooperative interactions beyond simple additive contributions; such effects were not experimentally demonstrated in this study and 
should not be claimed without additional evidence (e.g., comparison to physical mixtures of clay and CuO NPs at equivalent ratios). 
This finding is in line with previous research, which indicates that smaller nanoparticle sizes are correlated with higher photocatalytic 
efficiency in dye decolorization [52,53]. In general, it is important to note that decolorization (disappearance of color) does not 
necessarily equate to complete degradation or mineralization. The decrease in absorbance at 617 nm indicates destruction of the 
triphenylmethane chromophore, but intermediates may remain in solution. Without TOC or COD analysis, we cannot claim complete 
mineralization to CO2 and H2O. Therefore, we use the term decolorization throughout this manuscript to accurately reflect the scope of 
our measurements.

The photodecolorization efficiency of the catalyst for MG dye was calculated using the relationships defined in Eqs. (3) and (4). 
Since absorbance (A) is directly proportional to concentration, the percentage of decolorization can be determined from the UV-Vis 
spectrum. A decrease in absorbance at the maximum wavelength (λmax, 617 nm for MG) over time reflects the decolorization effi-
ciency of photocatalysts (1) and (2). The rate of dye decolorization at a given time (t) was calculated using Eq. (4), and the reaction 
followed pseudo-first-order kinetics. The rate constant (k) was derived from a plot of ln(Ct/Co) versus time. The decolorization process 
involves the generation of hydroxyl radicals (•OH) and superoxide radicals (O2− ), which are crucial in the oxidation of MG dye 
molecules. When photons with energy equal to or greater than the bandgap of the clay-supported CuO NCPs (2) are absorbed, they 
excite electrons from the valence band (VB) to the conduction band (CB), generating electron-hole pairs. The photogenerated holes in 
the valence band then form hydroxyl radicals, while the conduction band electrons interact with oxygen to produce superoxide 
radicals. Both hydroxyl and superoxide radicals are highly reactive oxidants that attack and degrade MG dye molecules, leading to 
their mineralization and decolorization. Additionally, these radicals contribute to the elimination of microorganisms present in the 
medium. As described in Eqs. (7)–(13), the generation of electron-hole (e− /h+) pairs illustrates the photocatalytic reactions, with 
carbon dioxide and water being the end products of the decolorization process, as observed in various studies [9,54]. In general, the 
decolorization of malachite green dye using CuO nanocomposites begins with the adsorption of the dye molecules onto the surface of 
the CuO nanoparticles. Once adsorbed, the CuO nanocomposites, when exposed to light or in the presence of oxygen and water, 
generate reactive oxygen species (ROS), including hydroxyl radicals (•OH), superoxide anions (O2•

-), and singlet oxygen (1O2). These 

Fig. 9. (a) UV-Vis spectral changes of MG dye during photocatalytic decolorization using CuO NCPs (2) under tungsten lamp (200 W) irradiation. 
During the first 30 min (dark equilibration), spectra were recorded every 5 min. After illumination started, spectra were recorded every 30 min up to 
180 min. (b) Corresponding percentage decolorization as a function of time.
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highly reactive species attack the chromophore of the MG dye (triphenylmethane structure, which includes two N, N-dimethylami-
nophenyl groups and a central carbon atom), breaking the molecular structure and initiating oxidative decolorization. As a result, the 
dye molecules are fragmented into smaller, less toxic products through various radical reactions. Over time, these intermediates 
undergo further breakdown, leading to the complete mineralization of the dye into harmless by-products, such as carbon dioxide (CO2) 
and water (H2O), effectively removing the dye and reducing the toxicity of the treated water. This process involves a combination of 
oxidation and reduction mechanisms, driven by the interaction between CuO nanocomposites and the dye molecules. The following 
reaction mechanism (Eqs. (7)–(13)) is proposed hypothetically based on analogous CuO-based photocatalysis systems reported in the 
literature [55,56]. We emphasize that this mechanism is speculative and is presented only as a plausible pathway consistent with 
established photocatalysis principles. The identification of specific reactive species (•OH, O2•

-, 1O2, HO2•) and the confirmation of the 
degradation pathway would require experimental validation using scavenger tests (e.g., using tert-butyl alcohol for •OH, p-benzo-
quinone for O2•

-, and sodium azide for 1O2), electron spin resonance (ESR/EPR) spectroscopy, and LC-MS or GC-MS analysis for in-
termediate identification. None of these experiments was performed in this study. Therefore, the mechanism described below should 
be considered as a literature-informed hypothesis, not as experimentally demonstrated conclusions for our specific system. Therefore, 
without scavenger experiments, we cannot definitively assign the participation of specific reactive oxygen species. Similarly, claims 
regarding reduced electron-hole recombination or enhanced charge separation are speculative in the absence of photoluminescence 
(PL) spectroscopy or electrochemical impedance spectroscopy (EIS) measurements. 

MG(aq)̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ →

1. CuO NPs

2. Clay− sup ported CuO NCPs
MG(adsorbed) (7) 

CuO NPs/Clay − sup ported CuO NCPs + H2O→
CuO NCPs ⋅ H2O→CuO NCPs ⋅ H2O + ⋅OH (8) 

O2 + e− →O2
⋅− (9) 

O2 + hv→1O2 (10) 

MG(adsorbed) + ⋅OH→Decolorized intermediates
(e.g., quinones, aniline, carboxylic acids, etc.) (11) 

MG(adsorbed) +O2
⋅− →Decolorized intermediates (12) 

Decolorized intermediates + ⋅OH→CO2 + H2O+

Nontoxic fragments (e.g., benzoic acid, formic acid, etc.) (13) 

According to literature reports for analogous CuO-based photocatalysis systems, superoxide radicals may aid the oxidation process. 
However, we did not perform any experiments to assess electron-hole recombination rates (e.g., PL, transient photocurrent response, 
or EIS). Therefore, statements regarding recombination suppression are speculative and should not be inferred from the decolorization 
data alone. Superoxide is protonated in this step, leading to the production of H2O2. During the prior step, superoxide ions were 
formed. These further dissociate and produce a hydroxyl radical, which is very volatile. The oxidation and reduction reactions occur 
concurrently on the photoexcited surface of photocatalysts (1) and (2). Which means, in AOPs for the decolorization of MG dye using 
clay-supported CuO NCPs (2) and CuO NPs (1), several reactive radicals are involved in the decolorization process. The main radicals, 
such as ⋅OH, superoxide (O2⋅-), singlet oxygen (1O2), and perhydroxyl (HO2⋅), all play vital roles in breaking down the dye molecules. 
The interaction between CuO NPs and hydrogen peroxide or oxygen leads to the generation of reactive radicals, which subsequently 
attack the dye molecules, resulting in oxidative decolorization. Copper species (Cu+/Cu2+) also play a crucial role in the catalytic 
cycle, further enhancing the decolorization process. The combined action of these radicals significantly increases the overall dye 
decolorization efficiency, positioning clay-supported CuO NPs as a promising material for environmental remediation and wastewater 
treatment applications [21,23]. The study suggests that smaller nanoparticle sizes improve photocatalytic decolorization efficiency, as 
they provide larger surface areas and more active sites for interaction with dye molecules. Clay-supported CuO NCPs (2) may show 
improved dispersion and reduced agglomeration compared to standalone CuO NPs (1), though reusability studies and post-reaction 
characterization were not performed to confirm stability. A detailed analysis of the UV-Vis spectra confirms the effectiveness of 
both photocatalysts for the decolorization of MG dye. The modest enhancement observed for clay-supported CuO NCPs (2) relative to 
unsupported CuO NPs (1) is consistent with improved nanoparticle dispersion and increased surface area provided by the clay matrix. 
Claims regarding modified electronic properties or synergistic catalytic effects would require additional evidence (e.g., XPS for 
electronic structure) and are not supported by the current data. Furthermore, the porous nature of clay provides a large surface area, 
ensuring uniform dispersion of CuO NPs and increasing the number of active sites available for catalytic reactions, thereby accelerating 
the reaction rates. The clay also serves to stabilize the nanoparticles, preventing agglomeration or sintering, which helps preserve their 
surface area and catalytic activity over time. Additionally, the clay support offers a protective environment that extends the lifespan of 
the nanoparticles, ensuring long-term catalyst effectiveness and durability [25,37]. Overall, reusability studies and post-reaction 
catalyst characterization were not performed in this study. Typically, reusability is assessed through multiple decolorization cycles 
(e.g., 5-10 cycles) with the same catalyst, with characterization (XRD, BET, FTIR, SEM) before and after use to assess structural sta-
bility, and measurement of copper leaching to ensure heterogeneous catalysis [12,21]. Without these data, claims of improved stability 
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are premature. In addition, a critical control for heterogeneous photocatalysis is the evaluation of metal leaching. If Cu2+ ions leach 
into solution, they could act as homogeneous photocatalysts or Fenton-like reagents, contributing to dye decolorization independently 
of the solid catalyst. We did not perform ICP-OES or AAS analysis to quantify copper leaching in this study. Therefore, we cannot 
definitively conclude that the observed decolorization is purely heterogeneous.

Comparison with literature (Table 7) shows that our clay-supported CuO NCPs (89.7% decolorization, 0.0112 min− 1) perform 
comparably to other clay-supported systems [21], though less efficiently than more complex heterojunctions [14,15]. The lower rate 
constant compared to Chagour et al. [21] (0.0250 min− 1) likely reflects differences in light source intensity (halogen vs. tungsten), 
catalyst loading (1.0 vs. 0.328 g/L), and initial dye concentration (10 vs. 20 ppm). Direct quantitative comparisons should be made 
cautiously due to variations in experimental conditions.

3.8. Kinetic studies of photocatalytic decolorization of MG dye

As shown in Fig. 10(a) and (b), the linear relationship observed in the plots of ln(C0/Ct) versus time confirms that the photo-
decolorization of MG follows pseudo-first-order kinetics for both CuO NPs (1) and clay-supported CuO NCPs (2) under irradiation from 
a 200 W tungsten lamp. All kinetic measurements were conducted in triplicate, and the associated errors were calculated as standard 
deviations. The determined rate constants were k = 0.0094 ± 0.0012 min− 1 (t1/2 = 73.7 ± 9.4 min, R2 = 0.9143) for CuO NPs and k =
0.0112 ± 0.0010 min− 1 (t1/2 = 61.9 ± 5.5 min, R2 = 0.9625) for the clay-supported CuO NCPs, with the difference in rate constants 
being statistically significant (p = 0.012, paired t-test, n = 3). The relatively high correlation coefficients indicate good agreement with 
the pseudo-first-order kinetic model, noting that R2 reflects the quality of model fitting rather than adsorption behavior. The higher R2 

value for the clay-supported system (0.9625 vs. 0.9143) suggests a more consistent kinetic profile, which may be attributed to 
improved dispersion and reduced agglomeration of CuO nanoparticles on the clay support (as observed by SEM, Fig. 5). Alternative 
explanations, such as reduced electron-hole recombination or enhanced charge transfer, cannot be evaluated from kinetic data alone 
and would require direct measurement techniques (e.g., PL, EIS). For comparison, the data were also analyzed using the pseudo- 
second-order model (t/qt = 1/k2qe

2 + t/qe), which resulted in poorer fits (R2 = 0.85–0.91), consistent with expectations for dilute 
dye systems (20 ppm) where first-order kinetics generally predominate.

The energy consumption for photocatalytic processes using CuO nanoparticles (1) and clay-supported CuO (2) was 0.6 kWh, with 
an energy consumption rate of 6 kWh per kilogram of dye treated. For treating 0.1 kg of MG dye, the energy cost was $0.066, and the 
cost per kilogram of dye treated was $0.66. However, the energy and cost calculation was presented as a theoretical extrapolation to 
demonstrate the potential feasibility of scaling up the process, not as an experimentally determined value. Comparisons with literature 
studies were well aligned, providing a clear assessment of the efficiency and cost-effectiveness of CuO nanocomposites in dye 
decolorization [56]. To summarize, selecting the appropriate light source wavelength and intensity is crucial for achieving successful 
photocatalysis. When designing experiments, the light source's characteristics and exposure conditions should be considered to 
enhance efficiency and selectivity. In this study, tungsten fluorescent lamps are used due to their broad light spectrum and 
cost-effectiveness. However, for high-intensity UV activation, mercury vapor lamps or LEDs are better options, while xenon arc lamps, 
though powerful, are typically reserved for specialized, high-cost applications (Table 8) [56,57].

Recent studies have shown that CuO and clay-supported CuO NCPs have been synthesized for various applications using different 
methods. Chuaicham et al. [47]. reported that clay-based photocatalyst composites have gained significant attention in photocatalysis 
due to their abundance, excellent light absorption, and stability. Asamoah et al. [22]. developed cost-effective clay-metal oxide/metal 
(CuO/Ag and ZnO/Ag) composite pellets for efficient water purification. In this case, clay with inherent antibacterial properties acted 
as a support membrane for metal oxide/Ag nanoparticle concentrations (2.5, 5, and 10 wt%) as the active fillers. While clay/CuO/Ag 
pellets outperformed clay/ZnO/Ag pellets under various test conditions, their performance varied in nutrient-rich environments 
compared to those lacking bacterial growth nutrients. The highest diffraction peaks were observed at the 2θ values reported by 
Mobarek et al. [46]. Velsankar et al. [48]. and Philip et al. [58]. correspond to the (111) crystal plane, as per JCPDS card number 
00-041-0254. These XRD results were consistent with our synthesized CuO NPs (1) and clay-supported CuO NCPs (2), with diffraction 
peaks at 35.61◦ and 38.86◦, respectively. Both (1) and (2) exhibited a polycrystalline structure and were identified as monoclinic 
tenorite phase CuO. The average crystal sizes were 11.73 nm for (1) and 11.97 nm for (2), which are slightly smaller than those 
previously reported. The pH of the reaction mixture is crucial as it influences both particle size and stability of the synthesized 
nanocomposite. Additionally, differences in synthesis methods and temperature can lead to variations in particle sizes, with smaller 

Table 7 
Comparison of MG dye decolorization using CuO-based photocatalysts reported in the literature.

Photocatalyst MG Conc (ppm) Catalyst loading (g/L) Light source Time (min) Efficiency (%) Rate constant (min− 1) Ref.

CuO NPs 10 1.0 Halogen lamp 180 78.0 0.0085 [21]
CuO NPs 10 0.4 UV lamp 120 76 0.008 [38]
CuO/kaolin 10 1.0 Halogen lamp 180 94.0 0.0250 [21]
LaCeO3/CuO 10 0.5 Solar simulator 120 92.6 0.0198 [15]
CuO/BCN/MXene 20 0.4 Visible LED 90 98.3 0.0421 [14]
CuO/ 

montmorillonite
25 0.5 UV lamp 180 85 0.010 [12]

CuO NPs (1) 20 0.328 Tungsten lamp 180 82.9 0.0094 This work
Clay-CuO NCPs (2) 20 0.328 Tungsten lamp 180 89.7 0.0112 This work
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particles showing a significantly higher surface-to-volume ratio [59].
In general, the structural characterization of clay-supported CuO NCPs (2) typically employs techniques such as XRD, SEM, and 

EDX, which provide detailed information about the phase composition, surface morphology, and elemental distribution of the ma-
terial. These analyses confirm that CuO nanoparticles are uniformly distributed on or within the clay matrix. The interaction between 
the clay and CuO NPs is likely of a physical nature, with possible forces including van der Waals interactions or hydrogen bonding, 
rather than strong chemical bonds [60]. In some instances, surface interactions such as electrostatic forces or coordination bonds 
between CuO and the clay's silicate groups may further enhance nanoparticle stability, dispersion on the clay surface, and the overall 
performance of the composite material. Additionally, the surface functional groups of the clay may interact with dye molecules, further 
facilitating the sorption process. This interaction between the clay and CuO ensures effective coupling, thereby improving the ma-
terial's properties for the decolorization of MG [38,45].

4. Conclusion

In conclusion, CuO NPs (1) and clay-supported CuO NCPs (2) were successfully synthesized via a simple co-precipitation method 
using CuSO4⋅5H2O as the precursor and locally sourced Ethiopian smectite clay as the supporting material. Comprehensive charac-
terization using FTIR, UV-Vis, SEM-EDX, and XRD confirmed the formation of monoclinic CuO with average crystallite sizes of 11.73 
nm and 11.97 nm, respectively. The optical band gap energies were calculated as 2.16 eV for CuO NPs (1) and 2.07 eV for clay- 
supported CuO NCPs (2) using the approximate method Eg = 1240/λ. Photocatalytic decolorization studies under a 200 W tung-
sten lamp (visible light) showed that clay-supported CuO NCPs (2) achieved 89.67 ± 1.4% decolorization of malachite green (20 ppm, 
pH 7) after 180 min, compared to 82.96 ± 1.8% for unsupported CuO NPs (1) under identical conditions. Adsorption during the 30- 
min dark equilibration period accounted for 9.8% and 11.3% of total removal, respectively, confirming that photochemical processes 
dominate the observed decolorization. The enhanced performance of the clay-supported composite is consistent with the observed 
improvements in nanoparticle dispersion (SEM, Fig. 5) and increased BET surface area (36.14 vs. 27.05 m2/g, Table 6). While liter-
ature reports suggest that clay supports may also influence charge carrier dynamics, such effects were not directly measured in this 
study and should not be inferred from decolorization data alone. The decolorization kinetics followed pseudo-first-order behavior (R2 

Table 8 
Different light sources are used for photocatalytic activities.

Feature Tungsten fluorescent lamps (this 
work)

Mercury vapor lamps LEDs (UV LEDs) Xenon arc lamps

Light 
Spectrum

Broad (Visible) Primarily UV (UV-A and 
UV-C)

Specific wavelengths (UV- 
C)

Very broad (UV, visible, IR)

Energy 
Efficiency

Moderate High (but energy- 
consuming)

Very high Low (Lots of heat)

Cost Low High High Very high
Best for Moderate-intensity applications High-intensity UV 

applications
Targeted UV 
photocatalysis

High-intensity, broad-spectrum 
applications

Fig. 10. Pseudo-first-order kinetic plot (ln(Ct/C0) vs. time) for the photocatalytic decolorization of MG dye using CuO NPs (1) (a) and clay- 
supported CuO NCPs (2) (b), respectively. Irradiation was provided by a 200 W tungsten fluorescent lamp.
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= 0.9625 for clay-supported CuO). The enhanced performance of the clay-supported composite is consistent with literature reports 
suggesting that clay supports improve nanoparticle dispersion, increase available surface area, and potentially reduce electron-hole 
recombination. However, we note that BET surface area measurements, photoluminescence spectroscopy, and electrochemical 
impedance spectroscopy were not performed in this study to directly verify these mechanisms. Additionally, the decolorization of MG 
was monitored by UV-Vis absorbance at 617 nm; complete mineralization to CO2 and H2O was not confirmed by TOC or COD analysis. 
Scavenger experiments to identify reactive species and PL/EIS measurements to elucidate the catalytic mechanism were beyond the 
scope of this study and remain as critical directions for future work. Reusability studies, copper leaching evaluation, and scavenger 
tests for reactive species validation were beyond the scope of this work. Despite these limitations, this study demonstrates that locally 
sourced Ethiopian smectite clay is an effective and low-cost support for CuO nanoparticles, exhibiting enhanced photocatalytic 
decolorization activity compared to unsupported CuO. The co-precipitation method described is relatively simple and scalable, though 
it does utilize ethanol in the initial CuO NPs synthesis step. Future work should focus on: (i) systematic parametric optimization of 
operational conditions (pH, catalyst loading, initial dye concentration, light intensity), (ii) TOC/COD analysis to quantify minerali-
zation, (iii) LC-MS identification of degradation intermediates, (iv) reusability studies over multiple cycles, (v) scavenger experiments 
to identify reactive species, and (vi) PL and EIS measurements to directly assess charge carrier separation and recombination dynamics 
an aspect that remains speculative in the current study. This approach presents a promising pathway for developing affordable and 
effective photocatalysts for wastewater treatment in resource-limited settings.
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