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2,4-Dichlorophenoxyacetic acid (2,4-D) is a synthetic herbicide used to control weeds and 
enhance agricultural productivity. However, it is toxic and carcinogenic, posing significant risks to 
environmental pollution and human health. This study investigates the effectiveness of TiO2–CuO–clay 
soil nanocomposites in the photocatalytic degradation of pesticides from Ziway Lake and industrial 
wastewater. The two sets of composites were synthesized with different concentrations of TiO2–CuO–
clay soil: the first with a ratio of 2:3:7 (TiO2, CuO and clay soil), and the second with a ratio of 4:3:5 
(TiO2, CuO and clay soil). The mixture was treated with microwave digestion at 150 °C for 10 min, 
followed by filtration and calcination at 720 °C for 6 h in a muffle furnace. The morphology and the 
particle size of the nanocomposites were characterized using XRD, SEM, FTIR and BET techniques. 
The pesticide degradation from Ziway Lake and pesticide factory effluents was carried out using a 
UV–vis spectroscopy lamp with a wavelength of 280 nm, with samples retained for 2, 5, 7, and 9 h. 
The removal efficiency of 2,4 D was then analyzed by HPLC. The results revealed that the degradation 
efficiency of TiO2–CuO–clay soil composite was 96.18% and 99.84% for surface water and pesticide 
factory effluent, respectively. The removal efficiency increased with longer contact duration, higher 
light intensity, and greater composite concentrations. The study demonstrates that TiO2–CuO–clay 
soil composites were an effective technology for pesticide degradation in surface water and industrial 
wastewater.
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SSIF	� Small-scale irrigated farms
UV–VIS	� Ultra violet-visible spectroscopy
XRD	� X-ray diffraction
2,4-D	� 2,4-Dichlorophenoxyacetic acid
Ha	� Hectares

Herbicides are a sub-group of pesticides and played a significant role in ensuring food security over the past 
5  decades by boosting agricultural output and controlling weeds1,2. The increased agricultural productivity 
has significantly benefited the economies of both rural and urban areas throughout the world. The Foresight 
Commission studies have highlighted 40 initiatives and programs across 20 nations where sustainable 
intensification began to take shape in the 1990s and 2000s3,4. However, the intensification of agricultural 
practices to meet the rising global food demand has resulted in an increased contamination of soil, water and 
aquatic ecosystems5. Many of these chemicals are ultimately lost to the environment through processes such as 
volatilization, hydrolysis, photolysis, or microbial activity6. The runoff of pesticides contaminate other bodies 
such as lakes and rivers, disrupting their ecological functions and posing health risks7,8.

The ongoing agricultural transformation in Africa, particularly in Sub-Saharan Africa, has resulted in 
an increase in anthropogenic pollution due to pesticide misuse, and rising serious environmental health 
concerns9,10. Ethiopia used a total of 5.2 × 103 tons of 2,4-D between 2000 and 201611. Ziway Lake is an essential 
freshwater resource in the country and is used for multiple purposes, including irrigation, fishing, water supply, 
and recreation12. Since 1973, the area dedicated to irrigated agriculture in the catchment has expanded to 5000 
hectares. By 2006, land use data indicates that small-scale agriculture covered approximately 7300 hectares, 
which has been contaminated by organochlorine pesticides in the Meki River catchment. These pesticides 
include dieldrin, heptachlor, chlordane, endosulfan II, delta-benzene hexachloride (dBHC), Atrazine, Aldrin, 
2,4-D, dimethoate, and endosulfan-s7. The extent of pollution indicates significant land degradation and 
environmental dysfunction.

Most of the studies in Ethiopia focus on the detection of pesticides in soil and water bodies. Studies 
conducted in the past have demonstrated that, Ziway Lake is highly contaminated due to agricultural runoff 
into the lake13. The extensive use of agrochemical inputs in the irrigation and horticultural industry has been 
linked with negative environmental and health impacts7. The pesticide monitoring study14 found that out of 30 
different pesticides, one was detected in concentrations exceeding 0.1 μg/L in Ziway Lake. The local population 
relies on Ziway Lake for drinking water and filters water using sheets (a single garment) to remove particulate 
matter. The current conventional agrochemical industrial wastewater treatments, such as primary and secondary 
treatments, in the country, are inadequate in removing pesticide residue to the acceptable standard, putting the 
community and the environment at risk.

2,4-Dichlorophenoxyacitic acid (2,4-D) is one of the most widely used herbicides since its introduction in the 
1940s15. Its extensive use and toxicological effect shows its significance in controlling broadleaf weeds and crop 
resistance. However, recent toxicological studies have raised about the adverse effects of 2,4-D on water bodies, 
air quality, non-target organisms, and human health16. In Ethiopia, a huge amount of 2,4-D is produced in the 
Adami Tulu Pesticide Processing factory and is a widely used systemic herbicide designed to control broadleaf 
weeds. This suggests that the urgent need for detection and treatment methods to monitor and mitigate the 
environmental and health risks associated with this herbicide.

Research conducted on herbicide treatment in developing countries, including Ethiopia, remains limited. 
Nonetheless, implementing pesticide treatment methods is essential for treating contamination in water 
bodies resulting from agricultural practices and industrial activities. Among these methods, photocatalytic 
degradation has gained significant attention due to its effectiveness in removing both organic and inorganic 
contaminants, including harmful pesticides such as 2,4-D and atrazine17,18. The process utilizes metals and 
their compounds, such as titanium dioxide (TiO2), graphite carbon nitride (g-C3N4) and Ag@Mg4TaO9, as a 
photocatalyst, which activated by light, that generates highly reactive hydroxyl radicals capable of breaking down 
organic contaminants into harmless by-products19. However, the treatment methods of pesticide-contaminated 
wastewater at the source and water for domestic use from Ziway Lake were not studied. Therefore, the objective 
of this study was to investigate the photocatalytic degradation of 2,4-D-based pesticides using a TiO2–CuO–clay 
soil nanocomposite. The combination of TiO2, CuO, and clay is expected to outperform TiO2 or CuO used alone, 
due to the synergistic effects, increased surface area, and better light absorption. The combination of TiO₂,2, 
CuO, and clay is expected to outperform TiO₂ or CuO used alone due to the synergistic effects, increased surface 
area, and better light absorption.

Materials and methods
Chemicals and instruments
Laboratory-graded commercial chemicals including titanium dioxide (TiO2 98%), hydrogen peroxide (H2O2 
98%), sodium hydroxide pellets (NaOH 98%, Himedia Laboratory Pt, India), hydrochloric acid (HCl, RFCL 
limited, new Delhi, India), Sulfuric acid (H2SO4 98.0%, Lobal chemical, India), Acetonitrile, methanol (all 
HPLC grade), and Dichlorophenoxyacetic acid (2,4-D, 99%, Tianjin chemical reagent, China) were used for this 
investigation20. Additionally, copper oxide (CuO), copper(II) acetate, clay soil and 2,4-D pesticides were used 
without further treatment.

Polyethylene bottles, drying Oven (model GX65B), SHO-2D Wise shaker, SX-2.5-10 muffle furnace, EFA-
6UDRVW-8 hood, JENWAY 3510 pH meter), high-pressure liquid chromatography (HPLC), scanning electron 
microscopy (SEM), X-ray diffraction (XRD), UV reactor, Fourier Transform Infrared (FT-IR) and Brunauer–
Emmett–Teller (BET) were used. The study employed SEM to analyze the particle morphology of the catalysts. 
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The SEM utilized was a field emission high-vacuum system, specifically the SED PC-std model, operating at 
15 kV with a magnification of 200× (44 mm).

Description of the study area
The study was conducted at Ziway Lake, and Adami Tulu pesticide factory is located 168 km south of Addis 
Ababa, the capital city of Ethiopia. Ziway Lake is found in the central Rift Valley (CRV) East Shewa Zone 
Oromia, and covering an area of 7148 km2, it is located between the latitude of 7° 22′ 36″ N and 8° 18′ 21″ N 
and 37° 53′ 40″ E and 39° 28′ 9″ E longitude. The lake is primarily fed by tributaries including the Meki River, 
Bulbula River, and Ketar River. However, the lake faces significant environmental challenges due to pollution 
from various non-point sources including pesticide runoff, nutrient loading, agricultural pesticides, industrial 
activities, and urbanization.

Sample collection
Five liters of water samples were collected from Ziway Lake and the Adami Tulu pesticide factory by using the 
grab sampling technique in polyethylene plastic containers to analyze pesticide concentrations. The samples 
were collected in February 2023. Sampling locations were systematically selected based on spatial variations in 
the water stream and irrigation system to ensure representative sampling. Additionally, clay soil for composite 
preparation was collected from the Addis Ababa-Asko area.

Purification of clay soil
The collected clay soil was dried for 30 min (Dry oven GX-65B), ground (Nima Japan NM-8300), and passed 
through a 0.5 mm sieve (ISO 3310-1)21,22. The ground clay soil was dispersed in hydrogen peroxide solution for 
20 min at 30 °C to remove organic carbon. Oxidation of soil organic matter occurred during H2O2 reactions 
with clay soil, and the pH content had a significant impact on the breakdown of organic matter. Subsequently, 
the suspensions were evaporated and allowed to cool. The slurry was then rinsed with acidified distilled water 
(pH ≈ 4) to protect it from any contaminants while being continuously shaken at 300 rpm (Wise shaker, SHO-
2D) for 30  min to eliminate any remaining inorganic carbon. Finally, it was allowed to settle for 3  h. After 
carefully removing the floating materials and supernatant from the settled clay, the remained was transferred to 
a 500 mL beaker and dried at 105 °C overnight. Finally it was ground for 5 h in a ball mill.

Synthesize of TiO2–CuO–clay soil composite
The TiO2–CuO–clay soil nanocomposite was developed following the process of clay soil preparation. Two 
procedures were used to synthesize the oxide of TiO2–CuO–clay soil composite photocatalyst systems. First, a 
5% aqueous solution of Copper(II) acetate was prepared. Two different concentrations of the composites were 
formed using different amounts of TiO2, CuO, and clay soil. The first composite consisted of 2 gof TiO2, 3 gof 
CuO, and 7 gof nano clay soil, while the second composite contained 4 gof TiO2, 3 gof CuO, and 5 gof clay soil 
(Table 1). Each composite was dissolved in 25 mL of the 5% aqueous Copper(II) acetate solution. Additionally, 
2 gof polyethylene glycol (PEG) was added to each mixture to enhance the bonding between the components of 
the composite. The ratio of TiO2:CuO:clay soil composites of different concentrations were 2:3:7 and 4:3:5. These 
ratios were determined based on the adsorption capacity of the composite nanoparticles and existing studies. 
The mixture was stirred using a magnetic stirrer, and 1 M of sodium hydroxide solution was added to adjust the 
pH of the TiO2–CuO–clay soil oxide to 12. Lastly, the mixture was treated with microwave treatment for 10 min 
at 105 °C with power of 300 W (SP-D80, CEM). The synthesized oxide system was washed three times with 
deionized water, filtered, and dried for 7 h at 70 °C based on Kubiak’s23 report and calcined in a muffle furnace 
for 6 h at 720 °C (muffle furnace model SX-2.5-10)21.

The UV–vis measurements were conducted using a Shimadzu UV–vis spectrophotometer, and the band gap 
energy was calculated using the Kubelka–Munk equation from reflectance spectra24. Based on the experimental 
results of 2,4-D degradations, the TiO2–CuO–clay soil composite had the best photocatalytic performance for 
UV–vis photocatalytic degradation of 2,4-D. Then, TiO2, CuO, and clay soil were synthesized with a molar ratio 
of 4:3:5 and calcined for 6 h at the temperature of 720 °C. Furthermore, the TiO2–CuO–clay soil composite’s 
photocatalyst performance, shape, crystalline nature, light absorbance behavior, and band gap energy were 
demonstrated via UV–vis, FT-IR, SEM, and X-ray diffraction (XRD).

The band gap energy of the TiO2–CuO–clay soil composite was calculated using Kubelka–Munk band gap 
energy formula:

Composites Catalysts and adsorbent Quantity (g) Percentage (%)

1st Composite

TiO2 2 16.7

CuO 3 25

Clay soil 7 58.33

2nd Composite

TiO2 4 33.33

CuO 3 25

Clay soil 5 41.7

Table 1.  Composition ratios of TiO2–CuO–clay soil composites.
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K = (1 − R)2

2R

where K is the absorption coefficient and R is the reflectance of the material.
To calculate the band gap energy (Eg), the relationship can be drived from the Kubelka–Munk function: 

Eg = 1240
λ  eV, where: Eg is the energy band gap of the material and λ is wave length of light.

The percentage degradations of 2,4-D was calculated by:

	
R (% ) = Co − Cf

Co
∗ 100

where R is concentrations of pesticides, Co is Initial concentration of pesticide, Cf is final concentration of 
pesticide.

The photocatalytic activity of TiO2–CuO–clay soil composite was compared with different ratios of 
photocatalysis under UV–vis spectroscopy light.

Photocatalytic degradation of 2,4-D experiment
The composite of TiO2–CuO–clay soil, weighing 2 g, was prepared and mixed with 1 L of contaminated water for 
ultraviolet (UV) treatment. The UV lamp was then applied to the mixture to facilitate the breakdown of pesticide 
molecules. After treatment, the sample was filtered to remove the solid composite, and the remaining solution 
was analyzed using high-performance liquid chromatography (HPLC) to determine the concentrations of 2,4-D 
following the photocatalytic process (Fig. 1). For the analysis of 2,4-D concentration, water and acetonitrile were 
used at a wavelength of 265 nm, and a flow rate of 0.8 mL/min. For the analysis of  2,4-D concentration, water 
and acetonitrile were used at a wavelength of 265 nm, and a flow rate of 0.8 mL/min.

Result and discussion
Synthesis and characterization of TiO2–CuO–clay soil nanocomposite
The result showed that the UV–Vis photocatalysis of the TiO2–CuO–clay soil composite required calcining the 
material for 6 h at 720 °C. The calcination process significantly alters the catalyst’s crystalline structure, particle 
size, and surface morphology. Generally, the higher calcination temperatures can enhance crystallinity and 
improve photocatalytic activity. However, studies showed that excessively high temperatures may lead to particle 
agglomeration, which can reduce the effectiveness of photocatalytic degradation25,26.

The calcination temperature plays a crucial role in determining the properties of the photocatalyst. At optimal 
temperatures, the material achieves a desirable balance between crystallinity and surface area, enhancing its 
ability to effectively degrade pollutants. According to the study by27 showed that the transformation of the 
crystalline structure can facilitate better electron transfer and increase the formation of reactive species under 
UV illumination.

The size and shape of the catalyst particles are important for their photocatalytic performance. Smaller 
particles generally provide a larger surface area for reactions, while specific morphologies can influence light 
absorption and catalytic efficiency. However, a study reported that excessive heat can cause particles to clump 

Fig. 1.  Sample preparation Procedures for HPLC analysis.
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together, reducing the active surface area and ultimately impairing photocatalytic activity28. The appropriate 
molar ratio selection of TiO2–CuO–clay composite is also vital. Different ratios can affect the physical and 
chemical properties of the catalyst, including its stability, reactivity, and overall efficiency in degrading pollutants. 
Finding the right combination of these factors is essential for optimizing photocatalytic performance.

XRD analysis
The crystalline structure of the TiO2–CuO–clay soil composite was analyzed using X-ray diffraction (XRD) 
methods. The XRD results showed that the composite with a molar ratio of 4:3:5 exhibited distinct crystalline 
properties at 2θ values of 15°, 25°, 38°, 42°, 49°, 50°, and 55° (Fig.  2). These angles correspond to peaks at 
(445), (450), (510), (750), (860), and (1290). In contrast, the composite with a molar ratio of 2:3:7 displayed its 
crystalline characteristics at 2θ values of 13°, 26°, 48°, 54°, and 56°, with corresponding peaks at (600), (700), 
(1480), and (2520) (Fig. 2).

The XRD analysis provides valuable insights into the crystalline nature of the TiO2–CuO–clay soil composite. 
The presence of sharp and distinct peaks indicates well-defined crystalline phases, which is important for 
photocatalytic activity. Crystallinity is often associated with enhanced electron mobility and improved 
photocatalytic performance. The differences in peak positions and intensities between the two molar ratios (4:3:5 
and 2:3:7) suggest variations in the crystallization behavior and phase composition of the composites. The higher 
intensity peaks observed in the 4:3:5 ratio indicates a more stable crystalline structure, which may contribute to 
its superior photocatalytic properties, as reported in the literature29.

The variations in peak positions can also provide insights into how the different molar ratios affect the 
photocatalytic capabilities of the composite. The 4:3:5 ratio, with its more pronounced peaks, may facilitate 
better light absorption and electron–hole pair generation, leading to more effective pollutant degradation.

The current study indicates the crystalline orientation of the materials through the increasing intensity 
observed in the peaks. The TiO₂ anatase phase usually occurs at 2θ = 25.3°, 37.8°, 48.0° and for CuO 2θ = 32.5°, 
35.5°, 38.7° and 48.7°. The clay soil broad peaks were frequently found at 12°, 20°, and 26°. According to the 
literature report, the XRD results confirmed the presence of TiO2–CuO–clay soil crystallites in the composite 
samples30. The distinct peak pattern observed in the composite materials is primarily attributed to their 
crystalline nature. The sharpness of the XRD peaks highlights the purity and crystallinity of the TiO2–CuO–
clay soil nanocomposites, with high-intensity peaks being useful for determining crystal size. Using the Scherer 
equation (D = Kλ/B cosθ), the average crystalline size for the most intense diffraction peak of the TiO2–CuO–
Clay soil composite was found to be 8.29 nm. This size aligns with the crystalline size reported by28,29 which 
ranges from 8 to 37 nm for similar materials. The crystalline phase of the TiO2–CuO–clay soil nanocomposite 
was identified as anatase by the XRD data. The composite materials’ photocatalytic activity was examined in 
relation to the breakdown of phenol in aqueous solution exposed to UV light (280 nm). It has been discovered 
that the addition of the TiO2–CuO–clay soil nanocomposite greatly increased photocatalytic efficiency.

Fig. 2.  X-ray diffraction of TiO2–CuO–clay soil composite catalyst.
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BET surface area analysis TiO2–CuO–clay soil nanocomposite
The BET analysis clearly illustrates the variations in surface area characteristics of the TiO2–CuO–clays soil 
nanocomposites, emphasizing how composition affects the performance of the materials. The TiO2–CuO–clays 
soil nanocomposites varying surface characteristics were clearly shown by the BET characterization. The specific 
surface area of TiO2–CuO–clay soil nanocomposites were analyzed at 28 °C using a Horiba surface area analyzer 
with model number of SA9603 (USA). The surface areas of the composites were determined to be 235 m2/g 
and 298 m2/g, respectively for 2:3:7 and 4:3:5 TiO2–CuO–clay soil nanocomposites. The analysis shows that, 
the composite ratio of 4:3:5 TiO2–CuO–clay nanocomposite was higher porous than 2:3:7 TiO2–CuO–clay 
nanocomposite. The nanocomposite with higher surface area offers more active sites for photocatalytic reactions 
and improving pesticides degradations31. The increased surface area leads to increased number of actives sites 
that available for removal of pesticides from wastewater.

SEM analysis
The SEM images depict that, the TiO2–CuO–Clay soil nanocomposites were at two different molar ratios: A 
represents a ratio of 2:3:7, while B corresponds to a 4:3:5 ratio (Fig. 3). The analysis revealed that the grain sizes 
for the composites were 20 µm for the 2:3:7 ratio and 10 µm for the 4:3:5 ratio. This is why the grain size is in 
the micrometer range from 10 to 20 µm; the composite is classified as a nanocomposite. Thus, the grain sizes of 
images A and B were different, 20 µm and 10 µm, respectively. This image not only illustrates the particle sizes 
but also provides insights into the surface structures of the electro-catalysts.

Figure  3a shows the selected area electron diffraction (SAED) patterns of the TiO2–CuO–clay soil 
composites. The images indicate a higher degree of crystallization than Fig. 3b in the particles, suggesting that 
the synthesis process effectively maintained the crystalline structure of the materials. This information is crucial 
for understanding the performance characteristics of the electrocatalysts in various applications32.

FT-IR analysis
Fourier Transform Infrared (FT-IR) spectroscopy was employed to validate the effectiveness of the molecular 
imprinting process and to characterize the crystal phases of the synthesized oxides. In the present study, the 
FT-IR spectrum was recorded in the range of 4000–400 cm−1 (Fig. 5). The spectra of both molar ratios, 2:3:7 
(black line) and 4:3:5 (purple line), exhibit similar features and patterns. However, the spectrum for the 2:3:7 
ratio shows a shorter intensity at 3272 cm−1 compared to the more pronounced peak at 3438 cm−1 for the 4:3:5 
ratio. These peaks correspond to the stretching vibrations of O–H, which arise from metal hydroxyl groups or 
hydroxyl groups from crystallization water (Fig. 4). This finding shows that the broad bands at 3272 cm−1 and 
3438 cm−1 indicates the presence of hydroxyl functionalities in both catalysts.

Additionally, the bending vibrations of O–M–O (specifically, the O–Ti–O or O–Cu–O) corresponded to 
the bands between 468 and 686 cm−1, particularly showing distinct characteristics in the 4:3:5 molar ratio. In 
contrast, the M–O (Ti–O or Cu–O) vibrations for the 2:3:7 molar ratios are represented by bands between 400 
and 600 cm−1 as indicated by the green line. These observations align with findings from previous studies of the 
bending vibrations for the bands between 827 and 821 cm−1 and 750 and 490 cm−1 reported by33,34.

UV–vis analysis
The UV–vis absorption result indicated that, the TiO2–CuO–clay soil composite has a peak observed at 375 nm 
(Fig. 5). The finding is consistent with35, who noted that the absorbance for crystalline particles is significantly 
lower than that of nanoparticles, which exhibit surface Plasmon resonance. There are significant absorption 
shifts from 450 to 375  nm. This shift is likely a result of the dense coating of TiO2 on the surfaces of CuO 
and clay soil particles, which enhances the material’s absorption capacities within the UV–visible spectrum. 

Fig. 3.  SEM image of the synthesized TiO2–CuO–clay soil nanocomposite.
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Fig. 5.  Band gap energy of TiO2–CuO–clay soil composites.

 

Fig. 4.  FT-IR characterizations of TiO2–CuO–clay soil composite.
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This modifications not only improves the optical properties of the composite but also its photocatalytic 
efficiency. The findings align with research highlighting the potential of TiO2-based composites to facilitate 
faster phtodegradations of pollutants36. Furthermore, the enhanced absorption characteristics are relevant for 
applications in water quality detection37.

The UV–vis absorption spectra for the TiO2–CuO–clay soil composite, in the 2:3:7 and 4:3:5 ratios, exhibit a 
range from 150 to 450 nm, with a peak light absorbance observed around 350 nm (Table 2). For the 2:3:7 ratio, 
the absorbance values were relatively low, starting at 0.09 at 150 nm and peaking at 0.095 at 350 nm, indicating 
limited light absorbance, while transmittance decreased correspondingly. In contrast, the 4:3:5 ratio exhibits 
significantly higher absorbance across all wavelengths, particularly peaking at 0.194 at 350 nm, suggesting a 
stronger capacity for light capture. This higher absorbance correlates with lower transmittance values within the 
visible spectrum, reflecting the TiO2–CuO–clay soil nanocomposite’s enhanced effectiveness in light absorption. 
This characteristic suggests its potential significance for photocatalytic applications, as noted in previous 
studies38.

The findings highlighted the effectiveness of TiO2–CuO–clay composites in light absorption, particularly 
within the UV–visible range. The significant absorption shift, coupled with enhanced performance due to the 
coating of TiO2, suggests that such composite materials could be optimized for photocatalytic applications38. 
Such optimization could lead to significant advancements in environmental remediation techniques, particularly 
in the degradation of pollutants under UV–vis light. In line with previous studies, the ability of TiO2-based 
composites to harness light more effectively enhances their photocatalytic capability, facilitating the breakdown 
of harmful substances in various environmental settings38,39. This characteristic aligns with in-water quality 
detection studies37.

The findings revealed that the band gap energy of the TiO2–CuO–clay soil composite was determined to 
be approximately 3.54 eV (Fig. 5), as calculated using the Kubelka–Munk band gap energy formula. This value 
exceeds the typical band gap energy of TiO2 reported in the literature, which is 3.2 eV40. This higher band gap 
energy enhances the solar photocatalytic activity of the TiO2–CuO–clay composites in the degradation of 2,4-D 
from contaminated water. This suggests that the composite can effectibley absorb light in the visible spectrum, 
making it suitable for photocatalytic applications.

A study indicates that the TiO2 alone has inherent limitations in photocatalytic applications, such as 
low efficiency under visible light and rapid recombination of electron–hole pairs41. These factors hinder its 
effectiveness in environmental remediation, indicating a need for improvement. In the present study, the TiO2–
CuO–clay nanocomposite shows a significant band gap energy of 3.54 eV, which is higher than that of TiO2. This 
enhanced band gap energy enables the composite to effectively utilize a broader spectrum of UV–vis radiation 
for photocatalytic processes42. A higher band gap often leads to increased energy absorption, which can enhance 
the generation of charge carriers (electrons and holes) necessary for photocatalytic reactions. This property is 
vital for degrading pollutants like 2,4-D, a common herbicide found in polluted water bodies. The findings also 
reveal that the combination of TiO2, CuO and clay soil not only modifies the band gap energy structure but also 
enhances the photocatalytic efficiency. The successful degradation of 2,4-D illustrates the practical application of 
the composite in environmental remediation.

The absorbance value increases with wavelength up to about 450 nm, indicating effective light absorbance in 
the UV–visible region. The composite with 4:3:5 ratio of TiO2:CuO:clay soil composites exhibits slightly higher 
absorbance than the 2:3:5 ratio, suggesting that the 4:3:5 ratio may have enhanced photocatalytic properties due 
to improved light absorption (Fig. 6). This variation emphasizes the influence of composition ratio on the optical 
characteristics and potential photocatalytic efficiency.

Effect of catalyst dose
To investigate the impact of catalyst dose on the photocatalytic degradation of pesticides, a series of experiments 
were conducted using prepared samples with an optimal pH solution, appropriate particle concentration, 
doped particles, and exposure to ultraviolet light at optimal light intensity35. At pH ≈ 4, the concentrations of 
surface water and industrial wastewater were 35.10  µg/L and 157.63  µg/L, respectively. The efficiency of the 
photocatalytic degradation process showed significant improvement with increasing exposure times of 2, 5, 7, 
and 9 h. Notably, the removal efficiency continued to rise steadily up to 9 h. This enhancement can be attributed 
to the periodic reduction of pesticide concentrations and the increased generation of free radicals with longer 

Ratio of TiO2–CuO–clay soil Absorbance Transmittance Wavelength (nm)

2:3:7

0.09 ± 0.012 64 ± 0.23 150

0.094 ± 0.30 63 ± 0.11 250

0.095 ± 0.20 62.5 ± 0. 30 350

0.097 ± 0.31 62.10 ± 0.25 450

4:3:5

0.190 ± 0.40 89 ± 0.85 150

0.191 ± 0.31 90 ± 0.20 250

0.194 ± 0.51 90 ± 0.56 350

0.197 ± 0.31 82 ± 0.35 450

Table 2.  UV–vis absorbance and wavelength of TiO2–CuO–clay soil composites.
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exposure times, which facilitates the oxidation of pesticide metabolites. Additionally, the stability and chemical 
composition of the pesticides may influence the time required for effective degradation43.

The impact of the injected catalyst on the degradation of 2,4-D was evaluated by varying irradiation times 
under a UV–Vis spectroscopy lamp. In this study, the highest degradation rates were observed at 9 h of irradiation 
time. As shown in Table 3, the percentage of 2,4-D degradation, in a 2:3:7 ratio, increased with longer irradiation 
times, rising from 94.40 to 95.38% and from 96.94 to 98.72%, for surface water and industrial wastewater, 
respectively, with a constant catalyst dose. Similarly, for the 4:3:5 ratio in Table 3, degradation rates increased 
from 95.18 to 96.20% and from 97.9 to 99.84% for surface water and industrial wastewater, respectively, with 
increased irradiation time. Notably, these findings demonstrate that the composite catalyst is more effective than 
CuO and TiO2 alone, which achieved degradation rates of approximately 67.23% and 85.01%, respectively.

The effect of the catalyst injected on variations of times, the degradation of 2,4-D under a UV–vis spectroscopy 
lamp, and the highest degradations was seen at 9 h of irradiation time. The percentage degradation of 2,4-D 
increases with increasing irradiation time from 94.40 to 95.38% and 96.94 to 98.72%, for surface water and 
industrial wastewater, respectively with a constant catalyst dose of 2 g. The same is true for B (4:3:5 ratio); the 
degradation of 2,4-D increases from 95.18 to 96.20% and 97.9 to 99.84%, respectively, with irradiation time. It 
is more effective than CuO and TiO2 photocatalytic degradations of 2,4 D from industrial wastewater, which is 
about 67.23% and 85.01%, respectively.

Effect of molar ratio
The result showed that the percentage degradations of 2,4-D by the TiO2–CuO–clay soil composite were 
effectively degraded by the 4:3:5 catalyst molar ratios, which were 96.20% and 99.84% respectively, from surface 
water and industrial effluent, respectively (Table 3). The degradation efficiency of the TiO2–CuO–clay soil 
composite increased with increasing catalyst molar ratios and increasing irradiation times44.

The synthesis mixture TiO2–CuO–clay soil molar ratio of 4:3:5 and constant calcination temperature of 
720 °C were optimum conditions for 2,4-D photocatalytic degradation activities under UV–vis spectroscopy 

Irradiation time 
(hours)

TiO2–CuO–clay soil composites 
ratios (2:3:7)

TiO2–CuO–clay soil composites 
ratios (4:3:5) TiO2 CuO

Surface water (%) Wastewater (%) Surface water (%) Wastewater (%)
Surface water 
(%) Wastewater (%)

Surface 
water 
(%)

Wastewater 
(%)

2 94.4 96.94 95.18 97.90 X x

5 94.58 97.16 95.27 99.10 41.5 39.72

7 94.87 98.49 95.49 99.58 63.8 49.31

9 95.38 98.72 96.20 99.84 85.01 67.23

Table 3.  Degradations of 2,4-D from Surface and industrial wastewater using TiO2–CuO–clay soil composites 
ratios (2:3:7, 4:3:5), CuO and TiO2.

 

Fig. 6.  UV–vis absorbance spectra of TiO2–CuO–clay soil composites at two different ratios.
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light irradiations. For this case, the 4:3:5 molar ratio of the TiO2–CuO–Clay soil composite at a calcination 
temperature of 720 °C was further used for the photocatalytic degradation of pesticides from the surface and 
industrial wastewater. According to the literature, the rate of pesticide degradation increased in proportion to 
the mass of the catalyst, and the optimal amount, as expressed in gram of catalyst per liter of solution was 
equivalent to 2.5 g/L45.

Effect of surface water and industrial wastewater concentration
The concentration of 2,4-D, at a constant catalyst dose of 2 g/L polluted water, was found to be a significant factor 
influencing the degradation of pesticides from contaminated water, particularly in conjunction with irradiation 
time. After 9 h of irradiation time, the degradation of 2,4-D concentrations was markedly effective and dropped 
from 35.10 to 1.62 µg/L for the TiO2–CuO–clay soil composite at a (2:3:7) ratio, and to 1.34 µg/L for the (4:3:5) 
ratio (Supplementary Fig.  1). Similarly, CuO and TiO2 photocatalytic processes also resulted in significant 
reductions of 2,4-D concentrations. The surface water Concentrations of 2,4-D was decreased from 35.10 to 
16.23 µg/L with CuO and 35.10 to 12.45 µg/L with TiO2. In Industrial wastewater, the reduction was from 157.63 
to 51.65 µg/L for CuO and 157.63 to 23.63 µg/L for TiO2 (Supplementary Fig. 1A–C).

The results emphasize the critical role of initial 2,4-D concentration and catalyst dosage in determining the 
efficacy of photocatalytic degradation. The substantial reduction of 2,4-D levels after 9 h of irradiation time 
highlights the effectiveness of the TiO2–CuO–clay composites, achieving nearly complete degradation at the 
optimal ratios. The comparison with CuO and TiO2 alone reveals that the composite catalysts not only enhance 
the degradation efficiency but also provide a more effective solution for treating higher concentrations of 
pesticides, which is in agreement with the reports by Babu et al.43. The significant decrease in 2,4-D concentrations 
underscores the potential of these composite materials for practical applications in environmental remediation.

The same trend was observed with industrial wastewater from pesticide factories, where the concentrations of 
2,4-D decreased dramatically from 157.63 µg/L to 2.01 µg/L and 0.24 µg/L for catalytic molar ratios of 2:3:7 and 
4:3:5, respectively (Supplementary Fig. 2). This significant reduction in initial 2,4-D concentrations correlates 
with a marked improvement in pesticide removal efficiency. In contrast, with the initial concentrations of 2,4-D, 
the concentration decreased from 35.10 to 1.34 µg/L and from 157.68 to 0.24 µg/L in surface water and industrial 
wastewater, respectively. According to data reported by Balakrishnan et al.21, the degradation efficiency of the 
catalyst increases from 65 to 86% with increasing concentrations of TiO2 from 1 to 5 g/L. The specific molar ratio 
suggests tailored approach to optimize the reaction conditions for maximum degradation efficiency.

Kinetics of TiO2–CuO–clay soil composite photocatalytic degradations of 2,4-D pesticide
In this study, the kinetics of photocatalytic degradation of 2,4-D using a TiO2–CuO–clay soil composite was 
investigated through varying time intervals, revealing significant insights into the degradation process. The 
photocatalytic degradation of 2,4-D was investigated with initial concentrations of 35.10  µg/L for surface 
water and 157.68 µg/L for industrial wastewater, using a catalyst loading of 2.0 g, at 2 h of irradiation, the final 
concentration of 2,4-D dropped to 4.82 µg/L, resulting in a Ln (Co/Cf) value of 3.4. As the irradiation time 
increased to 5 h, the final concentration further decreased to 4.47 µg/L, yielding a Ln (Co/Cf) value of 3.6. The 
trend continued with a final concentration of 2.37 µg/L, at 7 h and 2.01 µg/L, at 9 h, corresponding to Ln (Co/
Cf) values of 4.2 and 4.4, respectively (Table 4). The weak linear fit, (R2 of 0.693), rejects that the hypothesis that 
degradation process follows first-order kinetics (Fig. 7). The composite demonstrates enhanced photocatalytic 
activity in pollutant breakdown of pollutants, suggesting that the degradation of 2,4-D by TiO2–CuO–clay soil 
composite may occur through the hybrid reaction pathway. This process involves second order degradation, clay 
adsorption coupled with direct photocatalytic degradation.

These results shows that, the degradation rate of 2,4-D follows a pseudo-first-order kinetic model, where 
the rate of degradation is proportional to the concentration of the pesticide remaining in the solution. The 
increased Ln (Co/Cf) value with time suggests that the rate of degradation accelerates as the concentration of 
2,4-D decreases, reflecting the efficiency of the composite in facilitating photocatalytic degradation process. 
The rapid decline in pesticide levels within the first few hours indicates a high initial reaction rate, which can be 
attributed to the generation of reactive species under UV irradiation that effectively decomposes the pesticide 
molecule. This finding was consistent with the pseudo-first-order kinetics for 2,4-D degradation46,47. The kinetic 
studies examining the absorption and degradation processes during the photocatalytic degradation of 2,4-D 
were performed using a batch reactor under UV irradiation.

Numerous researchers47,48, have utilized the modified Langmuir–Hinshelwood (L–H) kinetic expression to 
study the kinetics of heterogeneous photocatalytic reactions effectively. To accurately characterize the solid–liquid 
interactions, the data obtained from solar photocatalysis experiments conducted under optimal conditions have 
been analyzed using a modified L–H kinetic model. This approach enhances the understanding of the reaction 
mechanisms. The findings of the current study are consistent with previous studies demonstrating the enhanced 

Time (hr.) Co (µg/L) Cf (µg/L) Ln (Co/Cf)

2 157.63 4.82 3.4

5 157.63 4.47 3.6

7 157.63 2.37 4.2

9 157.63 2.01 4.4

Table 4.  First order kinetic model for degradation of 2,4-D by TiO2–CuO–clay soil.
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photocatalytic activity of composite materials in environmental applications45,46, emphasizing the importance of 
optimizing catalytic formulations for effective pollutant removal.

Comparison of photocatalytic activities ratio
The photocatalytic activity of the material was assessed by tracking the rate of 2,4-D degradation when exposed 
to UV–Vis light in the presence of the photocatalyst. The comparison of photocatalytic activities across various 
molar ratios of the same catalysts was evaluated based on their reaction rates and degradation efficiencies. 
This analysis provides insights into how different catalyst compositions influence the effectiveness of the 
photocatalytic process.

The photocatalytic degradation efficiency of the TiO2–CuO–clay soil composite under UV light was 
evaluated by comparing the degradation of 2,4-D at initial concentrations of 35.10  µg/L from surface water 
and 157.68 µg/L from industrial wastewater, using a catalyst loading of 2 g/L. This was also compared to the 
degradation efficiencies of CuO and TiO2 alone. The TiO2–CuO–clay soil composite with a molar ratio of 4:3:5 
demonstrated superior effectiveness in degrading 2,4-D compared to the composite with a 2:3:7 ratio (Fig. 6). This 
indicates that the specific composition of the catalyst significantly influences its photocatalytic performance49.

The overall degradation of 2,4-D from surface water and industrial wastewater in the presence of the TiO2–
CuO–clay soil catalyst was observed over a period of 9 h and achieved an impressive efficiency of 99.84% when 
treating industrial wastewater. This result indicates that the TiO2–CuO–clay soil composite photocatalyst, 
particularly at a molar ratio of 4:3:5, exhibits significantly higher degradation efficiency compared to the 2:3:7 
ratio, as well as compared to CuO and TiO2 alone. According to50, the degradation efficiencies for TiO2 and 
CuO were approximately 67.23% and 85.01%, respectively. These values highlight that the TiO2–CuO–clay soil 
composite offers a markedly superior removal efficiency, demonstrating its potential as an effective photocatalyst 
for environmental remediation.

Degradation efficiency of TiO2–CuO–clay soil composite in surface water and industrial waste
To verify the effectiveness of the photocatalytic process in removing 2,4-D from surface water and industrial 
wastewater, experiments were conducted under controlled conditions using UV–Vis light, HPLC analysis, and 
TiO2–CuO–clay soil composites as catalysts. A 150 W xenon arc lamp emitting light at a wavelength of 280 nm 
served as the UV–Vis spectroscopy radiation source for the experiments. The HPLC setup included an injection 
volume of 1.0 mL, utilizing an Agilent capillary column with dimensions of 30 m × 250 mm × 0.25 mm, operating 
at a pressure of 9.3825 psi and a temperature of 80 °C. This systematic approach ensured accurate measurement 
of 2,4-D degradation and confirmed the efficacy of the photocatalytic process under the specified conditions.

The TiO2–CuO–clay soil composite effectively degraded 2,4-D concentrations to 1.34 µg/L and 0.24 µg/L 
from surface water and industrial waste, respectively, after 9 h of irradiation (Fig. 8). The enhanced photocatalytic 
degradation of 2,4-D in the UV/TiO2–CuO–clay soil system can be attributed to the interactions between light-

Fig. 7.  Kinetics of 2,4-D degradation by TiO2–CuO–clay soil composite.
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emitting photons and electrons in the semiconductor layer. According to the studies reported5,51, the interaction 
between light-emitting photons and electrons interaction increases electron energy, facilitating energy transfer 
from the conduction band that exceeds the membrane capacity. As a result, positive holes and negatively charged 
electrons are generated, which can participate in chemical reactions. This mechanism shows the effectiveness 
of the composite in promoting photocatalytic activity and highlights the importance of optimizing catalyst 
properties for enhanced degradation efficiency.

The photocatalytic degradation of pesticides from surface water using TiO2–CuO–clay soil composites 
has shown promising effectiveness. These catalysts were able to successfully remove 2,4-D from both surface 
water and industrial waste produced by the pesticide factory, as reported52. The study highlights how pesticide 
concentrations varied at different irradiation times and the final concentrations achieved after photocatalytic 
treatment, demonstrating the composite’s significant ability to reduce pesticide levels. This underscores its 
potential as a viable solution for environmental remediation in contaminated water sources (Fig. 7).

Under UV–Vis light, the photocatalytic degradation efficiencies of 2,4-D pesticides from surface water 
and actual factory effluents were compared using TiO2–CuO–clay soil composite photocatalysts53. The initial 
concentrations of 2,4-D were 35.10 µg/L from surface water and 157.63 µg/L from pesticide factory effluent, 
with a catalyst loading of 2 g. Among the catalytic molar ratios tested, 2:3:7 and 4:3:5, the 4:3:5 TiO2–CuO–
clay soil composite demonstrated effectiveness in degrading 2,4-D. This finding indicates that optimizing the 
catalyst composition can significantly enhance its photocatalytic performance, making it a promising option for 
reducing pesticide contamination in various water sources.

The reported efficiencies of 96.18% and 99.84% highlight the potential of using the TiO2–CuO–clay soil 
composite for treating different types of contaminated water. The high degradation rates in both surface water 
and industrial wastewater suggest that this composite is versatile and effective across varying conditions. The 
efficiency of 96.18% indicates that a significant portion of 2,4-D was effectively degraded, making this method a 
promising solution for agricultural runoff and other environmental concerns related to pesticide contamination. 
The nearly complete degradation (99.84%) of 2,4-D in industrial wastewater demonstrates the potential for this 
technology in treating effluents from pesticide manufacturing or usage, where concentrations of pollutants may 
be much higher.

The findings underscore the potential of using photocatalytic techniques for environmental remediation, 
particularly in the context of agricultural and industrial pollution5456. The combination of TiO2, CuO, and clay 
soil not only enhances the photocatalytic activity but also provides a sustainable approach to water treatment. 
Utilizing naturally occurring clay as a support material for TiO2 and CuO can reduce costs and environmental 
impacts associated with more traditional water treatment methods.

Photocatalytic mechanisms
The photocatalysis mechanism of 2,4-D (2,4-Dichlorophenoxyacetic acid) degradation during the reaction 
follows these steps: Absorption of light energy, where titanium dioxide (TiO2), copper oxide (CuO), and clay 
soil absorb light energy (hν) from a light source. This energy excites an electron (e−) from the valence band (VB) 
of both TiO2 and CuO into the conduction band (CB), leaving behind positively charged holes (h⁺) in the VB.

	 TiO2 + CuO + hv → TiO2
(
e−CB + h+VB

)
+ CuO

(
e−CB + h+VB

)

Formation of reactive species
The photogenerated holes (h+) in the valence band of TiO2 and CuO can react with water (H2O) or hydroxide ions 
(OH−) adsorbed on the composite surface, producing hydroxyl radicals (OH·). Meanwhile, the photo generated 

Fig. 8.  Photo catalytic degradation efficiency of TiO2–CuO–clay soil composite.
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electrons (e−) in the conduction band can react with oxygen molecules (O2) adsorbed on the nanocomposite 
surface, generating superoxide radicals (O2

·−) (Fig. 9).

	

TiO2 − CuO − Clay
(
h+VB

)
+ H2O → TiO2 − CuO − Clay + OH· + H+

CuO − Clay
(
h+VB

)
+ H2O → CuO − Clay + OH· + H+

TiO2 − CuO − Clay
(
e−CB

)
+ O2 → TiO2 − CuO − Clay + O·−

2

Pesticide degradation: Degradation of 2,4-D: The hydroxyl radicals (OH·) and superoxide radical anions (O2
·−), 

which are powerful oxidizing agents, can react with 2,4-dichlorophenoxyacetic acid (2,4-D), breaking its 
molecular bonds and converting it into simpler, less toxic products such as CO2, H2O, and other mineral acids. 
The degradation reaction mechanism occurs on the clay soil surface (Fig. 8).

Conclusion
The degradation of pesticides in surface water and industrial wastewater has been extensively studied in laboratory 
settings using various photocatalytic methods. This study focused on a TiO2–CuO–clays soil nanocomposite 
under UV irradiation to investigate the photocatalytic degradation of 2,4-D. The results indicated that the TiO2–
CuO–clay soil nanocomposite is a promising option for effectively degrading 2,4-D when exposed to UV light. 
The study found that a catalytic molar ratio of 4:3:5 TiO2–CuO–clay soil nanocomposite was performed efficiently 
in an aqueous environment. Thus, the TiO2–CuO–clays soil nanocomposite was successfully degraded 2,4-D 
from both surface water and industrial wastewater. Furthermore, the investigation revealed that factors such 
as catalyst major ratio, pollutant concentration, and irradiation time significantly influenced the photocatalytic 
degradation of 2,4-D from surface water and pesticide factory effluents.

Data availability
Data is provided with the manuscript, and in the Supplementary files.
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