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Abstract
This study aims to examine the photodegradation kinetics of Methyl Orange (MO) dye in an aqueous medium using CuO–clay composite as a heterogeneous photocatalyst. The composite was synthesized through two stages, namely intercalation of natural clay with 0.1 M CMC surfactant and impregnation of Cu²⁺ ions from CuSO₄·5H₂O followed by calcination at 400 °C. Characterization using SEM–EDX showed that the aluminosilicate clay framework was maintained and CuO was loaded in significant amounts on the composite surface. Photodegradation tests were conducted on a 25 mg/L MO solution with the addition of 0.5 g of composite in 50 mL of solution and UV irradiation for 60, 90, 120, 150, and 180 minutes. The results showed that the degradation efficiency increased sharply up to 120 minutes of irradiation, with a degradation percentage of around 85–86%, and then tended to plateau, so that 120 minutes could be considered the optimum time. The data on MO concentration decrease over time were analyzed using first-order and second-order pseudo-kinetic models, where the second-order pseudo-kinetic model showed the best R(2)value of 0.804, indicating the important role of surface processes and chemical adsorption on the active sites of the CuO–clay composite in controlling the photodegradation rate.
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A. Introduction
Water pollution caused by industrial wastewater discharge remains a serious global environmental issue. The textile, paper, leather, food, and various chemical industries use synthetic dyes with stable structures that are resistant to natural degradation. It is estimated that 10–15% of the dyes used in the dyeing process end up as waste, causing discoloration of water bodies, disrupting light penetration, and reducing the ecological quality of water bodies (Almeida & Corso, 2019; E. A. Khan et al., 2025; Dada et al., 2020) . This condition has implications for the disruption of photosynthesis in aquatic organisms, a decrease in dissolved oxygen levels, and the potential accumulation of harmful compounds in the food chain. Therefore, effective management of dye waste is in line with efforts to achieve the Sustainable Development Goals (SDGs), particularly those related to clean water, sanitation, and aquatic ecosystems (Dhanaraj, 2024; Mojiri et al., 2023) .
Among various groups of synthetic dyes, azo dyes are the largest group and are most widely used in the industrial sector. Azo dyes generally have a chromophore group –N=N– which gives them strong, stable colors that are resistant to biodegradation, making them potentially persistent in aquatic environments. Methyl Orange (MO) is one of the anionic azo dyes that is widely used as an acid–base indicator, a dye in industry, and a model substance in studies of wastewater treatment (Chudgar, 2000; Rani et . Its conjugated aromatic structure and sulfonate group make MO highly soluble in water and relatively difficult to remove through natural processes. Several studies report that exposure to azo dyes such as MO can be toxic, mutagenic, and potentially cause health problems if accumulated over a long period. This makes MO a relevant model pollutant for evaluating the effectiveness of various wastewater treatment technologies (Goswami et al., 2024; Vaiano & Marco, 2023) .
Various methods have been developed to reduce the concentration of dyes in wastewater, ranging from conventional techniques such as coagulation–flocculation, adsorption, ion exchange, membrane filtration, to biological processes. Although relatively easy to implement, these approaches generally only transfer pollutants from the liquid phase to the solid phase without actually degrading the chemical structure of the dye into simpler and less harmful compounds (Beulah & Muthukumaran, 2020) . In addition, these methods are often constrained by high operational costs, difficulties in regenerating adsorbents, membrane fouling, and the production of large amounts of sludge that requires further treatment. In the last two decades, advanced oxidation processes (AOP) and heterogeneous photocatalysis have been developed to produce strong oxidizing species (such as hydroxyl radicals) capable of degrading dyes to the level of mineralization. However, the application of AOP also faces challenges, including high energy requirements, dependence on UV radiation sources or the addition of external oxidants, and the stability and reusability of catalysts (Jamil, 2024; Zhang et al., 2022) .
Metal oxide-based semiconductor materials, such as TiO₂, ZnO, and CuO, have been extensively studied as photocatalysts for the degradation of various organic dyes, including Methyl Orange. Among these metal oxides, CuO is of particular interest due to its good redox properties, ability to absorb radiation in the visible region, and relatively low cost compared to precious metal-based materials(et al., 2023) . Various forms and composites of CuO have been reported to exhibit high catalytic and photocatalytic activity in degrading dyes, either through photocatalysis, tribocatalysis, or other heterogeneous oxidation processes. However, one of the main challenges in using pure CuO nanoparticles is their tendency to agglomerate, the difficulty of separating them from the reaction medium, and the potential release of metal ions that can trigger secondary toxicity issues (I .
To overcome these limitations, various studies have developed CuO composite materials supported on solid matrices, such as carbon, other oxides, and clay-based materials. Clay has a number of advantages, including abundant availability, low cost, large surface area, good cation exchange capacity, and ease of physical and chemical modification (Ahmad et al., 2023) . The combination of CuO with clay is expected to improve CuO dispersion, increase the number of easily accessible active sites, and facilitate catalyst separation after the degradation process. Recent studies show that CuO–clay-based nanocomposites or CuO supported on clay minerals can improve the degradation efficiency of colored organic compounds compared to the separate use of CuO or clay. Thus, CuO–clay composites have the potential to be promising catalyst/adsorbent material candidates for the treatment of dyes (Side et al., 2023; Takeuchi & Ohkubo, 2023) .
Several studies have reported the successful synthesis and characterization of CuO–clay composites and their application for the photodegradation of Methyl Orange. These composites generally show high degradation efficiency in a relatively short reaction time, as well as fairly good stability after several cycles of use. However, the majority of studies still focus on reporting the percentage of concentration reduction or decolorization without comprehensive kinetic analysis (Nur et al., 2020) . Information on the most appropriate kinetic model is still relatively limited. Furthermore, the relationship between the physicochemical characteristics of CuO–clay composites (e.g., crystal structure, morphology, and surface area) and the kinetic behavior of Methyl Orange degradation has not been systematically explained(et al., 2025) .
In fact, kinetic studies play an important role in understanding the performance and mechanism of dye degradation processes. Previous studies have shown that the photodegradation of Methyl Orange with various photocatalysts often follows a first-order pseudo-model or a Langmuir–Hinshelwood-based approach at certain concentration ranges. On the other hand, deviations from the first- or second-order pseudo-models may indicate the contribution of other mechanisms, such as intra-particle diffusion, strong adsorption on the catalyst surface, or the formation of relatively stable intermediates. Determining kinetic parameters, such as rate constants and activation energy, is not only useful for understanding reaction mechanisms but also crucial for the design and scale-up of waste treatment reactors, including determining residence time and optimal operating conditions (( Priatna et al., 2024) ).
Based on the above description, there is still a knowledge gap regarding the understanding of the degradation kinetics of Methyl Orange using CuO–clay composites as heterogeneous catalysts. Available studies generally emphasize the success of synthesis and initial performance tests, while quantitative analysis of reaction rates, dominant kinetic models, and the influence of process parameters on kinetic parameters has not been studied in depth. In addition, discussions on the degradation mechanism that links kinetic data with composite characteristics (e.g., CuO active sites, the role of the clay matrix, and possible radical formation pathways) are still relatively limited. Filling this gap is important to ensure that the use of CuO–clay composites is not only empirically effective but also has a strong scientific basis for the development of waste treatment technology in the future.
Therefore, this study aims to examine the degradation kinetics of Methyl Orange in aqueous solution using CuO–clay composites. Specifically, the study focuses on the synthesis and characterization of CuO–clay composites, the evaluation of the effect of contact time on degradation efficiency, and the determination of the most appropriate kinetic model and its parameters to describe the degradation process. In addition, based on the results of characterization and kinetic studies, a degradation mechanism consistent with the observed reaction behavior will be proposed. It is hoped that the results of this study can make a significant contribution in providing a scientific basis for the use of CuO–clay composites as an efficient, economical, and sustainable catalyst material for the treatment of dye waste, especially those containing Methyl Orange.
B. Method 
1. Tools and Materials
The main chemicals used in this study were Methyl Orange (pro analysis), Cu(NO₃)₂·3H₂O as a CuO precursor, and natural clay that had been dried and sieved using a 60 mesh sieve, HNO₃ and NaOH. The main equipment used included an analytical balance, drying oven, calcination furnace, magnetic stirrer with speed controller, pH meter, and UV–Vis spectrophotometer for MO concentration analysis, scanning electron microscopy (SEM) equipped with energy dispersive X-ray (EDX).
2. Work Procedure
Composite Synthesis
Natural clay is first modified through an intercalation process using 0.1 M CMC. The clay suspension in the CMC solution is stirred at 60 °C for 24 hours. After that, the modified clay solid is separated from the solution, then washed repeatedly with demineralized water and ethanol until the pH of the filtrate reaches about 7. The clean clay solid is dried at 60 °C for 3 hours.
CuO/clay composites were synthesized using the impregnation method. A total of 5 g of clay was dispersed into 40 mL of distilled water and stirred until homogeneous. After that, 5 g of CuSO₄·5H₂O was added to the suspension. The mixture was then added to 40 mL of 96% ethanol and stirred using a magnetic stirrer for 5 hours. The resulting suspension was filtered using a vacuum pump, and the precipitate obtained was dried at 80 °C for 5 hours. The dry solid was then calcined at 400 °C for 5 hours. After the calcination process, the CuO–clay composite was ground with a mortar and sieved again using a 60 mesh sieve.
The microstructure of the composite was observed using Scanning Electron Microscopy (SEM, JEOL-6000PL) to examine the surface morphology and grain size (approximately 60 mesh), while quantitative analysis of the elemental composition was performed using energy dispersive X-ray (EDX) (Side 2023).

Degradation analysis and time variation 
A total of 5 beakers, each with a capacity of 100 mL, were filled with 50 mL of MO 25 mg/L. Next, 0.5 g of CuO-clay composite was added to each Erlenmeyer flask. Each beaker was placed in a radiation box, then stirred using a shaker and irradiated with ultraviolet light for 60 minutes, 90 minutes, 120 minutes, 150 minutes, and 180 minutes at pH 4. Then, they were centrifuged at a speed of 7000 rpm for 15 minutes, and their absorbance was measured using a UV-Vis spectrophotometer at a wavelength of 470 nm. The degradation efficiency at time t was calculated using the equation:

Next, the data on Methyl Orange concentration over time was used to examine the pseudo-order kinetics model. The two main kinetics models tested were pseudo-first order and pseudo-second order.

First-order pseudo-kinetic model

where k₁ is the pseudo-first-order rate constant (min⁻¹). The plot of ln(C0​ /Ct​ ) against t was used to obtain k₁ from the slope of the line.

Second-order pseudo-rate model

where k₂ is the pseudo-second-order rate constant (L·mg⁻¹·min⁻¹). Plotting 1/C(t) against t is used to obtain k₂ from the slope of the line.

C. Results and Discussion
Synthesis and Characterization
The CuO–clay composite was successfully synthesized through two main stages, namely intercalation of clay with CMC surfactant and impregnation of Cu²⁺ ions from CuSO₄·5H₂O followed by calcination at 400 °C. The intercalation stage used 0.1 M CMC at 60 °C for 24 hours, followed by washing to neutral pH and drying, with the aim of opening the layers and increasing the clay's ability to adsorb and absorb metal species. Thus, the number and accessibility of active sites on the surface and between clay layers were improved for the Cu²⁺ impregnation process.
In the next stage, the dispersion of clay in distilled water and 96% ethanol facilitates the interaction of Cu²⁺ ions with surface sites and between clay layers. Drying and calcination at 400 °C for 5 hours allows the decomposition of CuSO₄·5H₂O and the formation of a dispersed CuO phase in the clay matrix. This combination of intercalation–impregnation–calcination steps is designed to produce a composite material with good CuO distribution, adequate thermal stability, and retention of the aluminosilicate clay framework as a support for the active CuO phase.
CuO-clay composites were characterized using SEM-EDX instruments to analyze the morphology of the resulting composites and determine the constituent elements of CuO-clay composites. The results of composite analysis using SEM-EDX can be seen in Figure 1.
(a) [image: ][image: ]                                                (b)
Figure 1. SEM results (a) CuO-clay magnification 5000x (b) CuO-clay magnification 10,000x

[image: ]The surface appearance of the CuO-clay composite can be seen in the image with (a) 5000x magnification and (b) 10,000x magnification. The particle size varies with an uneven distribution on the sample surface.

Figure 2. EDX results of CuO-clay composite

Based on Figure 2, the composition of the CuO-clay composite can be determined, as shown in Table 1.
Table 1. Composition of the CuO-clay composite
	No
	Element
	Ek  Photoelectron (keV)
	Mass %
	Atomic %
	Molar %
	Compound

	1
	B K
	0.183
	2.09
	7.58
	6.90
	B2 O3

	2
	N K
	0.392
	0.16
	0.45
	0.81
	N

	3
	O K
	0.525
	14.90
	36.58
	-
	-

	4
	Mg K
	1.253
	0.37
	0.60
	1.10
	MgO

	5
	Al K
	1.486
	4.39
	6.39
	5.82
	Al2 O3

	6
	Si K
	1.739
	8.33
	11.64
	21.20
	SiO2

	7
	K K
	3.312
	1.33
	1.34
	1.22
	K2 O

	8
	Ca K
	3.690
	0.75
	0.74
	1.34
	CaO

	9
	Ti K
	4.508
	0.34
	0.28
	0.50
	TiO2

	10
	Fe K
	6.398
	3.10
	2.18
	3.97
	FeO



Based on Table 1, the dominant elements in the synthesized composite are O (Oxygen) at 36.58% and the rest are other elements such as B (Boron) 7.58%, Al (Aluminum) 6.39%, Si (Silica) 11.64%, K (Potassium) 1.34%, Fe (Iron) 2.18%, Cu (Copper) 17.00%, Rb (Rubidium) 1.69%, and Mo (Molybdenum) 13.54%. The remaining elements in the composite are impurities resulting from residual materials left over from the CuO-clay composite manufacturing process.

Kinetic Study
The effect of UV irradiation time on the degradation of Methyl Orange (MO) by CuO–clay composites was studied by varying the duration of UV irradiation after adding the composite to the MO solution. UV irradiation was carried out for 60, 90, 120, 150, and 180 minutes. The percentages of MO degradation obtained were 66.66%; 78.17%; 85.76%; 85.82%; and 85.84%, respectively (Figure 3). Increasing the UV irradiation time from 60 to 120 minutes resulted in a significant increase in photodegradation efficiency, while extending the irradiation time to 150 and 180 minutes only resulted in a very small increase.
Figure 3 Diagram of MO degradation percentage with varying exposure times

In detail, an increase from 60 to 90 minutes resulted in an increase in degradation of approximately 11.51%, and from 90 to 120 minutes approximately 7.59%. However, in the 120–150 minute and 150–180 minute ranges, the increase in degradation was only approximately 0.06% and 0.02%. This indicates that most MO molecules have been photodegraded within the first 120 minutes of UV irradiation, and after that the system is in a plateau zone where the photodegradation rate becomes very slow. Thus, practically speaking, 120 minutes of UV irradiation can be considered the optimum time, as adding irradiation time up to 180 minutes no longer provides a significant increase in efficiency.
This behavior is consistent with the characteristics of heterogeneous photocatalytic systems. In the early stages of UV irradiation, the number of active sites on the CuO–clay composite surface is still abundant and the concentration of MO in the solution is relatively high, so that the formation of reactive species (e.g., hydroxyl radicals and other radicals) on the CuO surface and their interaction with MO molecules occurs at a high rate. As irradiation continues, the concentration of MO in the solution decreases and some of the active sites are covered by degradation products or intermediates, so that the frequency of effective collisions decreases and the rate of photodegradation slows down.
The role of the clay matrix is also essential in explaining this profile. Modified clay containing CuO functions both as an adsorbent and a photocatalyst support. At the beginning of UV irradiation , clay helps concentrate MO around the CuO site, thereby accelerating photodegradation. However, when the surface begins to be covered by intermediates or adsorbed MO molecules, the additional adsorption capacity decreases and a near-equilibrium condition is reached.
To understand the reaction rate mechanism during UV irradiation, data on changes in Methyl Orange concentration over UV irradiation time (t) were analyzed using first-order and second-order kinetic modeling, presented in Table 2, and the linear regression results are presented in Table 3.
Table 2 Photodegradation data for Methyl Orange and transformation for kinetic model
	t (minutes)
	C0
(mg/L)
	Degradation (%)
	Ct  (mg/L)
	(Ct/C0)
	(ln(C0/Ct))
	(1/Ct) (L/mg)

	60
	25
	66.66
	8.335
	0.3334
	1.098
	0.120

	90
	25
	78.17
	5.4575
	0.2183
	1.522
	0.183

	120
	25
	85.76
	3.5600
	0.1424
	1.949
	0.281

	150
	25
	85.82
	3.5450
	0.1418
	1.953
	0.282

	180
	25
	85.84
	3.5400
	0.1416
	1.955
	0.282



Table 3 Kinetic parameters of Methyl Orange photodegradation by CuO–clay
	Model
	k
	R2

	First-order
	k1  7.15 ×10⁻³min⁻¹
	0.786

	Second pseudo-order
	k2  1.41 ×10⁻³  L mg⁻¹min⁻¹
	0.804



Table 3 shows that both models are able to describe the downward trend in MO concentration during UV irradiation. However, the second-order pseudo-model provides a slightly higher coefficient of determination (R² = 0.804) than the first-order pseudo-model (R² = 0.786). This indicates that, within the irradiation time range studied, the photodegradation of Methyl Orange by the CuO–clay composite is better explained by second-order pseudo-kinetics. Physically, better fit with the second-order pseudo-model is often associated with processes strongly influenced by surface interactions and chemical adsorption (chemisorption) at the active sites of the catalyst. In the context of photodegradation, this is consistent with the mechanism whereby MO molecules are first adsorbed onto the surface of the CuO–clay composite, then attacked by reactive species formed when CuO absorbs photon energy from UV light. The dual role of clay as an adsorbent and photocatalyst support reinforces the indication that surface processes play an important role in controlling the reaction rate.
Although during irradiation above 120 minutes the system showed a tendency to approach a plateau (very small changes in Ct), the initial data (60–120 minutes) was sufficient to show that the photodegradation rate in the early stages was controlled by surface reactions. The k₂ value, which is on the order of 10⁻³ L·mg⁻¹·min⁻¹, reflects a relatively fast photodegradation rate at an initial concentration of 25 mg/L under the UV irradiation conditions used. Overall, the kinetic study results show that UV irradiation time is a key factor in controlling photodegradation efficiency, with an optimum time of approximately 120 minutes for this system. These findings provide a quantitative basis for designing the irradiation time in CuO–clay composite-based photocatalytic reactors, while also confirming that system design and optimization must consider the synergy between the structural properties of the composite (resulting from synthesis and characterization) and the photodegradation dynamics occurring on the catalyst surface.

D. Conclusion
The CuO–clay composite synthesized through clay intercalation and CuSO₄·5H₂O impregnation was successfully formed with a high CuO content and a well-preserved aluminosilicate framework, as shown by EDX analysis. As a photocatalyst under UV irradiation, this composite was able to degrade Methyl Orange by approximately 85–86% with an optimum irradiation time of around 120 minutes. Kinetic studies indicate that the photodegradation behavior can be adequately explained by a pseudo-second-order kinetic approach, suggesting that the CuO–clay composite has potential for application as a heterogeneous photocatalyst for dye wastewater treatment.
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