Kinetic Degradation of Rhodamine B Dye Using CuO-Clay Composite

Abstract
Industrial wastewater containing synthetic dyes such as RhB (RhB) has the potential to cause toxic and persistent effects on the environment, thus requiring effective and simple treatment technologies. This study aims to examine the ability of CuO–clay composites to reduce RhB concentrations and analyze the kinetics of its degradation in a batch system with UV irradiation. Degradation tests were conducted on a 25 ppm RhB solution with variations in time of 60, 90, 120, 150, and 180 minutes. The RhB concentration was monitored using a UV–Vis spectrophotometer at λ_max 554 nm, while the concentration reduction data was analyzed using first-order and second-order kinetic models. The results showed that the CuO–clay composite was able to significantly reduce the RhB concentration within 180 minutes of contact time, with a final concentration of 0.0274 ppm. Kinetic analysis indicated that the RhB reduction process followed a pseudo-first-order model with a rate constant k(1)= 0.0378 min^(−1)and a coefficient of determination R(2)= 0.998. These findings confirm that CuO–clay composites have the potential to be developed as effective and economical functional materials for treating liquid waste containing RhB.
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A. Introduction
Water pollution caused by industrial waste disposal remains a pressing global environmental issue. Various sectors such as textiles, paper, leather, plastics, food, and cosmetics use large amounts of synthetic dyes, and a significant portion ends up in water bodies without adequate treatment (Khan et al., 2025; Rajput et al., 2024) . The presence of these dyes not only increases COD and BOD levels but also degrades the aesthetic quality of water bodies and disrupts light penetration, which is essential for the photosynthesis of aquatic organisms( Pratiwi et al., 2025) . In many developing countries, including Indonesia, limited wastewater treatment technology and high operational costs further exacerbate the accumulation of dyes in aquatic environments (Beulah & Muthukumaran, 2020) . Among various synthetic dyes, Rhodamine B (RhB) is one of the most widely used cationic dyes in textiles, paper, ink, cosmetics, and plastics. RhB has a xanthene structure with a conjugated bond system that produces a very intense pink to purplish-red color, even at low concentrations( Utami et al., 2023) . Its water-soluble nature, chemical stability, and resistance to photochemical and biological degradation make RhB highly persistent in the environment. This makes RhB difficult to remove through natural dilution or conventional biological treatment alone (Rosa & Okzelia, 2023; Scordato, 2023) .

In addition to being persistent, RhB is also known to have toxic effects on health and the environment. Several studies have reported the potential carcinogenic and mutagenic properties of RhB, as well as the possibility of causing irritation to the skin and eyes and damage to organs such as the liver and kidneys if exposed over a long period of time (Cheng & Tsai, 2017) . The presence of RhB in drinking water or the food chain is clearly unacceptable, so wastewater containing RhB must be treated to a safe level before being discharged into the environment. This condition underscores the urgency of developing technology that can eliminate RhB not merely by removing the pollutant, but also by completely restructuring its molecular structure (Patil et al., 2024; Purba, 2024) .

Various technologies for treating liquid waste containing dyes have been developed, ranging from physical methods (adsorption, membrane filtration), chemical methods (coagulation–flocculation, chemical oxidation), to biological processes. Although some of these techniques are quite effective in rapidly reducing dye concentrations, most only transfer pollutants from the liquid phase to the solid phase in the form of sludge, which then raises the issue of further treatment (Patel et al., 2024) . In addition, incomplete oxidation processes have the potential to produce intermediate compounds that are still hazardous. These limitations have driven the development of approaches capable of degrading dyes more thoroughly, ideally to the point of mineralization into CO₂ and H₂O or less toxic inorganic compounds (Dey & Mandal, 2025) .

In this context, advanced oxidation processes (AOP) have emerged as a promising alternative for the degradation of persistent organic compounds such as RhB. Various variants of AOP, such as semiconductor photocatalysis, Fenton and photo-Fenton processes, and ozonation, rely on the generation of hydroxyl radicals (•OH) and other reactive oxidative species that have high oxidation potential (Melville, 2022) . These radicals are capable of breaking the chromophore and aromatic ring bonds in RhB molecules, causing the color to disappear and the molecular structure to fragment. However, for AOP to be implemented effectively and economically, a good understanding of degradation kinetics—including reaction order models and rate constants—is crucial for reactor design, optimization of operating conditions, and evaluation of process feasibility on a larger scale (Zheng et al., 2025) .

One semiconductor material that has received a lot of attention in AOP is copper(II) oxide (CuO). CuO is a p-type semiconductor with a relatively narrow band gap (around 1.2–1.9 eV), so it can be activated by visible light radiation. Other advantages of CuO are its abundant availability, relatively low cost, and its fairly stable properties as well as being more environmentally friendly than some heavy metal semiconductors( Akarken et al., 2024) . Various studies show that CuO can act as a catalyst or photocatalyst for the degradation of organic dyes. However, the use of CuO in its pure form is often hindered by particle agglomeration, limited effective surface area, and high electron–hole pair recombination rates, which ultimately reduce the efficiency of reactive radical formation and slow down the degradation rate (Ibarra-Rodríguez et al., 2023) .

To overcome these limitations, the use of support materials such as clay is an attractive strategy. Clay—for example, bentonite or kaolinite—has a high specific surface area, good cation exchange capacity, and abundant availability at low cost, especially in countries with rich clay mineral resources (Biswas et al., 2020) . Clay is also known to have fairly good adsorption capacity for cationic dyes such as RhB, thereby increasing the local concentration of RhB around the catalyst surface. When CuO is dispersed on the surface or within the clay structure, a CuO–clay composite is formed that is expected to synergistically combine the adsorption advantages of clay and the catalytic activity of CuO (Sayahi et al., 2025) .

CuO–clay composites have the potential to offer several advantages: preventing CuO particle agglomeration, increasing surface area and the number of exposed active sites, and facilitating more efficient charge transfer during the oxidation process. In addition, the adsorption contribution of clay can increase the pre-concentration stage of RhB near the catalytic site, thereby accelerating the overall degradation rate. Although a number of studies have reported the use of CuO or CuO-based materials for dye degradation, as well as the use of clay and modified clay as adsorbents and photocatalysts, studies that specifically highlight the kinetics of RhB degradation using CuO–clay composites are still relatively limited. Many studies emphasize the percentage of removal or photocatalytic efficiency without in-depth analysis of kinetic models and reaction rate parameters (( Asmare et al., 2025; Side et al., 2023).

Based on this gap, this study focuses on the synthesis and characterization of CuO–clay composites and the investigation of RhB degradation kinetics using these composites as active materials. Specifically, this study aims to evaluate RhB degradation performance under varying process conditions and analyze degradation data to determine the most appropriate kinetic model and calculate the reaction rate constant. The novelty of this study lies in the combination of the use of clay-based CuO–clay composites with systematic kinetic analysis, which is expected to provide more comprehensive information on the mechanism and rate of RhB degradation. Practically, the results of this study can serve as a scientific basis for the development of wastewater treatment systems containing RhB by utilizing CuO–clay-based materials that are potential, economical, and relevant for adaptation on a wider scale.

B. Method
1. Tools and Materials
The main tools used in this study included a UV–Vis spectrophotometer with a 1 cm path length quartz cuvette, a magnetic stirrer with a hot plate, a shaker or orbital shaker, a digital pH meter, an analytical balance, a centrifuge or vacuum filtration device, and standard laboratory glassware. The chemicals used include pro-analysis grade RhB dye, CuO–clay composite, distilled water as a solvent, and HCl and NaOH solutions.
2. Procedure
Preparation of Rhodamine B Standard Solution
	The RhB standard solution for preparing the calibration curve is prepared by diluting the stock solution to several concentrations of 0.01, 0.03, 0.05, 0.1, 0.3, 0.5, and 0.7 ppm. Next, UV-Vis analysis is performed at λ 550 nm.
Study of RhB degradation kinetics using CuO–clay composites
The kinetic study of RhB degradation was conducted by examining the variation in UV irradiation time between RhB solution and CuO–clay composite. The time variations (60, 90, 120, 150, and 180 minutes) were carried out by preparing 50 mL of 25 ppm RhB solution, then adding 0.1 g of CuO–clay composite. Each dye solution was placed in an Erlenmeyer flask and stirred at room temperature and irradiated with UV light for varying periods of time. After reaching the specified time, the suspension was separated using centrifugation at a speed of 7000 rpm for 15 minutes, then the absorbance of the remaining RhB in the filtrate was measured using a UV–Vis spectrophotometer at a wavelength of 554 nm (Putri et al., 2018; Side et al., 2023) . The degradation efficiency at time t is calculated using the equation:

Next, the data on RhB concentration over time was used to examine pseudo-order kinetics models. 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). Plot 1/C(t)   against t to obtain k₂ from the slope of the line
C. Results and Discussion
Calibration
The calibration curve was determined to obtain a quantitative relationship between the concentration of RhB (RhB) and its absorbance at a wavelength of 554 nm. RhB standard solutions were prepared at several concentrations in the range of 0.01–0.70 ppm, then their absorbance was measured at λ_max = 554 nm. The measurement data showed that an increase in RhB concentration was followed by an almost linear increase in absorbance, as shown in Figure 1 and Table 1.
Table 1 Standard Solution Analysis Results
	Standard
	Concentration (ppm)
	Absorbance (λ_max= 554 nm)

	Rhodamine B
	0.7
	0.443

	Rhodamine B
	0.5
	0.297

	Rhodamine B
	0.3
	0.210

	Rhodamine B
	0.1
	0.06

	Rhodamine B
	0.07
	0.040

	Rhodamine B
	0.05
	0.034

	Rhodamine B
	0.03
	0.025

	Rhodamine B
	0.01
	0.017




Fig 1 Calibration Curve

The data shows a linear relationship between concentration and absorbance with the regression equation, y = 0.6186x + 0.0047 with a coefficient of determination R2 = 0.9952. The R² value,which is very close to 1, indicates that Lambert–Beer's law is well satisfied in the working concentration range, so that the UV–Vis spectrophotometry method used is sufficiently reliable ly to monitor the decrease in RhB concentration during the degradation process by the CuO–clay composite. This regression equation is then used to calculate the remaining RhB concentration (C(t))from the absorbance values measured at each contact time.

Kinetic Study
The RhB degradation study was conducted at an initial concentration of C₀ = 25 ppm using CuO–clay composite with UV irradiation. Changes in RhB concentration over contact time are presented in Table 2
Table 2 Changes in RhB concentration (C₀ = 25 ppm) over contact time with the CuO–clay composite
	t (minutes)
	C₀ (ppm)
	Cₜ (ppm)
	% degradation

	60
	25
	2.532
	89.79

	90
	25
	0.9474
	96.21

	120
	25
	0.2648
	98.94

	150
	25
	0.0991
	99.60

	180
	25
	0.0274
	99.89



Table 2 shows that the decrease in RhB concentration was very significant throughout the contact time period studied. In the first 60 minutes, the RhB concentration dropped from 25 ppm to around 2.55 ppm  with a reduction efficiency of 89.79%. The decrease continued until 90 minutes with an efficiency of 96.21%, then increased further to 98.94% at 120 minutes. At contact times of 150 and 180 minutes, the RhB concentration approached zero at 0.0991 and 0.0274 ppm, respectively, with a reduction efficiency of 99.60% and 99.89%.
This pattern shows that the interaction between RhB and the CuO–clay composite is highly effective, especially after 90–120 minutes. The absence of a rebound in RhB concentration during longer contact times indicates that RhB desorption from the composite surface is insignificant within the observation time frame, thus demonstrating that the CuO–clay composite exhibits good stability as an RhB reduction material under the operating conditions used.
To examine the mechanism of the rate of decrease in RhB concentration, the data in Table 2 were analyzed using first-order and second-order kinetic models. Calculations were based on concentrations C₀ and Cₜ at various times (t). The values of ln(C(0)/C(t))ln(C(0)/C(t))and 1/C(t)​ , which were used to test both models, are presented in Table 3.





Table 3 First-order and second-order kinetic parameters
	t (minutes)
	C₀ (ppm)
	Cₜ (ppm)
	% degradation
	ln(C₀/Cₜ) 
	1/Cₜ

	60
	25
	2.532
	89.79
	22,815
	0.3916

	90
	25
	0.9474
	96.21
	32.729
	10.556

	120
	25
	0.2648
	98.94
	45,477
	37.764

	150
	25
	0.0991
	99.60
	55.305
	100.898

	180
	25
	0.0274
	99.89
	68,161
	364.963



From the results of the first-order kinetic model testing,a k value of 0.0378 min⁻¹was obtained with an R²value of 0.998. The very high R² value (close to 1) indicates that the first-order model very well describes the decrease in RhB concentration in this system. Physically, this indicates that the rate of RhB degradation/decrease is proportional to the remaining RhB concentration in the liquid phase. 
In testing using a pseudo-second-order kinetic model, a value of k 0.271 ppm-1  min-1  with an R2value of 0.72 was obtained. The R² value, which is much lower than that of the pseudo-first-order model, indicates that the pseudo-second-order model is less suitable for describing the behavior of RhB concentration reduction in this RhB–CuO–clay system.
The excellent fit to the first-order pseudo-model indicates that the rate of RhB concentration decrease depends directly on the RhB concentration in solution, consistent with a degradation/decrease system controlled by a surface process with a single dominant rate step. In the context of CuO–clay composites, clay provides a large surface area and adsorbate sites to concentrate RhB molecules near the surface, while the presence of CuO is thought to modify surface properties and enhance specific interactions with RhB, thereby accelerating the concentration decrease process.
The very high reduction efficiency (> 99% in 150–180 minutes) at C₀ = 25 ppm indicates that the CuO–clay composite has the potential to be applied as a functional material for treating liquid waste containing RhB in a simple batch system.

D. Conclusion
Based on the results of the study, it can be concluded that the CuO–clay composite is effective in reducing the concentration of RhB dye in a batch system with UV irradiation. At an initial RhB concentration of 25 ppm, this composite was able to reduce the concentration to >99% within an optimum contact time of 180 minutes, with a final concentration of 0.0274 ppm. Kinetic analysis shows that the RhB reduction process follows a pseudo-first-order model with a rate constant k(1)= 0.0378 min(−1)and a coefficient of determination R(2)= 0.998, indicating excellent model suitability. These findings indicate that CuO–clay composites have the potential to be developed as functional materials for the simple and effective treatment of RhB-containing wastewater ( ), with the possibility of further application on a larger scale.

Disclaimer (Artificial intelligence)
Option 1: 
Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 
Option 2: 
Author(s) hereby declare that generative AI technologies such as Large Language Models, etc. have been used during the writing or editing of manuscripts. This explanation will include the name, version, model, and source of the generative AI technology and as well as all input prompts provided to the generative AI technology
Details of the AI usage are given below:
1.
2.
3.


E. References
Akarken, G., Cengiz, U., & Bektaş, T. E. (2024). Hydrothermal Synthesis of CuO Nanoparticles: Tailoring Morphology and Particle Size Variations for Enhanced Properties. Journal of Advanced Research in Natural and Applied Sciences, 10 (2), 329–336. https://doi.org/10.28979/jarnas.1405595
Asmare, Z. G., Aragaw, B. A., Atlabachew, M., Dubale, A. A., & Mohammed, K. S. (2025). Facile Preparation of a Kaolin-Supported CuO Catalyst and Investigation of Its Catalytic Performance for Methylene Blue Dye Degradation in Aqueous Solution. https://doi.org/10.1021/acsomega.5c02923
Beulah, S. S., & Muthukumaran, K. (2020). Methodologies of Removal of Dyes from Wastewater: A Review. International Research Journal of Pure and Applied Chemistry, 68–78. https://doi.org/10.9734/IRJPAC/2020/V21I1130225
Biswas, B., Labille, J., & Prelot, B. (2020). Clays and modified clays in remediating environmental pollutants. Environmental Science and Pollution Research, 27 (31), 38381–38383. https://doi.org/10.1007/S11356-020-09828-4
Cheng, Y. Y., & Tsai, T. H. (2017). Pharmacokinetics and Biodistribution of the Illegal Food Colorant Rhodamine B in Rats. Journal of Agricultural and Food Chemistry, 65 (5), 1078–1085. https://doi.org/10.1021/ACS.JAFC.6B04975
Dey, S., & Mandal, B. (2025). A Comprehensive Review on Microbial Bioremediation of Industrial Dye. Radinka Journal of Science and Systematic Literature Review, 3 (2), 702–714. https://doi.org/10.56778/rjslr.v3i2.518
Ibarra-Rodríguez, L. I., Alfaro Cruz, M. R., Garay-Rodríguez, L. F., Hernández-Majalca, B. C., Domínguez-Arvizu, J. L., López-Ortíz, A., Torres‐ Martínez, L. M., & Collins-Martínez, V. (2023). Photocatalytic reduction of CO2 over Ni-CuxO thin films towards formic acid production. Journal of Materials Research and Technology, 26 , 137–149. https://doi.org/10.1016/j.jmrt.2023.07.118
Khan, E. A., Tiwari, N. P., Agnihotri, A., & Awasthi, G. (2025). Bioremediation and advanced research for degradation of dyes. International Journal of Biological Innovations, 07 (01), 80–92. https://doi.org/10.46505/ijbi.2025.7110
Melville, A. (2022). Fenton Processes in Dye Removal. Sustainable Textiles, 21–36. https://doi.org/10.1007/978-981-19-0987-0_2
Patel, D. K., Singh, A., Rao, A. S., Singh, R. S., & Sonwani, R. K. (2024). An overview of recent advances in treatment of complex dye-containing wastewater and its techno-economic assessment. Journal of Environmental Management, 370
Patil, P., P., P. N., S., V., V., P., Almutairi, M., Almutairi, B., Selvaraj, A., Raman, P., & Jesu, A. (2024). Rhodamine B, an organic environmental pollutant induces reproductive toxicity in parental and teratogenicity in F1 generation in vivo. https://doi.org/10.1016/j.cbpc.2024.109898
Pratiwi, D. E., Putri, S. E., Side, S., Irfandi, R., Taufiq, M., & Rahman, A. (2025). Optimization of methyl orange dye photodegradation using TiO2/porous ceramics with response surface methodology. Jurnal Kartika Kimia, 8 (1), 108–118. https://doi.org/10.26874/jkk.v8i1.917
Purba, J. S. (2024). Jhan Saberlan Purba. Journal of Pharmaceutical and Herbal Research, 7 (1), 52–61. https://doi.org/10.36656/jpfh.v7i1.2000
Putri, S. E., Pratiwi, D. E., Triandi, R., Mardiana, D., & Side, S. (2018). Performance Test of Gelcasted Porous Ceramic as Adsorbent of Azo Dyes. Journal of Physics: Conference Series,  MXXVIII(1). https://doi.org/10.1088/1742-6596/1028/1/01203
Rajput, A., Shukla, S. K., Kumar, R., Jha, G., Kalia, V., & Mangla, B. (2024). A Sustainable Catalytic Approach for Wastewater Bodies (pp. 353–376). https://doi.org/10.1002/9781119901310.ch13
Rosa, S. D., & Okzelia, S. D. (2023). Analysis of Rhodamine B Dye in Lipsticks Circulating in the Setu Bekasi Market. Journal of Education and Chemistry (JEDCHEM, 5
Sayahi, N., Othmani, B., Mnif, W., Algarni, Z., Khadhraoui, M., & Ben Rebah, F. (2025). Clay Minerals as Enzyme Carriers for Pollutant Removal from Wastewater: A Comprehensive Review. Minerals, 15 (9
Scordato, J. (2023). Efficient Removal of Rhodamine B in Wastewater via Activation of Persulfate by MnO2 with Different Morphologies. Water, 15 (4), 735. https://doi.org/10.3390/w15040735
Side, S., Putri, S. E., Hasri, A. H. M., & Rahman, E. (2023). Preparation and Characterization of CuO/Clay Composite for Methyl Orange Photodegradation. E3S Web of Conferences, 400 , 04012. https://doi.org/10.1051/e3sconf/202340004012
Utami, M., Wang, S., Fajarwati, F. I., & Dewi, T. A. (2023). Enhanced Photodegradation of Rhodamine B Using Visible-Light Sensitive N-TiO2/rGO Composite. https://doi.org/10.3390/cryst13040588
Zheng, T., Zhang, Z. Y., Liu, Y., & Zou, L. (2025). Recent Progress in Catalytically Driven Advanced Oxidation Processes for Wastewater Treatment. Catalysts, 15 (8), 761. https://doi.org/10.3390/catal15080761



Calibration Curve


0.7	0.5	0.3	0.1	7.0000000000000007E-2	0.05	0.03	0.01	0.443	0.29699999999999999	0.21	0.06	0.04	3.4000000000000002E-2	2.5000000000000001E-2	1.7000000000000001E-2	Concentration (ppm)


Absorbance



image1.png
Absorbance

05
0.45
04
035

)
w

0.25

o
N

0.15
01
0.05

01

Calibration Curve

y =0.6186x+0.0047

R?=0.9952,

02 03 04 05
Concentration (ppm)

06

07

08





