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Abstract
The increasing pollution of industrial wastewater, particularly from the textile sector, poses a serious environmental challenge due to the presence of synthetic dyes such as methylene blue, which are toxic and non-biodegradable. This study aims to synthesize and characterize a Zeolite-PbO composite as an effective adsorbent for the removal of methylene blue from aqueous solutions. The composite was synthesized via an impregnation method using ethanol as a solvent, followed by acid activation and calcination at 400°C. SEM analysis revealed that PbO particles were successfully dispersed on the surface and within the pores of the zeolite, forming a denser and more coated structure. Adsorption kinetics were evaluated under varying interaction times, with the pseudo-second order model yielding the best fit , indicating a chemisorption mechanism. Furthermore, adsorption isotherm studies showed that the Langmuir model provided the best correlation , suggesting monolayer adsorption on a homogeneous surface, with a maximum adsorption capacity (qmax) of 1.186 mg g-1. These results demonstrate that the Zeolite-PbO composite exhibits high potential as an efficient and sustainable adsorbent for treating wastewater containing synthetic dyes such as methylene blue.
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I. Introduction
The discharge of industrial wastewater, particularly from the textile sector, has become a major contributor to global water pollution. Textile industries consume vast amounts of synthetic dyes, such as methylene blue, during production processes. These dyes are characterized by their complex aromatic structures, high chemical stability, and resistance to biodegradation, making them persistent contaminants in aquatic environments[1], [2] . Methylene blue, in particular, poses severe ecological and human health risks due to its toxicity, carcinogenicity, and potential to bioaccumulate in the food [3], [4]
Conventional treatment methods for dye-laden wastewater, such as coagulation, oxidation, membrane filtration, and biological treatments, often suffer from drawbacks including high operational costs, generation of secondary pollutants, and limited effectiveness for recalcitrant compounds[5], [6]. In this context, adsorption has gained significant attention as a promising alternative due to its operational simplicity, cost-effectiveness, and high removal efficiency for various organic and inorganic pollutants [7].
Natural and modified zeolites have emerged as efficient adsorbents owing to their high surface area, porous structure, ion-exchange capabilities, and thermal stability [8]. However, pristine zeolites sometimes exhibit limited adsorption capacities for certain organic pollutants, necessitating modification to enhance their performance. Recent studies have demonstrated that loading metal oxides onto zeolite surfaces can significantly improve their adsorption properties by introducing additional active sites and altering surface charge characteristics [9], [10].
Among various metal oxides, lead(II) oxide (PbO) presents unique advantages, including high surface reactivity and strong interaction potential with dye molecules. Incorporating PbO into the zeolite framework is expected to create a composite material with synergistically enhanced adsorption capabilities. While several studies have explored zeolite-based composites for dye removal, the specific application of a zeolite-PbO composite for methylene blue adsorption remains underexplored, particularly in terms of detailed kinetic and isotherm modeling [11].
Thus, this study aims to synthesize and characterize a Zeolite-PbO composite and to evaluate its adsorption performance toward methylene blue removal from aqueous solutions. The composite was prepared via an impregnation technique followed by calcination, and its physicochemical properties were characterized using Scanning Electron Microscopy (SEM). Adsorption kinetics and isotherm studies were conducted to elucidate the adsorption mechanisms and quantify the maximum adsorption capacity. The findings are expected to contribute to the development of efficient and sustainable adsorbent materials for the treatment of dye-contaminated industrial effluents.

II. Methodology
A. Tools and Materials
The equipment used in this research are glassware, thermometer, analytical balance, magnetic stirrer, hot plate, oven, pH meter, vial bottle, centrifuge bottle, radiation box, Phillips lamp with a wavelength of 253.47 nm, furnace, sieve, Scanning Electron Microscope (SEM-EDS).
The materials used in this study are PbO acetate solids, zeolite solids, 0.1 M NaOH solution, 96% ethanol solution, 2 M H2SO4 solution, CH3COOH solution, 2 M HCl solution, Methylene Blue dye solids, Whatman filter paper, and distilled water.
B. Work Procedure
1. Zeolite Activation
100 g of natural zeolite that passed the 200mesh sieve was put into a glass beaker and 1000 mL of distilled water was added, while stirring with a magnetic stirrer for 3-4 hours. The natural zeolite was then filtered and heated at 500C until constant weight. To 100 g of washed zeolite, 100 mL of 2 M sulfuric acid was added and stirred for 14-16 hours using a magnetic stirrer. The zeolite was then washed with distilled water until clean and dried at 1200C until it reached constant weight. The dried zeolite solids were pulverized and sieved again until they passed a 200 mesh sieve .[12]
2. Zeolite-PbO Composite Synthesis
Composite synthesis was carried out by mixing activated zeolite, PbO and ethanol solvent with a mass ratio of each composition of 4:2 dissolved in 15 mL of ethanol. Then the mixture was heated and stirred at 50°C for 2 hours. So that the PbO-zeolite composite is formed. Furthermore, 0.1 M NaOH solution was added then stirred for 1 hour, separated the precipitate and calcined at 400°C[13] . The morphology of the Zeolite-PbO Composite was then analyzed using SEM-EDX instrument.
3. Effect of Zeolite-PbO Intercation Time with Methylene Blue
A total of 5 erlenmeyers were each filled with 300 mg of zeolite-PbO composite. Then into each erlenmeyer was added with 50 mL of 10 ppm methylene blue solution at pH, namely pH 5 with a variation of interaction time of 30, 60, 90, 120 and 150 minutes. Each erlenmeyer was then stirred using a shaker and then centrifuged at 7000 rpm for 15 minutes, then measured the absorbance using a UV-Vis Spectrophotometer .[7]
4. Determination of Zeolite-PbO Adsorption Isotherm on methylene blue
A total of 5 erlenmeyers were each filled with 300 mg of zeolite-PbO composite. Then into each erlenmeyer was added with 50 mL of methylene blue solution with a concentration variation of 5, 10, 15, 20 and 25 ppm at pH, namely pH 5 with an interaction time of 90 minutes. Each erlenmeyer was then stirred using a shaker and then centrifuged at 7000 rpm for 15 minutes, then measured the absorbance using a UV-Vis Spectrophotometer .[7]
III. Results and Discussion
A. Zeolite Preparation and Activation
The zeolite activation process begins with the grinding and sieving stage in order to obtain zeolite particles that are uniform in size. Zeolites that have gone through this process are then activated to remove impurities that clog their pores and cavities, so it is hoped that the surface area will increase. Activation is carried out using H₂SO₄ acid solution, which serves to clean impurities and add active sites through the role of H⁺ ions from the acid solution.Figure 1 Physical appearance of zeolite (a) Before and (b) after activation

Heating during the activation process is used to accelerate the reactions that occur. After the activation process is complete, the zeolite is filtered and washed until it reaches a neutral pH, so that any impurities that are still attached can be removed immediately, then dried in an oven to remove the remaining water. Next, the samples were crushed and sieved again to ensure particle size uniformity. This activation process causes a change in color (decolorization), because some impurities dissolve during the process, as can be seen in Figure 1.

B. Zeolite-PbO Composite Synthesis
In this study, zeolite-PbO synthesis was carried out using the impregnation method. This method is based on the principle of incorporating the catalyst metal into the pores of the buffer material by immersing it into the active metal precursor solution while stirring and heating [14]. The zeolite-PbO composite was obtained by mixing the prepared zeolite with Pb-acetate solution in ethanol solvent. Ethanol was chosen as the solvent because it is polar and relatively non-toxic when compared to other solvents such as acetone and methanol [15]. also showed that ethanol is more efficient and effective in the synthesis and characterization of zeolite-TiO₂ composites.
The mixture was then heated while stirring at 50°C for two hours. This heating process aims to facilitate the entry of Pb²⁺ ions into the zeolite pores, where they will bind to the zeolite and replace H⁺ ions, with the help of ethanol as a solvent. Furthermore, NaOH solution is added to trigger the hydrolysis reaction, producing reactive [Pb(OH)₄]β- species in the zeolite structure. These species then trigger condensation reactions that form bonds between oxygen and metals. In addition, H⁺ ions will also diffuse into the pores of the buffer catalyst [16] . The complete reaction mechanism is shown as follows:





The composite that has been formed is then filtered and washed with distilled water to remove excess OH(-) ions until the pH of the washing solution reaches neutral. After that, the calcination process was carried out at 400°C. Based on the opinion of [17] , this calcination process aims to form metal oxides and improve catalyst performance. The temperature of 400°C was chosen because at this temperature PbO crystallization takes place optimally, producing nano-sized PbO crystals. In addition, organic compounds that are still left in the pores of zeolite will be decomposed along with the increase in temperature [18].Figure 2 Zeolite-PbO Composite Synthesis Results

Next, the Zeolite-PbO composite was crushed and sieved using a 200 mesh sieve to obtain a uniform particle size. The end result is a PbO-zeolite composite as shown in Figure 2.
C. Characterization of Composite 
Figure 3 shows SEM images of (a) pure zeolite and (b) zeolite-PbO composite at 3000x magnification. In image (a), the zeolite morphology shows an irregular particle structure with a relatively rough surface and pores that are still quite clearly visible. This indicates that the zeolite used still has an open structure and allows for ion exchange or diffusion of substances into its pores.Figure 3 SEM results of (a) Zeolite at 3000x magnification and (b) Zeolite-PbO composite at 3000x magnification.

Meanwhile, figure (b) shows the morphological changes on the composite surface after impregnation with Pb-acetate and calcination. It can be seen that the zeolite surface appears denser, with the accumulation of fine particles on the surface and some of the zeolite pores appear to be closed. This indicates that Pb²⁺ ions were successfully dispersed on the surface and in the pores of the zeolite. The PbO particles formed appear to cover part of the zeolite surface, indicating an interaction between the PbO metal and the zeolite structure.
This morphological change is evidence of the success of the impregnation and calcination process, where PbO has been formed and distributed on the zeolite surface. In addition, the relatively even particle distribution indicates that the mixing, heating, and stirring process during synthesis went well. The presence of fine particles of PbO also has the potential to increase the active surface area of the composite, which is important in its application as a catalyst or adsorbent.
D. Effect of interaction time
One of the important parameters in evaluating adsorbent performance is through the study of adsorption kinetics. Adsorption equilibrium is reached when the concentration of metal ions adsorbed does not show a significant increase even though the interaction time continues to increase. The relationship between interaction time and the amount of metal ions adsorbed is presented in Figure 4.
The effect of interaction time on the methylene blue adsorption process by Zeolite-PbO composite was analyzed using three kinetic model approaches, namely Elovich, pseudo-order two, and Langmuir-Hinshelwood. Evaluation of the model was carried out based on the value of the kinetic constant as well as the coefficient of determination (R²) of the linear regression.
The Elovich model was also analyzed as an alternative to explain adsorption on heterogeneous surfaces. The linear equation obtained was t= 35.017ln(qe qt )​​+ 17.712, with α of 58.04 mg/g-min and β of 0.0286 g/mg. Although this model gives a high initial rate of adsorption, the coefficient of determination obtained (R² = 0.7781) is lower than that of the second-order pseudo model, indicating that the Elovich model is less representative in describing the kinetics of this system.Figure4 Graph of the relationship between interaction time and the concentration of adsorbed Methylene blue

The two-order pseudo-kinetic model showed the best fit to the experimental data, as indicated by the coefficient of determination of 0.9952. The linear equation of this model was obtained in the form ​, from which the adsorption capacity at equilibrium (qeq​ ) of 1.359 mg g-1 and the pseudo-order two rate constant (k2) of 0.1842 g mg-1 min-1 were calculated. These results indicate that the adsorption mechanism is dominated by the chemisorption process, namely the formation of chemical bonds between methylene blue molecules and active sites on the surface of the Zeolite-PbO composite.
Meanwhile, the Langmuir-Hinshelwood model, which is commonly used to describe adsorption processes followed by surface reactions, showed a very low fit to the experimental data, with an R² value of 0.3853. This indicates that this model is not suitable to describe the adsorption mechanism of methylene blue by Zeolite-PbO composites, possibly due to the non-occurrence of complex chemical reactions at the surface or the non-fulfillment of the monolayer adsorption assumption underlying the model.
Of the three kinetic models analyzed, the pseudo-order two model is the most suitable model in describing the methylene blue adsorption process by Zeolite-PbO composites, with an R2 value of 0.9952. This indicates that adsorption takes place through a chemisorption mechanism, which is the transfer of electrons or the formation of chemical bonds between the adsorbate and the adsorbent surface. The Elovich model gives only moderate results, while the Langmuir-Hinshelwood model is not relevant for this system. This reinforces the notion that the adsorption process takes place through chemical interactions involving the formation of bonds between adsorbate molecules and the active surface of the composite material.
E. Adsorption Isotherm Study of Zeolite-PbO Composite on Methylene Blue
Determination of adsorption isotherm model aims to understand the mechanism of interaction between adsorbent and adsorbate and estimate the maximum adsorption capacity of a material. In this study, the adsorption isotherm study of Zeolite-PbO composite on methylene blue was analyzed using two models, namely Freundlich and Langmuir isotherm models.
The Freundlich model is an empirical isotherm model that assumes that adsorption takes place on heterogeneous surfaces and the adsorption energy is not uniform. The linear equation of this model is written as:

From the graph (Figure 5 (a)), the coefficient of 0.8689 is obtained, which is close to 1, indicating the fit of the data to the model. The slope value of the line (1/n) is 0.2415 which indicates that the adsorption is favorable because 0 < 1/n < 1. The Kf value obtained from the intercept can be interpreted as the relative adsorption capacity of the composite.
(a)   						(b)Figure5 (a) Zeolite-PbO Langmuir Isotherm Graph (b) Zeolite-PbO Freundlich Isotherm Graph


The Langmuir model assumes that adsorption occurs in a monolayer on a homogeneous surface with uniform adsorption sites. The linear equation of the Langmuir model is:



Based on Figure 5 (b), the R2 value of 0.9982 indicates that the Langmuir model has the highest level of fit to the experimental data compared to the Freundlich model. The slope value of the graph shows , so that the maximum adsorption capacity qmax is obtained=  1.186 mg g-1.
Based on the coefficient of determination (R²) and maximum adsorption capacity, it can be concluded that the Langmuir model more accurately describes the phenomenon of methylene blue adsorption by Zeolite-PbO composite. This indicates that the adsorption process takes place in monolayer on a homogeneous surface with high adsorption capacity.
This finding is in line with the results of previous studies showing that zeolite surfaces modified with metals or metal oxides can increase electrostatic interactions as well as the availability of active sites for adsorption of organic molecules such as methylene blue [1][2]. The presence of PbO in the composite structure is believed to contribute to the increased affinity for methylene blue molecules through ionic interactions and the possible formation of coordination bonds between polar groups of the adsorbate and active sites on the adsorbent surface.
Based on these results, it can be concluded that the adsorption process of methylene blue by the Zeolite-PbO composite takes place in a monolayer and homogeneous manner, which is controlled by a chemical adsorption mechanism (chemisorption) with the support of a uniform distribution of active sites on the adsorbent surface. The high Langmuir constant value also reflects the promising adsorption capacity for treatment applications of wastewater containing synthetic dyes.

IV. CONCLUSIONS
This study successfully synthesized zeolite-PbO composite via impregnation method and proved its effectiveness as an adsorbent for methylene blue. Morphological characterization showed an even distribution of PbO particles on the zeolite surface, which increased the number of active sites for adsorption. Kinetics studies confirmed that the adsorption process followed a two-order pseudo-model, indicating the dominance of the chemisorption mechanism. Meanwhile, isotherm studies indicated that the data best fit the Langmuir model, reflecting the occurrence of monolayer adsorption on homogeneous surfaces.The maximum adsorption capacity obtained of 1.186 mg g-1 indicates the promising performance of the composite in textile industry wastewater treatment applications. Thus, Zeolite-PbO composite can be a potential and sustainable alternative in water purification technology from harmful organic pollutants such as methylene blue.
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