


Clay soil as a sustainable and low-cost adsorbent for methylene blue dye removal from contaminated water.
ABSTRACT
Dyes are synthetic or natural colourant which are often made up of complex aromatic molecular structures that are utilized by various textile industries for the production of garments and apparels. However, after the use of these dyes in the production of coloured fabrics a large amount of effluents containing coloured wastes are produced. These waste-water or product destroy both the environment's aesthetic qualities and aquatic life. The aim of this study was to evaluate the adsorption activity of red color clay soil in North Cyprus on MB dye as well as to understand the interaction of MB dye on the red color clay soil in North Cyprus and also to determine the factors that play an important role during the adsorption process. From the results, it showed that red color clay soil in North Cyprus efficiently adsorbs MB dye from solution. Subsequently, the results reveals that the adsorption activity between MB dye and red color clay soil fits best with Langmuir isotherm model based on the high value of the correlation coefficient (0.9946). This result indicates that monolayer adsorption occurred between the red color clay and MB dye. Additionally, it was discovered that chemisorption interaction occurred between MB dye and red color clay which was as a result of the adsorption process fitting best the pseudo-second-order kinetics model. Furthermore, the results obtained revealed that factors such as contact time, pH, adsorbent dosage and adsorbate dosage play an important role during the adsorption process. Also, the result obtained at each experimental procedure showed that optimum adsorption occurred at pH 7, at contact time of 60 minutes, MB dye concentration of 200 milligram and red color clay soil mass of 0.3 gram. Finally, the maximum adsorption capacity obtained in this study was 192.3077 milligram per gram. This result when compared to other studies did not attain the highest adsorption capacity, according to the literature findings.
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INTRODUCTION
Background of Study
Artificial dyes find their way into aquatic ecosystems through the release of industrial wastewater from various industries, including pharmaceuticals, tanneries, paper production, textile, food processing, plastics manufacturing, tire production, lithography, and the dye manufacturing industry (Yagub et al., 2014). A significant quantity of effluents, which are characterized by their colored nature, are generated in the textile industry due to the utilization of dyes for fiber coloring. According to Robinson et al. (2001), there is a wide range of accessible commercial dyes, with more than 10,000 options currently on the market. These dyes are produced on a global scale, with an annual manufacturing volume exceeding 7105 tons. Dyes are frequently composed of intricate aromatic molecular structures, which confer thermal and physicochemical stability, but also pose challenges in terms of degradation. The release of pigmented waste from the textile industry presents numerous health and environmental hazards.
The detrimental effect on both the visual appeal of the environs and the well-being of aquatic organisms are caused by dyes (Akar et al., 2013). Reactive colors pose challenges in terms of their removal through conventional wastewater treatment methods. Due to their limited biodegradability, dyes exhibit ineffectiveness when subjected to biological treatment methods. Conventional methods for eliminating dyes from wastewater includes various techniques such as oxidation (Omura, 1994), ozonation (Sundrarajan et al., 2007), separation of membrane (Avlonitis et al., 2008), coagulation (Zhou et al., 2008), and surface attachment of solid materials (Zhou et al., 2008). Persistent dyes that are present in aquatic habitat impede the penetration of light into the water, thereby causing a modification in photochemical activity (Malik and Grohmann, 2012). In addition, oncogenic and mutating effects on aquatic and human organisms may be triggered by the presence of these chemicals (Praveen et al., 2009). With rapid growth of industrial development, MB dye has emerged as a prominent dye extensively utilized in various industrial sectors, as well as in human and veterinary pharmacology (Yago et al., 2022). MB dye is classified as a cationic dye and is commonly employed in the textile industry for dyeing wool, fibers, and silk. The substance exhibits toxicity, low degradation, and carcinogenicity, as reported by Almeida et al. (2009). Due to their non-biodegradable and chemically inert nature, MB dye and related dyes pose challenges in terms of their removal from effluent using conventional treatment methods. More specifically, the effluent from wastewater contains a dye concentration ranging from 10 to 200 mg/L (Paneysar et al., 2019). As the regulatory limits for dye discharge become increasingly stringent (Malik and Grohmann, 2012), the advancement of effective treatment technologies for eliminating dyes from wastewater is highly critical in reducing the environmental consequences. Various techniques including adsorption, chemical oxidation, microbiological decolorization/degradation and photo degradation, have been thoroughly explored as strategies for dye removal (Forgacs et al., 2004).
Adsorption is considered the most advantageous option owing to its economical nature, straightforward fabrication, and effortless integration. Soil analysis plays a crucial role in understanding the adsorption behavior of contaminants on soil. Several aspects influence the rate of sorption on the soil's top layer, including organic matter content, amount of adsorbates, mineral varieties, pH, soil temperature, and composition (Almeida et al., 2009). MB dye also referred to as basic blue 9, has a chemical formula of (C16H18N3SCl) and molecular weight 319.85 g/mol (Almeida et al., 2009). The chemical structure of MB dye is depicted in structure 1, which represents an organic structure which is decentralized and positively charged with the significant impact in surface interactions of its species on an adsorbent. Therefore, adsorption study of MB dye on to soil (clay) is beneficial for soil sustenance and environmental sustainability because of its toxic characteristics. The MB dye is an organic salt and one of the constantly and popularly used (cationic) dye, that contains  3,7bis (dimethylamino)phenothiazine-5-ium  as the counter ion, and belong to heterocyclic aromatic group in the family of phenothiazine, because of their physicochemical features and wide environmental distribution, poor biodegradability and stability, when wrongly disposed can influence environmental effects which can be hazardous to human health and produce harmful byproducts that when contaminated, pose a risk to human health.. (Yago et al., 2022).
[image: A chemical structure with black text

Description automatically generated]
[bookmark: _Toc150270024]structure 1: Structure of MB dye
Source: (Almeida et al., 2009)
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The release of waste into the environment, either through wastewater or improper disposal of substances containing aromatics, has negative effects. It decreases gas solubility in water bodies, obstructs the passage of light to the lower depths of aquatic systems, and causes water and soil bodies to have an unappealing color. This disrupts photosynthesis, creates anaerobic conditions, and leads to the death of aquatic organisms, resulting in foul-smelling and poisonous waters. Additionally, many dyes come from hazardous sources. Traditional methods of treating wastewater are ineffective in dealing with dyes due to their limited biodegradability. Physical or chemical methods, such as flocculation are commonly used but are inefficient, expensive, and not adaptable to different types of dye effluents. Adsorption proves to be an effective approach for removing color from such effluents, but the use of activated charcoal is costly. Cheap adsorbents have low adsorption capabilities, so there is a need for inexpensive and readily available adsorbents that are highly effective. Studying the adsorption of MB dye on clay soil is important for environmental sustainability and health benefits due to their toxic characteristics. This research will help determine the capacity, kinetics, and mechanisms of MB dye adsorption on clay soil in KKTC. It will contribute to resolving environmental and effluent contamination issues in the North Cyprus regions.
Significance of the Study
There are various methods used for the treatment or removal of reactive and cationic dyes from wastewater effluent. This research will be using one of these methods. Utilization of this method in this research will allow us to determine the capacity/kinetics and mechanisms of MB dye adsorption onto red color clay soil suspected to be red color clay sample from Tashkent region in North Cyprus. The research findings will help to identify the general adsorption properties that play an important role during the adsorption process as well as help us to figure out the best red clay soil adsorption contact time.
Materials (Chemicals)
MB dye (Methylene Blue hydrate or Tetramethylthionine chloride) with the chemical formula (C16H18N3SCl) and molecular weight 319.85 g/mol, Sodium Hydroxide (Caustic soda) with chemical formula NaOH and molecular weight 40 g/mol, Hydrochloric acid with chemical formula (HCL), and molecular weight 36.46 g/mol were all purchase from Sigma-Aldrich (USA).
MB dye and clay soil (red color clay) were utilized for adsorption experiments, and Diluted solutions of (1 and 0.1 mol) NaOH or HCl were used for adjusting the pH for the adsorption experiments. 
MB Dye solutions for the experiment were prepared using Sartorius 611 UV ultrapure water systems from the UK, Lacking any additional cleaning.
All of the reagents and solvents used were of comprehensive evaluation, and the chemicals were provided by the Cyprus International environmental department laboratory. The chemical structure of MB dye is depicted in Figure 1.
[bookmark: _Toc149745015][bookmark: _Toc150260342][bookmark: _Toc150260575][bookmark: _Toc150260790][bookmark: _Toc150260853][bookmark: _Toc150261296][bookmark: _Toc150266504][bookmark: _Toc150266990][bookmark: _Toc150268235][bookmark: _Toc150271892]Instrumentation
The following instruments were used during the research; 
· Magnetic stirrer was used for agitating the samples for all the adsorption experiments. A centrifuge was used for the separation of the adsorption mixture after agitation.
· To determine the absorbance of adsorption Supernatant at the wavelength where maximum light can be absorbed at (λmax) of 664-665 nm for MB dye the Shimadzu, a Japanese UV-visible spectrophotometer was utilized accordingly. 
· A pH meter was utilized to ascertain the pH of the experimental solutions.
· An electronic analytical laboratory weighing balance was employed to measure the samples. 
· Pipette and micro-pipette were used in measuring and transferring of solutions into test tubes. 
· Measuring cylinder was used to measure the volume of liquids, chemicals, or solutions. Glass wares, conical flasks and other materials were used in handling and storing of chemical solutions and soil materials. 
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Clay Soil sample was collected from Nicosia Tashkent North, 42° 17' 17" N. West. 68° 39' 46" E. East. 71° 15' 40" E, Lefkosia region of North Cyprus as determined by GPS geostatistics. The clay soil sample collected in this region according to C. Atlers (2020) study is suspected to be red color clay and contain mineral compositions like montmorillonite, illite, kaolinite, bentinite.
Further analysis was not conducted to verify the authenticity of the clay soil type. However, from the study conducted by Dixon, et al. (2002) the reddish color or yellowish characteristics of a clay soil was determined to be as a result of iron oxide such as hematite (Fe2O3) and goethite (FeOOH), which are compounds of iron and oxygen. The red color clay soil (Ultisols, commonly known as Red Clay Soil), was collected along a transect road by a hilly slope area of Tashkent. The soil sample was taken/obtained in-situ from 0 to 10 cm depths of soil surface according to Zainol et al. (2016). The weight of sample obtained from the site was 1.86 kg. After collection, this sample was taken to the laboratory for preparation.
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The red color clay soil preparation was carried out in the Environmental Preparatory laboratory in Cyprus International University (CIU). The preparation involved the removal of debris, stones, and roots from the sample. After removal of the unwanted materials, the sample was dried before being ground and sieved using a 2 mm sieve (Cahn et al., 1993). After this procedure, a total of 1.38 kg of red color clay soil was obtained and was stored in a labelled partitioned plastic container at room temperature for further analysis such as characterization and adsorption experiments.
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The pH of the red color clay soil was assessed using a standard method as described by Wissem and Mongi (2015). In this study, 10 g of air-dried clay soil sample were precisely measured and transferred to a 50 ml beaker. Next, 20 ml of distilled water was added to the beaker, and then the mixture was stirred continuously for 30 minutes and left to settle for 1 hour. The pH reading was obtained by inserting the electrode of a pH probe into the partially settled suspension. Prior to this procedure, the pH meter was calibrated using the pH buffer solutions. After each reading, the electrode was cleaned and dried with a dry, clean paper towel following the protocol outlined by Minasny et al., (2011).
To assess the total organic matter content (%TOM) of the entire red color clay soil sample, the LOI method (loss on ignition) analysis was employed, as described by Saleh et al. (2011). Following the procedure outlined by Nelson and Sommers et al. (1996), prepared red color clay soil sample weighing 10 grams were dried in an oven at 105 °C overnight and allowed to cool. After cooling, the soil sample were weighed and subsequently subjected to combustion in a muffle furnace at 550 °C for 2 hours. Once the combustion process was complete, the soil sample were permitted to cool and subsequently reweighed. Soil organic matter content was calculated using Equation 1.5.
                       
The total organic carbon (TOC) was determined using a dry combustion method. This technique comprises of two phases, sample combustion and sample quantitation. The red color clay soil was first combusted in a pro-therm furnace made in turkey, at 1200 ℃ for 3 hours before quantification by subtracting the initial weight of the dried red color clay soil sample from the weight of burnt sample, following the method demonstrated by Hark, (1990); Schumacher, (2002).
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To prepare the MB dye solution, 1 g of MB dye powder was mixed with 100 ml of deionized water in a volumetric flask to obtain a standard solution with a concentration of 1000 mg/l. MB dye standard solution was made from the stock mixture by using 20 ml from the stock solution into a 250 ml Erlenmeyer flask containing 200 ml of distilled water. This standard solution was used for the experimental process.
[bookmark: _Toc149745020][bookmark: _Toc150260347][bookmark: _Toc150260580][bookmark: _Toc150260795][bookmark: _Toc150260858][bookmark: _Toc150261301][bookmark: _Toc150266509][bookmark: _Toc150266995][bookmark: _Toc150268240][bookmark: _Toc150271897]Adsorption Experiments
To determine the adsorption isotherm of this study, a batch experimental type of adsorption was employed. The adsorption isotherm was determined by using 200 ml of MB dye solution with concentrations of 5 to 500 mg/L, prepared in 5 different Erlenmeyer flasks. 0.04 g of red color clay soil was then placed in each flask containing the dye solutions. The flasks were stirred for 400 rpm at diverse time intervals. At the end, the MB dye solution was collected from each flask and then centrifuged before taking the supernatant.
The Removal percentage and the concentration of MB dye adsorbed at equilibrium were calculated with the formula presented in equations 1.6 and 1.7 respectively where QE is the amount of dye adsorbed on the surface of the red color clay after equilibrium in (mg/g), CO is the initial concentration of the MB dye in (mg/L), CE is the concentration of the dye in the solution at equilibrium in (mg/L), X is the mass or concentration of the red color clay soil in (g) or (g/L) and V is the MB dye solution volume with distilled water in (L).
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This was done by preparing five samples of 200 ml MB dye in five separate flasks, each with concentrations starting from 5, 50, 100, 200, 300, 400, and 500 mg/L. They were used to investigate the impact of contact time on the adsorption experiment. Subsequently, 0.04 g of red color clay was introduced into each flask and stirred at 400 rpm for different times. The contact time for the adsorption process was 5 to 240 minutes. After centrifugation and filtration, the absorbance of the samples was measured. 
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To investigate the influence of pH, the experiment was conducted by sets of 200 ml samples of MB dye solution each with a concentration of 20 mg/L but varying pH levels of 3, 7 and 11 in separate conical flasks. Subsequently, 5 g/L concentration of red color clay was added in each flask and the solution was mixed on a magnetized stirrer at a speed of about 400 revolutions per minute for various durations, ranging from 5 to 240 minutes. From the adsorption experiment, there was a rapid and close complete adsorption for all the pH levels except for MB dye initial concentration when adsorption had not started. Therefore, the adsorption equilibrium was considered to be at the MB dye initial concentration. The pH level was maintained by the addition of the required NaOH amount to maintain the basicity of solution and HCL to maintain the acidity of solution. After stirring, the samples were centrifuged and then filtered.
Additionally, we examined the impact of pH on the adsorption process over time. To assess this effect, 200 ml samples of MB dye solution with a concentration of 20 mg/L were prepared in separate conical flasks, for varying pH of 3, 7, and 11 in each conical flask. 5 g/l (1 g) of red color clay was then placed in each flask and stirred at 400 rpm, at different intervals ranging from 5 to 240 minutes. The samples were collected for centrifugation. The adsorption equilibrium was considered, based on the initial concentration at time zero (0), and complete adsorption was recorded across all pH levels. The pH was maintained by the similar process mentioned above including other processes that followed. 
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Six 200-mL Erlenmeyer flasks were filled with MB dye solutions varying in concentration from 5 to 500 milligrams per millilitre. A mass 0.04 g (equivalent to concentration 0.2 g/L) of prepared red color clay soil was introduced into each vial. The resulting solutions were subsequently agitated for a period of 5 to 240 minutes at a temperature of 25 °C (room temperature) using a magnetic stirrer set at 400 revolutions per minute, and equilibrium was typically reached at 60 minutes with different time for CE. The remaining process that followed was similar to that mentioned above. Using the formulas in Equations 1.6 and 1.7, we calculated the amount of MB dye that remained bound to the surface of the red colour clay at the point of equilibrium (QE) and the percentage of dye that was eliminated.
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200 ml of MB dye solution of concentration 100 mg/L were prepared in 5 different Erlenmeyer flasks, to which various concentrations/mass of red clay, 0.04 g (equivalent to 0.2 g/L), 0.1 g (equivalent to 0.5 g/L), 0.16 g (equivalent to 0.8 g/L), 0.2 g (equivalent to 1 g/L), and 0.3 g (equivalent to 1.5 g/L) were added to each. The flasks were stirred at 400 rpm for time fractions of 5 to 300 minutes with variable concentration equilibrium times; 300 minutes for 0.04 g, 240 minutes for 0.1, 20 minutes for 0.16 g, 20 minutes for 0.2 g, and 5 minutes for 0.3 g, at room temperature. After the stipulated time interval, the remaining process that followed was similar to that mentioned above. The percentage removal and QE was determined with the same calculation as mentioned above.
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To find the kinetics of the adsorption model utilized in this study, a separate flask of MB dye solution with concentrations varying from 100 mg/L to 500 mg/L, each flask containing 200 ml of solution was prepared. To each flask, 0.04 g of red color clay was added and stirred at a speed of 400 rpm for various time intervals ranging from 5 to 240 minutes and reached equilibrium at 60 minutes. Following the designated time interval, the subsequent steps were carried out in a manner consistent with the aforementioned procedure.
The adsorption process between a specific adsorbent and adsorbate can be characterized by the use of adsorption isotherms. 
These isotherms are mathematical models describing the correlation between solute concentration in a solution and the quantity of solute adsorbed onto a solid surface at equilibrium. Various adsorption isotherm models such as Langmuir, Freundlich, Temkin, Dubinin-Radushkevich (D-R), Sips, Halsey, Jovanovic, and others are available for the determination of adsorption that takes place between an adsorbent and adsorbate. We utilized the Langmuir and Freundlich isotherm models to determine the nature of the adsorption process between red color clay soil and MB dye in this specific study. The findings of this investigation are presented in the subsequent sections.
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The analytical instrument employed in this study to detect and quantify the concentration of MB dye in aqueous phase was a Japanese made UV-VIS spectrophotometer. The instrument was used in order to plot a calibration curve and ascertain the quantitative relation of removal for the MB dye by the determination of the concentration of the dye following the adsorption experiment using the resulting curve.
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The analysis result of the clay soil (red color clay) sample is provided in Table 1
[bookmark: _Toc150271163]Table 1: Physico-chemical analysis of the sample (red color clay)
	Characterization
	Soil Sample

	
	Red Color Clay

	pH
	8.13

	Total Organic Matter Content (TOM)
	5.7%

	Total Organic Carbon Content (TOC)
	62.6%

	Soil inorganic carbon (SIC)
	94.3%

	Total inorganic carbon (TIC)
	81.3%

	Total Carbon (TC)
	18.7%


Table 1 showcases the chemical composition and physical attributes of the soil sample collected. The pH value of the soil sample (red color clay) as indicated in the Table 1 is 8.13. This pH result suggest that the red color clay sample possess a basic or weak alkaline nature. 
Furthermore, Table 1 provides the percentages of TOC, TOM, SIC, TIC, and TC content in the red color clay soil sample. The data reveals that red color clay exhibits the high SIC content, while having the low TOM content. The high SIC value in red color clay signifies an increased adsorption capability of the clay soil, attributed to the ability of soil inorganic carbon to adsorb dyes through acid-base reactions with the SIC (Jahani et al., 2020). However, the impact of SIC on soil's adsorption capacity depends on various factors influencing pH, CEC, adsorption sites, as well as general soil characteristics, specific ions or molecules of interest in the context of soil chemistry, or interactions. 
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[bookmark: _Toc150270948]Figure 1: Sample of red color clay obtained
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The calibration curve for MB dye at 664 nm, was obtained at a neutral pH of 7 as presented in Figure.2. Also, calibration curves for MB dye obtained by different pH values 3, 7, and 11 are presented in Figure 3.
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[bookmark: _Toc150270949]Figure 2: Calibration curve of absorbance and MB dye concentration relationship at pH 7

[bookmark: _Toc150270950]Figure 3: Calibration curves of absorbance and MB dye concentration relationship at different pH values
Based on the coefficient correlation (R2) readings 0.9947 at pH 7 for the MB dye, including 0.9903 for pH 3, 0.9947 for pH 7, and 0.9873 for pH 11 as shown in Figures 2 and 3, the standard curve results demonstrate the excellent accuracy.
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Impact of pH of Solution on Adsorption of MB Dye
The study examined relationship between levels of pH and adsorption activities through the implementation of two distinct experimental methods. Specifically, in Figure 4, the rate of adsorption at various time points at a particular dye concentration was evaluated. Additionally, for varying pH of 3, 7 and 11 the quantity of absorbed MB dye was determined at a specific time period and the result is presented in Fig.5.

[bookmark: _Toc150270951]Figure 4: The pH impact on adsorption of MB dye onto red color clay at different time intervals with no discernible difference in equilibrium time
Adsorption capacity of red colour clay for the removal of MB dye from a solution as a function of pH is shown in Figure 4. The graph shows that high levels of adsorption activity were observed at all pH levels used in the experiment. Based on this research findings, it can be concluded that high adsorption capacity can be attained at all pH levels, however adsorption at pH 7 seems more appropriate based on the fact that pH adjustment is not required and this pH favours almost all chemical and physical reaction.

[bookmark: _Toc150270952]Figure 5: The pH influence on adsorption capacity
Based on the bar chart in Figure 5, it can be concluded that at all pH levels optimal adsorption (19.40 mg/g QE at pH 3; 19.513 mg/g QE at pH 7; 19.08 mg/L QE at pH 11) occurred with no significant difference in their QE values except minor discrepancies in their decimal. However, based on the minor discrepancies in their decimal, it can be suggested that the optimal pH for effective dye adsorption or removal was 7. This can be explained by the formation of electrostatic interactions between the positively charged MB dye and the negatively charged red color clay soil at the aforementioned pH (pH 7) (Misran et al., 2018). These findings align with previous research study by Bentahar et al. (2015) and Hu et al. (2017). Particularly the latter, which also demonstrated that a pH of 7 yielded good in adsorption of MB dye on red color clay soil.
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This current investigation examined the effect of multiple concentrations of MB dye on the activity of adsorption process under a constant mass of red color clay soil. The adsorption process was analyzed by introducing a constant mass of red color clay (0.04 g) in different concentrations (5–500 mg/L) of adsorbate (MB dye) in a consistent volume of 200 ml for a specific duration period. The results of the experiment are presented in Figure 6 and Figure 7.




[bookmark: _Toc150270953]Figure 6: The MB dye adsorption onto red color clay with outlier (300 mg/L) at pH of 7

[bookmark: _Toc150270954]Figure 7: The percentage removal plot for MB dye adsorption onto red color clay versus initial concentration at pH of 7
In the experiment, it was observed that most significant adsorption activity took place at 500 mg/L of MB dye concentration considering the QE values as presented in Figure 6. Furthermore, based on the data shown in Figure 6, it can be observed that the adsorption activity experienced a deceleration and subsequent decline when the MB dye concentration reached 300 mg/L. The observed behaviour may be attributed to the phenomenon of adsorption site fixation and saturation at low concentration, wherein adsorption activity decreases with increasing dye concentration for a given adsorbent concentration because of limited sites on a fixed mass of adsorbent for increased concentration of adsorbate. Consequently, this saturation leads to a decrease in adsorption activity as the dye concentration continues to rise. The observed outcome in this investigation is consistent with the findings of Rehman et al. (2021) and Othman et al. (2018). 
Additionally, in the bar chat plot (Figure 7), it was discovered that at a low initial concentration (5 mg/L and 50 mg/L respectively), the red color clay soil shows high efficiency at removal of MB dye in the solution with removal efficiency close to 100 percent as a result of high adsorption available active sites.
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Data presented in Table 2 was used to plot the Langmuir isotherm graph. The graph was created by plotting CE/QE against QE which shows the relationship between the mentioned alphabets. The results of the graph are presented in Figure 8, including the corresponding R2 values. The results for the plot of graph without the outlier for 300 mg/L is presented in figure 8, and Figure 9 presented the plot of the graph with the outlier for 300 mg/L MB dye concentration.



[bookmark: _Toc150271164]Table 2: Values of the of red color clay and MB dye concentrations adsorption experiment capacity for Langmuir isotherm
	Red color clay mass (g)
	Concentration of MB dye (mg/L) (Co)
	Time (Mins)
	CE (mg/L)
	QE (mg/g)
	CE/QE

	0.04
	5.2
	0
	0
	28.8
	0

	0.04
	50.8
	60
	0.06
	255.1
	0.00023

	0.04
	138.0
	240
	2.82
	676.01
	0.0041

	0.04
	261.4
	240
	119.0
	712.1
	0.16

	0.04
	404.0
	240
	258.9
	725.5
	0.35

	0.04
	538.2
	240
	375.6
	812.9
	0.46
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[bookmark: _Toc150270955]Figure 8: Langmuir isotherm model graph

[bookmark: _Toc150270956]Figure 9: Langmuir isotherm model graph with an outlier for 300 mg/L MB dye
The Langmuir isotherm correlation coefficient showed accuracy with R2 value 0.9946 indicated in Figure 8, and 0.9117 in Figure 9 which is an indication that the Langmuir isotherm is a reliable model to represent how adsorption process occurred in this study. However, the variation between the two R2 values is due to the outlier of concentration 300 mg/L. An outlier is defined as data-point result which are inconsistent with the expected outcome in a dataset (Pearson, 2002). This data-point are known to cause noticeable effect on correlation coefficient and in some cases have no effect (Kim et al., 2015). Occurrences of outlier are known to indicate various issues such as error in experimental process, etc (Pearson, 2002).
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To determine if the adsorption experimental procedure fits this isotherm, the experimental data derived after the procedure are outlined by Table 3.


[bookmark: _Toc150271165]Table 3: Experiment Data for red color clay soil and MB dye concentrations adsorption capacity for Freundlich isotherm model
	Red color clay mass (g)
	MB dye Concentration (mg/L) (Co)
	Time (mins)
	CE (mg/L)
	QE (mg/g)
	Log CE
	Log QE

	0.04
	5.2
	0
	0
	28.8
	0
	1.45

	0.04
	50.8
	60
	0.06
	255.1
	-1.22
	2.40

	0.04
	138.0
	240
	2.8
	676.01
	0.45
	2.82

	0.04
	261.4
	240
	119.0
	712.1
	2.07
	2.85

	0.04
	404.0
	240
	258.9
	725.5
	2.41
	2.86

	0.04
	538.2
	240
	375.6
	812.9
	2.57
	2.91


The data presented in Table 3 were used to plot a graph based on the Freundlich isotherm model graph. The graph represents Log QE (adsorption capacity) versus Log CE. (adsorbate concentration) in Figure 10.
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[bookmark: _Toc150270957]Figure 10: Freundlich isotherm model graph
Based on the data presented in Figure 8 and Figure 9, the type of adsorption occurring between the MB dye and red color clay soil was determined, which involved the calculation of various parameters (KL, Qmax, n, 1/n) using the slope and intercept of the graphs. Additionally, the correlation coefficient of both graphs was compared to gain further insights into the adsorption behavior of the process. The results, which include the parameters values and correlation coefficient, are summarized in Table 4.
[bookmark: _Toc150271166]Table 4: Coefficients of various isotherm models for MB dye removal by red color clay soil and their correlation coefficient (R2)
	Adsorption Isotherm
	Isotherm Parameters

	Langmuir
	Qmax (mg/g)
	Kl (L/mg)
	Rl
	R2
	Slope
	Intercept

	
	769.23
	0.00
	0.99
	0.99
	0.00
	0.00

	Freundlich
	1/n
	N
	R2
	Slope
	Intercept
	

	
	0.21
	4.58
	0.35
	0.21
	2.32
	


From the data in Table.4, Langmuir isotherm model showed clear characterization, with its robust correlation coefficient (R2) value of 0.9946 and provides an accurate description for the MB dye adsorption process on red color clay soil when compared to the Freundlich isotherm which showed a significantly lower R2 value of 0.351. This discrepancy indicates that the Langmuir isotherm model accurately represents the adsorption characteristics of the process. Further evidence supporting the adherence to the Langmuir isotherm is provided by the significant value of the RL 0.9999 (separation factor) parameter.  This implies that the nature of MB dye adsorption by red color clay soil occurred in a monolayer, and the red clays surface active sites are uniformly distributed. The result also correlates with previous research, such as the study by Rauf et al. (2012), which also observed a high R2 value for the Langmuir isotherm model. 
[bookmark: _Toc149745035][bookmark: _Toc150260362][bookmark: _Toc150260595][bookmark: _Toc150260810][bookmark: _Toc150260873][bookmark: _Toc150261316][bookmark: _Toc150266524][bookmark: _Toc150267010][bookmark: _Toc150268255][bookmark: _Toc150271912]Pseudo-First-Order Kinetics Results for the Adsorption Experiment
As indicated in Figure 11, the line chart showing the pseudo first order kinetics model for red color clay soil adsorption of MB dye is presented utilizing the data obtained in this study.

[bookmark: _Toc150270958]Figure 11: MB dye adsorption by red color clay soil for Pseudo-first-order kinetics
The relationship observed in all concentrations of MB dye in the pseudo first order plot was utilized in the determination of QE and k1 (amount of dye adsorbed at equilibrium and rate constant) values respectively, through the slope and intercept as presented in Figure 11. The values obtained for the parameters QE and k1 are displayed in Table 5.
Kinetics Results for Pseudo-Second Order 
The pseudo second order kinetics was used to analyse the data collected on the adsorption of MB dye on red color clay and Figure 12 illustrates graphical representation of this model. 
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[bookmark: _Toc150270959]Figure 12: MB dye adsorption by red color clay soil for Pseudo-second-order kinetics

[bookmark: _Toc150270960]Figure 13: MB dye adsorption by red color clay soil for Pseudo-second-order kinetics showing 100 to 300 mg/L.
From the line graph (Figure 12), it is observed that all concentrations of MB dye displayed a linear relationship in the pseudo-second-order plot. From this linear relationship, we determined the values of K2 (second order rate constant) and QE (equilibrium adsorption capacity) using the graph slope and intercept. Additionally, the correlation coefficient (R2) was calculated and Table 5 below was used to provide the results for all the parameters of kinetics model for both models.
[bookmark: _Toc150271167]Table 5: Parameters of the kinetic models at various MB dye concentrations
	Kinetic model
	Parameters
	MB dye Concentrations (mg/L)

	
	
	5
	50
	100
	200
	300
	400
	500

	Pseudo-first-order
	k1 (min-1)
	0.03
	0.09
	0.03
	0.04
	0.04
	0.03
	0.04

	
	qe(cal) (mg g−1)
	1.66
	6.85
	11.63
	12.80
	15.66
	11.63
	12.80

	
	R2
	0.19
	0.68
	0.67
	0.845
	0.81
	0.82
	0.87

	Pseudo-second-order
	k2 (g/mg min)
	83889.16
	16858005
	108401084
	170068027.2
	9547268.74
	108401084
	170068027.2

	
	qe(cal) (mg g−1)
	28.8
	256.4
	666.66
	714.28
	526.31
	714.28
	814.33

	
	R2
	1
	0.99
	0.99
	0.99
	0.99
	0.99
	0.99

	
	Qe (exp) (mg g-1
	28.80
	255.1
	676.01
	712.1
	519.1
	725.5
	812.9


The values (1, 0.9995, 0.9994, 0.9998, 0.9993, 0.9995, and 0.9999) for correlation coefficients of pseudo second order kinetics are higher than those of the pseudo first order kinetic model (0.1927, 0.68, 0.6736, 0.845, 0.8028, 0.826, and 0.8759). The obtained outcome provides confirmation that the adsorption interaction between the MB dye and red color clay soil is regulated by a pseudo-second-order process. The phenomenon of adsorption, which is characterised by a pseudo-second-order reaction, is elucidated as a rate-determining step that exhibits chemisorption characteristics. In other words, this adsorption reaction involves the interaction of valence forces through the sharing or exchange of electrons (Chong and Hadibarata, 2021). This observation is consistent with the research findings reported by Hu et al. (2017).
In addition, the pseudo-second-order kinetics-calculated adsorption capacity (QE)  (28.8 mg/g, 256.4 mg/g, 666.66 mg/g, 714.28 mg/g, 526.31 mg/g,  714.28 mg/g, and 814.33 mg/g) in comparison to the QE values obtained in this study (28.80 mg/g, 255.1 mg/g, 676.01 mg/g, 712.1 mg/g, 519.1 mg/g, 725.5 mg/g, and 812.9 mg/g) is similar for concentration 5 mg/L and slightly lower for 100 mg/L, and finally higher for other concentrations. Additionally, the K2 (pseudo second order rate constant) values presented in Table 5 increased as MB dye initial concentration increase, which indicates that adsorption reaction was faster in the study with increase in MB dye concentration.
The Influence of Contact Time on Adsorption 
Using a constant mass (0.04 g) of red color clay soil as the adsorbent, this study examined the effect of contact on the adsorption process. MB dye was used as the adsorbate at varying concentrations (5 mg/L, 50 mg/L, 100 mg/L, 200 mg/L, 300 mg/L, 400 mg/L, and 500 mg/L) in a constant volume (200 ml) throughout a range of times. The experimental results are illustrated graphically in Figure 14.

[bookmark: _Toc150270961]Figure 14: The relationship between contact time and amount of MB dye adsorbed by red color clay
Figure 16 illustrates the correlation between contact time and amount of MB dye adsorbed by red color clay. It reveals that the process of adsorption can be categorized into two clear phases: an initial phase characterized by rapid adsorption, and a subsequent prolonged period of steady adsorption. The presence of adsorption sites on the surface of the adsorbent is primarily responsible for the rapid preliminary adsorption. This phenomenon seemed to occur in our investigation from the beginning period of 0 to 60 minutes. Also, it is important to note that the adsorption capacity may eventually reach equilibrium, culminating in a plateau in the adsorption process. This arises when all accessible adsorption sites are occupied because adsorption equilibrium has occurred between MB dye and red color clay. This investigation result is in correlation with research findings of Othman et al. (2018), Rehman et al. (2021) and Zainol et al. (2016) which in their studies demonstrated the relationship between contact time and adsorption capacity, which indicated that adsorption capacity increases with time until adsorption equilibrium is reached. According to Figure 14, for this study, adsorption equilibrium occurred at 60 minutes for MB dye concentrations 5 mg/L, 50 mg/L, 100 mg/L and 240 minutes for the rest of the MB dye concentrations.
Impact of Varying Red Colour Clay Concentration on Adsorption Process
The present study investigated the relationship between adsorption and red color clay soil concentration by employing various mass (0.04, 0.1, 0.16, 0.2, 0.4 g) of adsorbent (red color clay soil). The adsorbate used was MB dye, which was maintained at a constant amount of 100 mg/L in a fixed volume of 200 ml. The experimental findings are displayed in Table 6, as well as Figures 15 and 16.


[bookmark: _Toc150271168]Table 6: Values of adsorption capacity and MB dye concentration after experimental procedure
	Red color clay soil concentration in (g/L)
	Red color clay soil mass in (g)
	QE (mg/g)
	CE (mg/L)
	%REMOVAL

	0.2
	0.04
	474
	5.2
	95.4

	0.5
	0.1
	195.2
	2.4
	97.8

	0.8
	0.16
	125
	0
	100.31

	1
	0.2
	100
	0
	100.6

	1.5
	0.3
	66.6
	0
	100.36


Table 6 presents the outcomes that the concentration or mass of red color clay used has considerable impact on the MB dye elimination in the solution. At adsorbent mass from 0.16 to 0.3, the equilibrium concentrations (CE) are zero compared to those for mass of 0.04 and 0.1. This result indicates complete adsorption of the dye from the solution. The Table 6 were further illustrated in Figure 15 and Figure 16. 
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[bookmark: _Toc150270962]Figure 15: Adsorption efficacy of the adsorbent in extracting MB dye from the solution at different mass of red color clay
Figure 15 visually represents the data presented in Table 6. The line graph is a plot of QE (Adsorption capacity at equilibrium concentration) and the adsorbent (red color clay) mass which shows the effect of red color clay mass on MB dye adsorption. The decreasing levels of QE indicate that higher amounts of red clay result in a lower adsorption or uptake of the MB dye by the red clay. This outcome may be explained by the fact that with increase in red color clay concentration there will be a reduction in the amount of adsorbate (MB dye) adsorbed onto unit weight of red color clay (adsorbent) at a constant concentration of 100 mg/L of MB dye. This finding is in accordance with a study conducted by Vijayakumar et al. (2012), which demonstrated that increasing the dose (mass) of perlite resulted in a decrease in the adsorption capacity of Rhodamine-B. 

[bookmark: _Toc150270963]Figure 16: The percentage removal of MB dye by red color clay
Additionally, a visual representation of the adsorbent's effect on adsorbate removal is presented in Figure 17. The image visually indicates MB dye adsorption through the colour transition from dark blue to light blue.
[bookmark: _Toc149745071]
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[bookmark: _Toc150270964]Figure 17: Pre-adsorption and post-adsorption samples of MB dye solution
Comparison of the Adsorption Capacity
Due to the many methods utilised in earlier investigations, it is tricky to compare the adsorption capacities obtained in this work with those stated in the literature. The red color clay used in this study still produced favourable results for MB dye adsorption onto red color clay soil, even though it did not attain the highest adsorption capacity, according to the data shown in Table 7. A noteworthy finding from Table 7 is that in terms of MB adsorption capacity, the graphene oxide-magnetic iron oxide nanoparticles (GO-MNP) used by Othman et al. (2018) performed better than other materials referred to in the literature. Also, Calcareous Soil utilized by Mondal et al. (2015) seem to possess the lowest MB adsorption capacity than other materials referred to in the literature.


[bookmark: _Toc150271169]Table 7: Comparison of the maximum adsorption capacities of some adsorbent used for MB dye adsorption
	Adsorbent
	Co (Initial Concentration, mg/L)
	qmax (mg/g)
	Isotherm
	References

	Calcareous Soil
	25, 50, 75, 100
	1.76
	Langmuir
	Mondal et al. (2015)

	Sandy Soil
	1000
	9.690-14.849
	Freundlich
	Mundada et al. (2017)

	Ammonium hydroxide red mud (ARM)
	100, 200, 300
	232.2
	Langmuir and Temkin
	Hu et al. (2017)

	Ammonium hydroxide red mud-200 (ARM-200)
	100, 200, 300
	274
	Freundlich and Temkin
	Hu et al. (2017)

	Coconut shell activated carbon
	100
	10.45
	Langmuir
	Samal (2014)

	Rhassoul-clay
	2, 4, 6, 8, 10
	166.7
	Langmuir
	Bentahar et al. (2019)

	Red clay
	10, 20, 30, 40, 50
	18.83
	Langmuir
	Bentahar et al. (2019)

	Graphene oxide- magnetic iron oxide nanoparticles (GO-MNP)
	5, 10, 15
	232.56, 1667.67 and 1428.57
	Langmuir
	Othman et al. (2018)

	Red color clay
	5-500
	769.23
	Langmuir
	This study



Conclusion and Recommendation
This research found that the chemical compositions of the red clay soil utilized in this study varied in proportion, as determined through experimental characterization procedures.   Additionally, the outcomes of this research align with prior investigations that have similarly established the alkaline characteristics of the red clay soil specimen. It was observed that optimal adsorption occurred at various pH levels, with minimal variation in the amount of adsorbed material, with the exception of negligible differences in their decimal values. Moreover, a rise in the adsorbent's mass resulted in a reduction in its adsorption capacity (QE), a finding consistent with those of prior research.  In addition, it was observed that the red color clay soil and MB dye, interact by a sort of adsorption known as chemisorption. The conclusion was dependent on the findings which showed that Pseudo-second-order kinetics model was considered best fitted in contrast to Pseudo-first-order kinetics model because of high value of the correlation coefficient. Also, it was discovered that the type of adsorption that occurred between the red color clay and MB dye was monolayer in nature with uniform activity distribution. This was as a result based on the experimental outcome, showing that the isotherm model which provided a better fit to the data was Langmuir compared to Freundlich isotherm model because of high value of the correlation coefficient. Based on the results obtained, it can be concluded that red color clay is effective in the removal of MB dye under optimal process conditions of pH 7 and contact time of 60 minutes.
Furthermore, with this study findings, it can be recommended that further research needs to be carried out;
To determine the effect of other factors such as surface area, presence of other contaminants, temperature on adsorption capacity of red color clay to adsorb MB dye and other dyes 
To determine the best process condition for adsorption of MB dye and other dyes by red color clay
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0	5	20	40	60	240	0	9.6918552614755106E-3	3.1594852289897203E-2	6.12277867528268E-2	8.7516236109106096E-2	0.33701370878102899	300 mg/L	y = 0.0023x + 0.0099
R² = 0.9993

0	5	20	40	60	240	0	2.5072355908376399E-2	5.62106043752316E-2	0.102971642044489	0.150602260027319	0.55296933774079304	400 mg/L	y = 0.0014x + 0.0046
R² = 0.9995

0	5	20	40	60	240	0	1.0695639904049601E-2	3.3685146094878299E-2	6.0290316166235598E-2	8.98814229249012E-2	0.33076363636363598	TIME (MINS)


t/qt



5mg/l	0	5	20	40	60	240	0	29.682119205298001	28.549668874172198	29.245033112582799	29.294701986755001	28.804635761589399	50mg/l	0	5	20	40	60	240	0	127.333443271768	256.52704485488101	256.253298153034	253.89511873350901	255.13852242744099	100mg/l	0	5	20	40	60	240	0	111.792214485488	115.387864485488	118.959104485488	127.122034485488	135.20382548548801	200mg/l	0	5	20	40	60	240	0	515.89709762533005	633.01451187335499	653.29815303430496	685.58707124011005	712.13720316623005	300mg/l	0	5	20	40	60	240	0	199.42282321900001	355.80474934036999	388.45646437994998	398.40039577836501	434.02044854881501	400mg/l	0	5	20	40	60	240	0	467.48021108179501	593.73350923482997	663.45646437995003	667.54617414248003	725.59366754617497	500mg/l	0	5	20	40	60	240	0	668.61807387862996	722.46042216359001	764.09960422163499	801.12137203166503	812.99472295514499	Time (mins)


QT (mg/g)




REMOVAL % VS SORBENT LOAD	0.04	0.1	0.16	0.2	0.3	95.458558166221678	98.322445194569113	100.31187865704709	100.60841524740103	100.36925524058398	Red Color Clay Mass (g)


 % Removal of  MB dye
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